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1998 International Topical Meeting on Microwave Photonics 

Message from the Conference Chairmen 

Peter R. Herczfeld 
Drexel University 

Chi H. Lee 
University of Maryland 

Welcome to MWP'98, which is jointly sponsored by the IEEE Lasers and Electro-Optics Society and the 
IEEE Microwave Theory and Techniques Society. For the first time the meeting is held in an industrial 
research center that has contributed significantly to the advance of microwave photonics. We are in- 
debted to Sarnoff Corporation for offering its beautiful campus and superb facilities for this meeting. 

This meeting is intended to bring together scientists and engineers who are interested in microwave 
photonics. They will present recent advances and exchange freely ideas in this multi-disciplinary 
research area, ranging from novel devices to systems deployed in the field. 

This meeting is one in the series of meetings that began with the first LEOS Summer Topical Meeting in 
1991 at Newport Beach, California on "Optical Millimeter Interactions: Measurements, Generation, 
Transmission and Control." This was followed by another meeting two years later—the 1993 meeting 
on Optical Microwave Interactions at Santa Barbara, California—before it became international (Cernay- 
la-Ville, France, 1994; Keystone, Colorado, USA, 1995; Kyoto, Japan, 1996; Duisburg, Germany, 
1997). 

We are particularly pleased to be witnessing steady growth of this field. For example, in 1991 most of 
the papers were in the device area with a very small pool of contributed papers. This year there are many 
papers on system applications in addition to the traditional device papers, which were selected from a 
much larger paper pool. Although it is interesting to note that many early contributors are still active in 
this field, it is even more gratifying to see many newcomers who are the new blood for the field. 

As the meeting's general co-chairs, we would like to thank all those who have contributed to the success 
of this meeting, including the speakers, the panelists, the Technical Program Committee and meeting 
organization committee. Help provided by the LEOS staff is gratefully acknowledged. 

This meeting is partially supported by the following federal agencies: U.S. Air Force, U.S. Army, U.S. 
Navy, and NSF. 
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1998 International Topical Meeting on Microwave Photonics 

Message from the Technical Program Committee Chairman 

Charles H. Cox HI 
MIT Lincoln Laboratory 

On behalf of the technical program committee, I would like to add our welcome to MWP98. These are 
exciting times for microwave photonics: the fruits of our initial researches are being applied to systems 
and new research is providing the basis for enhanced performance in the present as well as for wider 
applications in the future. 

We have tried to have the technical program for MWP98 meet the growing needs of our field in two key 
ways. One way is that we tried to have a balanced technical program, both between microwaves and 
photonics as well as among devices, links and systems. To this end the technical program committee 
was divided into two sub-committees, each of which was composed of members who are experts in the 
individual disciplines as well as those with expertise across both disciplines. 

The other way we have tried to meet the growing needs of the field is to expand the length of the 
conference. The strength and number of submitted papers (78) permitted us to expand the length of the 
conference by half a day so that a reasonable percentage of papers could be accepted—we finished at 
73% acceptance. 

We hope you have a technically challenging and interesting visit to MWP98. 
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1998 International Topical Meeting on Microwave Photonics 
Technical Program Schedule 

Monday, 12 October 1998  

8:30am - 10:00am 
MA     Plenary Session 

Presider: P. Herczfeld, Drexel University, Philadephia, PA 

8:30am - 8:40am 
Welcome by P. Herczfeld, Drexel University, Philadelphia, PA 

8:40am - 8:50am 
Welcome by C. Lee, University of Maryland, College Park, MA 

8:50am - 9:10am 
Special Remarks by Michael Ettenberg, Sarnoff Corporation, Princeton, NJ 

8:30am - 9:50am (Plenary Speaker) 
MAI  Broadband Fibre-Radio Access Networks 

A. Seeds, University College London, London, UK 

9:50am - 10:30am BREAK 

10:30am - 12:00noon 
MB     Fiber Wireless Systems 

Presider: D. Novak, University of Melbourne, Parkville, AUSTRALIA 

10:30am - 10:45am 
MB1   All Optoelectronic Generation and Detection of Millimeter-Wave Signals 

T. Nagatsuma, N. Sahri, M. Yaita, T. Ishibashi, N. Shimizu and K. Sato, NTT Systems, 
Kanagawa, JAPAN 

10:45am - 11:00am    . 
MB 2  Millimeter-Wave Multi-Channel CDMA Fiber-Radio 

G. H. Smith, A. Nirmalathas and D. Novak, University of Melbourne, Parkville, AUSTRALIA 

11:00am - 11:15am 
MB 3  Multicarrier Disbribution of Multiplex Digital Compressed TV Channels Using a 

Harmonic Laser Source at 38 GHz 
D. Mathoorasing, S. Bouchoule and C. Kazmierski, OPTO+, Marcoussis, FRANCE and 
D. Tanguay, J. F. Cadiou, P. Legaud and E. Penard, France Telecom, Lannion, FRANCE 

11:15am - 11:30am 
MB 4  A Novel Fiber-Optic Millimeter-Wave Uplink Incorporating 60GHz-Band 

Photonic Downconversion with Remotely Fed Optical Pilot Tone Using an 
Electroabsorption Modulator 
T. Kuri, K. Kitayama and Y. Ogawa, OKI Electric Industry, Co., Ltd., Tokyo, JAPAN 
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Monday, 12 October 1998 

11:30am - 11:45am 
MB 5  A Photoconductive Correlation Receiver For Wireless Digital Communications 

E. E. Funk, S. Ramsey, C. H. Lee and J. Craven, University of Maryland, College Park, MD 

11:45am - 12:00noon 
MB 6  Packaging For Millimetre Wave Fibre-Radio Modules 

C. R. Pescod, G.M. Auker, P. T. Sharp, R. G. Sirett and T. P. Young, GEC-Marconi 
Research Centre, Essex, UK 

12:00noon - 1:30pm        LUNCH 

1:30pm - 3:20pm 
MC    Modulators 

Presider: W. Bridges, California Institute of Technology, Pasadena, CA 

1:30pm - 1:55pm (Invited) 
MCI  Electroabsorption Waveguide Modulators for High Performance Analog Fiber 

Links 
P. K. L. Yu, R. B. Welstand, G. L. Li, W. X. Chen, and J. T. Zhu, University of California, 
San Diego, CA and S. A. Pappert, C. K. Sun, and R. Nguyen, SPAWAR System Center, San 
Diego, CA and Y. Z. Liu, Fermionics Laser Technology, Simi Valley, CA 

1:55pm - 2:10pm 
MC2  Polarization-Insensitive Multiple-Quantum-Well Traveling-Wave 

Electroabsorption Modulators with 18 GHz Bandwidth and 1.2 V Driving 
Voltage at 1.55 Jim 
S. Z. Zhang, Y. J. Chiu, P. Abraham and J. E. Bowers, University of California, 
Santa Barbara, CA 

2:10pm - 2:25pm 
MC3  Error Free Full Duplex Optical WDM-FDM Transmission Using an EA- 

Transceiver 
A. Stohr and D. Jager, Gerhard-Mercator-Universitat, Duisburg, GERMANY and K. Kitayama 
Communication Research Laboratories, Tokyo, JAPAN 

2:25pm - 2:50pm (Invited) 
MC4  Synthesis of the Optical Modulator Response 

C. Laliew, S. Lovset, X. Zhang, and A. Gopinath, University of Minnesota, Minneapolis, MN 

2:50pm - 3:05pm 
MC5  Linearization of a Broadband Analog Optical Link Using Multiple Wavelengths 

E. Ackerman, MIT Lincoln Laboratory, Lexington, MA 

3:05pm - 3:20pm 
MC6  Broadband Linearization of Externally Modulated Fiber-Optic Links 

Y. Chiu and B. Jalali, University of Southern California, Los Angeles, CA 

VI» 
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3:20pm - 4:00pm BREAK 

4:00pm - 5:00pm 
Poster  Session 

PI      Microwave Fiber Optic Link Antenna Remoting Trade Study Measurements 
I. L. Newberg, Raytheon Systems Company, Los Angeles, CA 

P2      Tax Calibration of Optical Scattering Parameter Test Set 
B. Elamaran, R. D. Pollard and S. Iezekiel, University of Leeds, England, UK 

P3      Hybrid Fiber-Radio Systems in the mm Wave Range: A Comparison Between 
Available Optical Sources 
J. F. Cadiou, D. Tanguay, E. Penard and P. Jaffre, France Telecom, Lannion, FRANCE and 
H. Schmuck, Alcatel Alshtom Corporate Research Center, Stuttgart, GERMANY and 
E. Vergnol and D. Mathoorasing, OPTO+, Marcoussis, FRANCE 

P4      A New Optical Distribution Approach For Millimeter Wave Radio 
T. Marozsak, T. Berceli, G. Jaro, A. Zolomy, A. Hilt, S. Mihaly, E. Udvary, Z. Varga, 
Technical University of Budapest, Budapest, HUNGARY 

P5      Microwave Multichannel System with a Sideband Injection Locking Scheme in 
the 60 GHz-Band 
C. G. Schaffer, FH Lübeck, Lübeck, GERMANY and R. P. Braun, G. Grosskopf, F. Schmidt 
and M. Rohde, Heinrich-Hertz-Institut fur Nachrichtentechnik Berlin GmbH, Berlin, 
GERMANY 

P6      Interferometric Modulators Linearized to Arbitrary Order 
M. E. Marhic, Northwestern University, Evanston, TL 

P7      Seamless Integration of Fiber Optic Networks and Millimeter-Wave Wireless 
Access Using Nonlinear Photo-Detection Scheme 
M. Tsuchiya, T. Hoshida and K. Nishikawa, University of Tokyo, Tokyo, JAPAN 

P8      Sensitivity Analysis of Optical SSB Generation Using a Dual-Electrode Mach- 
Zehnder Modulator 
A. Nirmalathas, G. H. Smith and D. Novak, University of Melbourne, Parkville, AUSTRALIA 

P9      Fiber to the Air (FTTA) System Using Optical Coherence Coded Multiplexing 
Scheme 
K. Tsukamoto, S. Obata and S. Komaki, Osaka University, Suita-shi, JAPAN 

P10    Integrated Optics Photonic Mixer for an All-Optical Implementation of a 
Millimeter and Sub-millimeter Wave Oscillator 
S. Dubovitsky, V. Chuyanov, S. Garner and W. H. Steier, University of Southern California, 
Los Angeles, CA 
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Pll    Low Close-To-Carrier Noise Systems 
M. Nawaz and T. P. Young, GEC Marconi Research Centre, Essex, UK 

P12    Large Area, High Speed Phototube with a GaAsP Photocathode and GaAs Metal- 
Semiconductor-Metal Anode 
T. A. Yost and P. Herczfeld, Drexel University, Philadelphia, PA and V. Contarino, Naval Air 
Warfare Center Aircraft Division, Patuxent River, MD 

PI3    Optical Single-Sideband Modulation with Delay Pre-Distortion for Fiber-Radio 
Applications 
R. A. Griffin, P. M. Lane and J. J. O'Reilly, University College London, London, UK 

PI4    Modeling of Chirping Laser Diodes for Microwave Generation and Transmission 
Over Dispersive Fibres 
W. Freude, P. Palai and I. A. Sukhoivanov, Universität Karlsruhe, Karlsruhe, GERMANY 

PI5    Nonlinear Biasing of MZ-EOM Devices to Experimentally Reduce Chromatic 
Dispersion Effects in Antenna Remoting Up-Converting Fiber-Optic Links 
J. M. Fuster, J. Marti, V. Polo, F. Ramos and J. L. Corral, Universidad Politecnica de 
Valencia, Valencia, SPAIN 

PI6    Photorefractive Phased Array Beamforming with True-Time-Delay Processing 
A. Kiruluta, P. E. X. Silveira, G. Kriehn, S. Weaver and K. Wagner, University of Colorado 
Boudler, CO 

PI7    High Performance Long-Wavelength Velocity-Matched Distributed 
Photodetectors For RF Fiber Optic Links 
T. Chau, S. Mathai, A. Rollinger, M. C. Wu and T. Itoh, University of Southern California, 
Los Angeles, CA and D. L. Sivco and A. Y. Cho, Lucent Technologies, Bell Laboratories 
Murray Hill, NJ and D. C. Scott and T. A. Vang, TRW, Redondo Beach, CA 

PI8    A Genetic Algorithm for the Design of All-Optical Microwave Filters 
T. A. Cusick, S. Iezekiel and R. Miles, University of Leeds, Leeds, UK 

5:00pm - 6:00pm RECEPTION 



Tuesday, 13 October 1998 

8:30am - 9:55am 
TuA   Photonic Beamforming I 

Presider: R. Esman, Naval Research Laboratory, Washington, DC 

8:30am - 8:55am (Invited) 
TuAl Microwave Phase Conjugation Using Optically Interconnected Arrays 

Y. Chang and H. R. Fetterman, University of California, Los Angeles, CA and B. Tsap, Pacific 
Wave Industries, Los Angeles, CA, and I. L. Newberg and S. K. Panateros, Hughes Aircraft 
Co., Los Angeles, CA 

8:55am - 9:10am 
TuA2 Optical Distribution of Reference Signals to a Digital Beamforming Antenna 

J. Onnegren and L. Pettersson, National Defence Research Establishment, Linkoping, SWEDEN 

9:10am - 9:25am 
TuA3 Volume Array With Optical Feeds 

A. D. Carr and P. J. Tittensor, GEC-Marconi Research Center, Essex, UK 

9:25am - 9:40am 
TuA4 Experimental Demonstration of a Fiber Optic Rotman Beamformer 

R. A. Sparks and N. Slawsby, ANRO Engineering, Inc., Maynard, MA and J. Prince and 
J. Munro, MIT Lincoln Laboratory, Lexington, MA 

9:40am - 9:55am 
TuA5 Photonic Integrated Beamformer for Phased-Array Antennas 

J. Stulemeijer, Delft University, Delft, THE NETHERLANDS 

9:55am - 10:30am BREAK 

10:30am - 12:00noon 
TuB   Photonic Beamforming II 

Presider: J. Brock, TRW, Redondo Beach, CA 

10:30am - 10:45am 
TuBl Optical Processing of 44 GHz Microwave Signals in an Adaptive Nuller 

P. A. Schulz, R. A. Brown and S. R. Henion, MIT Lincoln Laboratory, Lexington, MA 

10:45am - 11:00am 
TuB 2 Microwave Phase Detection for Angle of Arrival Detection Using a 4-Channel 

Optical Downconverter 
P. D. Biernacki, A. Ward, L. T. Nichols and R. D. Esman, Naval Research Laboratory, 
Washington, DC 

11:00am - 11:15am 
TuB 3 Optical Phase Locked Loop (OPLL) Module for Use as a 9 GHz Source in 

Phased Array Communications Antennas 
L. N. Langley, M. D. Elkin, C. Edge and M. J. Wale, GEC-Marconi Materials Technology, 
Towcester, UK and U. Gliese, Technical University of Denmark, Lyngby, DENMARK and 
X. Huang and A. J. Seeds, University College London, London, UK 

■ xi 



Tuesday, 13 October 1998 

11:15am - 11:30am 
TuB4 Developments in Photonic Beam-Forming 

M. F. Lewis, P. Sample and R. A. Wilson, DERA, Worcestershire, UK 

11:30am - 11:45am 
TuB5 New Variable Phase Shifter Array Using Resonator with Graded Reflectivity 

Mirror for Single-Control Steerable Phased Array Antenna 
B. Dingel and M. Izutsu, Communication Research Laboratory, Tokyo, JAPAN 

11:45am - 12:00noon 
TuB6 Double Heterodyne Filtering of Received Signals in Optically Time-Delay 

Controlled Antennas 
S. Tonda-Goldstein, L. Pastur, D. Dolfi, J. P. Huignard, T. Merlet, O. Maas, J. Chazelas, 
Thomson - CSF, Orsay, FRANCE 

12:00noon - 1:30pm        LUNCH and Panel Discussion 
Panel Discussion Abstract 

The committee has arranged for a panel of technical leaders to discuss "What Photonics Can Do 
For Me" by focusing on the role of photonics in today's systems and the direction for future 
growth. This panel will discuss the role of broadband photonics in the commercial arena and in 
military systems. The present list of speakers at the panel discussion includes: 

Michel Schaler - Dassault Electronics, FRANCE 
Dr. Masayuki Izutsu - Communications Research Laboratories, JAPAN 
Dr. Stephen Pappert - NR&D, USA 
Dr. Caroline Gee - Ortel Corporation, USA 
Dr. Gregory L. Tangonan (Panel Leader) - HRL Laboratories, USA 

1:30pm - 2:55pm 
TuC   Lasers 

Presider: N. Dagli, University of California, Santa Barbara, CA 

1:30pm - 1:55pm (Invited) 
TuCl Advanced Microwave Photonic Devices for Analog Optical Links 

D. Jager, A. Stohr, and R. Heinzelmann, Gerhard-Mercator University, Duisburg, GERMANY 

1:55pm - 2:10pm 
TuC2 Broadband, Directly Modulated Analog Fiber Link With Positive Intrinsic Gain 

and Reduced Noise Figure 
C. H. Cox, m, H. V. Roussell, R. J. Ram, R. J. Helkey, MIT Lincoln Laboratory, Lexington, 
MA 

2:10pm - 2:25pm 
TuC3 Novel Integrated Laser Devices with Greatly Enhanced Quantum Efficiency and 

Intrinsic RF Matching for Low Loss, Broadband Opto-Microwave Applications 
S. G. Ayling, D. R. Wright, M. Allenson, K. P. Hilton and G. W. Smith, Defence Evaluation 
Research Agency, Malvern, UK 
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2:25pm - 2:40pm 
TuC4 Two-Section Integrated Quantum-Confined Stark Effect Tuned Laser with 

Uniform Frequency Modulation Response from 30kHz to 6GHz 
X. Huang and A. J. Seeds, University College London, London, UK and J. S. Roberts, 
University of Sheffield, Sheffield, UK and A. P. Knights, University of Surrey, Guildford, UK 

2:40pm - 2:55pm 
TuC5 Clock Source-Limited Low Jitter, Subterahertz Signal Generation from Mode- 

Locked Semiconductor Laser Controlled by Phase Lock Loop (PLL) With 
Photonic  Downconversion 
E. Hashimoto and A. Takada, NTT Optical Network Systems Labs., Kanagawa, JAPAN and 
Y. Katagiri, NTT Opto-electronics Labs., Tokyo, JAPAN 

2:55pm - 3:30pm BREAK 
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ABSTRACT 
The paper will discuss architectures for providing broadband wireless access using optical fibre signal transport 
systems. Recent advances in microwave modulated optical signal generation using optical phase lock loops and fibre 
grating lasers and in signal detection using optically controlled heterostructure phototransistors will also be described. 

1. INTRODUCTION 
Changes in working patterns make it attractive to be able to offer wireless access both within and outside buildings. 
Whilst the use of diffuse field infra-red access is attractive for within-building applications, problems of 
scattering/attenuation in fog and foliage obstruction suggest that this is unlikely to prove a reliable technology for 
outdoor use. Microwave access can offer reliable performance both indoors and outdoors, allowing a single 
communications interface to be used with substantial gains in simplicity and cost. 

Raw data rate requirements increase from of order 40 kb/s to > 150 Mb/s in moving from standard telephony 
to high resolution video systems. The increased data rates coupled with scarcity of allocable spectrum will require the 
use of much higher carrier frequencies than those in the 0.9 and 1.8 GHz bands currently used for cellular voice and 
cordless telephone access [1]. Initially, allocations at around 29 GHz may be used for broadband access services with 
evolution to frequencies in the range 62 GHz to 66 GHz for such systems as the European Union RACE Mobile 
Broadband System (MBS). The European Union has also allocated spectrum between 40.5 GHz and 42.5 GHz for 
Multipoint Video Distribution Services (MVDS). Propagation considerations at these frequencies will require base 
station separations of a few hundred metres at most. The problem of feeding such a large number of base stations and 
the complexity of base station equipment therefore needs careful attention. 

Digital optical fibre systems now carry the bulk of terrestrial long distance communications traffic and work 
is under way to bring fibre into the local network. The broadband low loss transmission properties of fibre [2] also 
suggest broadband wireless access architectures, where transmit and receive signals are modulated onto optical carriers 
for transport between the base stations and a central site where most of the electronic processing is carried out, thus 
yielding a significant reduction in base station complexity. 

2. SYSTEM   ARCHITECTURES 
A baseband transport architecture, although simplifying the optical transmission requirements and allowing either 
analogue or digital transmission, requires multiple channel modulators/demodulators and frequency generation at each 
base station. Channel re-allocation must be carried out by distributing appropriate control signals to the base stations 
with the baseband data. 

The complexity of the base stations can be reduced significantly by moving to the architecture of Figure 1. 
Here all signals are modulated/demodulated at the central site and the multi-channel ensemble is up/down-converted by 
a millimetre-wave local oscillator at each base station. This architecture requires analogue optical transmission of IF 
signals and a stable millimetre-wave source at each base station but remotes much of the system complexity to the 

central site. 
Frequency generation can be remoted entirely using the architecture of Figure 2. Here IF downlink signals are 

up-converted to the required millimetre-wave transmit frequency and modulate an optical source at the central site. A 
millimetre-wave modulated optical signal is also distributed to the base station to down-convert received signals to a 
convenient IF which directly modulates the uplink laser. The base station functions are thus simplified to transmit 
and receive amplification and uplink down-conversion and laser modulation at the expense of requiring millimetre- 
wave optical modulation, transport and demodulation techniques. The architecture allows frequency generation and 
allocation to be carried out entirely at the central site and facilitates the provision of multiple and reconfigurable 
services from a single network of base stations. These advantages have made it the subject of intensive investigation 

worldwide [3-6]. 
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Figure 1: IF transport architecture. 

An important objective for practical systems is to include capability to remote several base stations from separate 
tapping points on a single optical fibre bus, thus improving the utilisation of installed fibre. This can be achieved in 
the architectures of Figures 1 and 2 by using wavelength division multiplex, with the architecture of Figure 2 
allowing additional flexibility through simultaneous use of sub-carrier multiplex techniques. 
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Figure 2: Millimetre-wave transport architecture. 

3.   SOURCES 
For intensity modulation schemes the only suitable directly modulated source is the semiconductor laser, and 
bandwidths in excess of 30GHz have been demonstrated [7]. External modulators can offer reduced dispersion 
penalties through low chirp operation. Mach-Zehnder interferometric modulators have been realised in both lithium 
niobate [8] and III-V semiconductor technologies [9] with bandwidths exceeding 50 GHz. However, if it is desired to 
use a millimetre-wave transport architecture with standard telecommunications fibre of dispersion 17 ps/(nm.km) the 
dispersion limited transmission distance will be only a few km [10]. The use of laser heterodyne techniques [11] with 
baseband modulation applied to only one of the laser outputs enables this limitation to be greatly eased since the 
dispersion penalty then applies only to the base-bandwidth. Such an approach requires either two carefully stabilised 
narrow linewidth lasers or an optical phase-lock loop (OPLL) to correlate the phase noise between the two lasers. 
Semiconductor lasers are preferred as sources due to their compactness, efficiency and relatively low cost, but their 
wide linewidths (typically 5MHz to 50 MHz for commercially available DFB devices) require loops having extremely 
wide bandwidths and short loop propagation delays [12], which are very difficult to implement. Figure 3 shows an 
architecture that we have developed which overcomes this limitation, the heterodyne optical injection phase-lock loop 
(OIPLL). 

A microwave reference signal at the required carrier frequency or one of its sub-harmonics frequency modulates 
the master laser (ML) producing sidebands, one of which is used to injection lock the slave laser (SL). The half wave 
(H) and quarter wave (Q) beam plates in conjunction with the optical isolators (I), polarising beam splitter (PBS) and 
non-polarising beam splitter (NBS) combine the master and slave laser outputs on the photodetector producing the 
heterodyne electrical output to drive a narrow bandwidth phase-lock loop, ensuring optimum tuning of the slave laser 



for phase noise suppression. Initial tests of this system using lasers with a beat linewidth of 36 MHz (beyond the 
limits for reliable operation of a conventional OPLL using bulk optics) have yielded microwave carriers with phase 
noise better than - 93 dBc/Hz at 100 kHz offset and locking ranges greater than 20 GHz. 

To LSA and FPI 

Phase 
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Figure 3: Heterodyne optical injection phase-lock loop. 

An alternative strategy is to package the laser with a suitable line narrowing element. Figure 4 shows such a device, 
a fibre grating laser (FGL) [13]. 
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Figure 4: Fibre grating laser. 

NB: Not to scale 

Such lasers have linewidths of < 50 kHz at an output power of 1 mW, > 40 dB sidemode suppression and high 
temperature stability (< 2 GHz/K), since most of the resonant cavity is within the fibre. The narrow linewidth 
permits a high performance OPLL to be constructed with loop propagation delay up to 20 ns, so that conventional 
fibre-based construction techniques can be used. 

4.  DETECTORS AND DEMODULATORS 
For millimetre-wave transport architectures depletion layer photodetectors are preferred and -3dB bandwidths in excess 
of 100 GHz have been reported [14]. Two-terminal edge-coupled heterostructure bipolar transistor (HBT) detectors 
having unity current gain frequencies exceeding 30 GHz have also been reported [15] and offer the important attraction 
of an internal gain mechanism since high gain multi-stage amplifiers are difficult to realise at millimetre-wave 

frequencies. 
The alternative approach of using the optical signal to control or introduce signals directly into microwave 

devices has been of limited application owing to the very poor optical responsivities of most microwave devices [16]. 
The geometry of both edge-coupled and normal incidence illuminated HBTs is well adapted to combining high optical 
responsivity with good microwave performance. In an experiment on opto-electronic mixing of a 3 GHz RF 
modulated optical signal with a 2.5 GHz electrical local oscillator, using an edge-coupled device [17] we achieved an 
IF output 7 dB above that obtainable at RF with a 100% quantum efficient photodiode and 14 dB above that expected 
for such a photodiode combined with a double balanced diode mixer. These results confirm the excellent potential of 
the HBT as an optically controlled device for use within the architectures of both Figures 1 and 2. 



5. CONCLUSION 
Broadband wireless access using IF or millimetre-wave optical transport offers the attractions of simplified base 
station architecture and suitability for both indoor and outdoor use using a common communications interface. Key 
challenges for the future are to determine optimum component technologies for the proposed systems and to develop 
volume manufacturing techniques capable of reducing the system acquisition costs to acceptable levels. A substantial 
contribution to this objective could come from monolithic integration of optical sources and receivers in opto- 
electronic integrated circuit (OEIC) form. 
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I. Introduction 
Recently, photonics in millimeter-wave applications such as fiber-optic links for wireless systems 

and optoelectronic measurements has attracted great interests[l-3]. This is partly because the use of 
optical fibers in place of conventional metallic cables and waveguides would make such systems 
simple, flexible, and cost-effective. The use of 1.3- or 1.55-|im wavelength-based optoelectronic 
materials and devices, e.g., lasers, detectors, and modulators is essential from a practical point of 
view. 

In this paper, we demonstrate the first, to our knowledge, all-optoelectronic 1.55-p.m-based 
approaches to radiate and receive continuous millimeter-wave signals. 60-GHz millimeter-wave 
signals with power of more than 10 dBm, generated with an actively mode-locked laser diode[4] and 
auni-travelling-carrierphotodiode[5], are emitted from an antenna and are electro-optically detected 
with a CdTe electric-field sensor with high sensitivity. 

II. Experimental Setup 
Figure 1 shows the experimental setup for both the generation and detection of millimeter-wave 

signals using all 1.55-|im-based optoelectronic techniques. The optical signal is generated with a 
subharmonically mode-locked laser diode (MLLD) integrated with an electroabsorption modulator. 
The MLLD is drived at 30 GHz to generate the second harmonic, 60 GHz. The optical signal is 
boosted with an optical fiber amplifier, and is focused onto the uni-travelling-carrier photodiode 
(UTC-PD) which is prepared in an on-wafer manner. The main feature of the UTC-PD is a large 
pulse-shaped output voltage of >2 V with a wide bandwidth of > 100 GHz. 

The output signal of the UTC-PD is delivered to a horn antenna through a V-band air- 
coplanar/coaxial probe (Cascade-Microtech) and a coaxial-to-rectangular- waveguide converter. The 
millimeter-wave signals radiated from the antenna are focused with Teflon lens into an electric-field 
sensor made of a <110> oriented CdTe crystal (3 mm cube) to be measured with electro-optic (EO) 
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sampling technique. A photograph of the electric-field sensor is shown in Fig. 2. An optical fiber 
and a collimator lens are attached to the CdTe crystal, through which the optical sampling pulses 
propagate and are reflected back at a mirror-coated end surface. 

The sampling pulses are generated by a passively-mode-locked fiber ring laser with 0.7-ps pulse 
width and 40-MHz repetition rate. The fiber laser is phase-locked with the MLLD. Polarization 
change in the CdTe crystal due to the focused electric field is converted to a photocurrent (EO signal) 
with the integrated polarization detection module (Fig.3)[6]. Electro-optically detected 60-GHz 
millimeter-wave signals are displayed on a scope with an acquisition time of 0.1 -1 second. 

Optical Fiber 
Amplifier Coay »H.0m Mirr«r     CdTe EO l/0

/
ax        Antenna     Mirr<>r    Sensor 

:wwi 

DC Bias 
Teflon       Lens 
Lens 

Display 

oE0 , Signal 

Polarization 
Detection Module 

_Q_ Optical Fiber Time 
Fiber Ring 

Laser 

Time Base 7 
Fig. 1 Experimental setup for all-optoelectronic millimeter-wave radiation and detection. 
Components in the shaded areas can be integrated into compact fiber-remoted emitter and receiver. 

Fig. 2 Photograph of a fiber-coupled EO sensor head. 
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Fig. 3 Schematic of the electro-optic polarization detection module. 

III. Results 
Figure 4 shows the autocorrelation traces of optical signals from the MLLD for different applied 

RF powers. When the RF power increases, the pulses become narrower down to less than 2 ps. 
The power of millimeter-wave signals generated by the UTC-PD is measured with a power meter 
(Anritsu ML4803A) at the input end of the horn antenna. The output power of the UTC-PD chip, 
calibrated by taking into account losses (~4.5 dB) due to probes, cables, connectors, bias-T and 
transitions, is plotted against DC photocurrents as shown in Fig. 5. Efficient generation of 60-GHz 
signals is achieved with the quasi-sinusoidal pulse-shaped waveform of the optical pulses (Fig.4(a)). 
RF conversion efficiency from optical to millimeter-wave signal is close to that estimated from the 
DC responsivity (-0.3 AAV) of the UTC-PD. The highest obtained power is 12 dBm, which is 
comparable to that of solid-state electronic devices, for the photocurrent of 30 mA. 

Figure 6 shows the measured 60-GHz waveforms for different photocurrents. Minimum 
detectable power in the detection scheme is less than -30 dBm, which can be further improved by 
optimizing the electro-optic detection system. It is also shown that the radiated electric field 
increases almost linearly with the photocurrent at least up to 30 mA. 

Time (6.4 ps/div.) 

Fig. 4 Autocorrelated traces of optical pulses 
generated by the mode-locked laser diode for 
different RF powers, 10 dBm(a), 12 dBm(b), 
16dBm(c),andl8dBm(d). 
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Fig. 5 Dependence of the generated 60-GHz- 
signal power on the total photocurrent. 
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Fig. 6 Measured 60-GHz waveform for 
different photocurrents.l, 5, 10, 15, 20, 
25 mA. 

IV.  Conclusion 
We have demonstrated radiation and detection of 60-GHz millimeter-wave signals using all 1.55- 

Hm-based optoelectronic techniques. High output power of over 10 dBm has been obtained. Fiber- 
optic millimeter-wave detector based on EO sampling has also been demonstrated with a minimum 
detectable power of less than -30 dBm. These results can be developed to compact fiber-optic 
emitters and receivers applicable in millimeter-wave measurements and communications. 
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Abstract* We investigate experimentally and theoretically the transmission of multi-channel millimeter-wave 
CDMA signals in a fiber-radio system. The use of optical SSB modulation enables transparency of the optical 
link to CDMA signal propagation, while channel cross-talk is due to the CDMA codes. 

L Introduction 
Radio access at millimeter-wave (mm-wave) frequencies offers the large bandwidth required for the 

future provision of broadband services. In such systems optical fiber links are being proposed as a means of 
connecting the antenna base stations (BSs) to a central office (CO), which acts as a centralized exchange for 
signal routing and processing. If mm-wave optical fiber links are also incorporated, up/down-conversion 
to/from the required radio frequency can be performed at the CO rather than at each BS. Previous 
investigations of mm-wave fiber-radio systems have focused on the frequency division multiple access 
(FDMA) air interface, an access scheme in which users or cells are assigned different radio frequencies. 
Subcarrier multiplexing in the optical link can be used to implement FDMA in a mm-wave fiber-radio system 

[1]. 
Recently however, there has been considerable interest in code division multiple access (CDMA) 

radio systems for both cellular mobile and satellite communications. CMDA radio networks offer a number of 
advantages including larger capacity, increased tolerance to multipath propagation effects, and can better cope 
with the asynchronous nature of multimedia data traffic [2,3]. It has also been shown in lower radio 
frequency demonstrations that since a smaller carrier-to-noise ratio is required in CDMA systems, less 
stringent characteristics are required of the optical link components [4,5]. In this paper we investigate the 
transmission of CDMA radio signals in a multi-channel mm-wave fiber-radio system and demonstrate the first 
broadband multi-channel mm-wave CDMA fiber-radio system operating at 39.2 GHz. We also develop an 
accurate model to simulate the CDMA fiber-radio system in order to investigate the transparency of the mm- 

wave optical link to CMDA signal propagation. 

EL Experiment 
Fig. 1 illustrates the mm-wave CDMA fiber-radio system that was implemented. At these higher mm- 

wave frequencies, it is difficult to obtain direct up and down frequency conversion of the large bandwidth 
spread-spectrum CDMA signals. Instead, we propose a scheme that incorporates a two-step upconversion 
process from baseband to an intermediate frequency (IF) and finally to a mm-wave frequency, as indicated in 
Fig. 1. Such a scheme also allows the mm-wave and IF components to be shared between a large number of 
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radio channels at the CO. The optical cw output from a DFB laser was modulated by two mm-wave 
broadband radio CDMA signals via an optical single-sideband (OSSB) generator [4,5]. These signals were 
created from two 10 Mb/s, 2l5-l data pseudorandom bit sequences which were spread in the frequency 
domain by two 320 Mh/s Gold code chip sequences. These Gold code chip sequences were derived from the 
modulo-2 sum of (5,3) and (5,4,3,2) maximum length sequences [3]. 

The CDMA spread spectrum baseband signals were combined and used to modulate the phase of a 
2.5 GHz local oscillator in order to generate an IF binary phase-shift-keyed CDMA signal This sub-carrier 
signal was further upconverted to 39.2 GHz using a mm-wave subharmonically-pumped image-reject mixer 
(SHPIRM), amplified to +10 dBm and applied to the OSSB generator. An erbium doped fiber amplifier 
(EDFA) was used to increase the optical power before transmission over 30 km of standard single-mode 
optical fiber (SSMF). At the remote BS, the mm-wave signals were detected by a high-speed photodiode 
(PD).   The CDMA signals were then amplified and transmitted over a 3 m radio link using specially 

Central Office Customer Units 

Fig. 1. Experimental setup of multichannel mm-wave CDMA fiber-radio system 

designed broadband mm-wave microstrip patch antennas with gains of 5 dBi [6]. At the customer units 
(CUs) the received mm-wave signals were first downconverted to 2.5 GHz before being passed through a 
Costas Loop, which reproduced the two spread spectrum baseband signals. Each 10 Mb/s data channel was 
then recovered by mixing the spread spectrum baseband signals with the corresponding Gold code. 

Fig. 2c shows the measured eye diagram of the received data for one channel in the mm-wave multi- 
channel CDMA system In addition, Fig. 2a shows the electrical back-to-back measurement for a single 
channel (with no optical or radio link included) and Fig. 2b shows the eye-diagram for a single channel 
CDMA fiber-radio system A bit-error-rate (BER) of less than 10"9 was achieved for each channel in the 
multi-channel CDMA fiber-radio system, although BER curves could not be measured due to the limited 
dynamic range of the Costas Loop used to recover the data. We expect however, a fiber dispersion-induced rf 
power penalty of less than 1.5 dB, which we measured previously for a fiber-radio system transporting a 
similar mm-wave frequency signal over a comparable fiber length using optical SSB modulation [7]. Also, in 
this demonstration the rf power loss in the radio link due to signal attenuation was 87 dB. 
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HL Theory 
In Figs. 2a-c, the ripple observed in the measured eye-diagrams was due to the phase responses of the 

low pass filters (LPFs) at the output of the Costas Loops in the CUs. In order to confirm our experimental 
results and further investigate the transmission of multi-channel CDMA signals over optical fiber, we 
developed a model to simulate the entire mm-wave CDMA fiber-radio system. The model was based on the 
simulation package "GOLD" (Gigabit Optical Link Designer [8]) with additional components created in 
Labview in order to generate the CDMA codes and Costas locking circuits. For simplicity, the optical and 
electronic components in the system were all modeled as ideal and noise-free. Figs. 3a-c present the simulated 
received eye-diagrams for the CDMA fiber-radio system corresponding to the experimental conditions shown 
in Rgs. 2a-c. The theoretical predictions show good agreement with our measurements. 

3 
CO 
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(b) (c) 

Fig. 2. Measured eye diagrams: (a) single channel electrical back-to-back; (b) single channel, and (c) 
two channel after 30 km SSMF and 3 m radio link 
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Fig. 3. Simulated eye diagrams: (a) single channel electrical back-to-back; (b) single channel, and (c) 
two channel after 30 km SSMF and 3 m radio link 

In a multi-channel CDMA system, the measure of the rejection of other channels within a particular 
channel is determined by the ratio of the autocorrelation to cross-correlation for the codes used. For the Gold 
codes implemented in this experiment, a ratio of 0.36 was achieved. In the two channel eye-diagram, cross- 
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talk effects arising from this finite ratio of 0.36 arc observed as additional noise on the "0"s and "l"s, as can 
be seen in Figs. 2c, 3c. In order to reduce this cross-talk it is necessary to use longer chip sequences. 

IV. Conclusions 
We have investigated the transmission of mm-wave multi-channel CDMA signals in a fiber-radio 

system incorporating this access scheme. In the fiber-radio system demonstrated, two 10 Mb/s data channels 
were converted to 320 Mb/s direct-sequence CDMA signals and transmitted at 39.2 GHz over 30 km of 
SSMF and a 3 m radio link. This multi-channel CDMA fiber-radio system was also modeled with theoretical 
predictions confirming our system measurements. It was found that transportation of the CDMA signals over 
optical fiber using optical SSB modulation overcomes possible dispersion penalties. In addition, the observed 
eye closure in a multi-channel CDMA environment is due to crosstalk effects related to the CDMA codes 
used in the system, and is independent of the optical link. 
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Abstract 

ACTS FRANS project is investigating alternative optical mm-wave source solutions for 
implementing ATM radio over fibre network. In this context, we have demonstrated that 
multicarrier operation with 16 QAM data signals on a optical non-linear laser at 38 GHz can be 
achieved. Several TV channels have been distributed through a 9 km standard fibre link using 
this optical source with less than 0.5 dB penalty 

Introduction 

While fiber to the home is still prohibitive, radio over fiber network can be combined with 
existing network to allow full coverage, fast setting up of new services fast and overall cost 
optimization. Besides, most telephone and cable industries has refocused on less expensive 
fiber to the curb and hybrid fiber coax which combines the fiber's advantages and share the 
costs amongst many customers. The development of future radio over the fibre communication 
is framed in a completely integrated perspective where the analysed solutions can fully be 
embedded in the network to provide broadband communication. As a consequence, this 
technique must be able to tackle multicarrier operation as well and time division multiplexed 
signals. Many self-standing complementary systemsf 1,2,3] can be used to distribute data 
signals centered at the millimeter wave frequency from the central station to several base 
stations where the signal is radiated to the customers through directive antennas. In this paper, 
we demonstrate that multicarrier distribution of MPEG digital video data signal on an optical 
harmonic laser mixer at 38 GHz has been achieved with penalty less than 0.5 dB. 

Millimeterwave Multicarrier distribution of the optical source at 38 GHz 

Fig 1 shows the multicarrier compressed digital video distribution over a radio over fibre 
network using a DFB laser as optical mm-wave source[4]. Each carrier containing several 
digital video channels is received from the satellite through an antenna then downconverted at 
DO to an IF 1.589 GHz signal. The signal is downconverted at DC2 to 800MHz. On each 
carrier there is a set of digitally TV channels multiplexed in time. The carriers are spaced 10 - 
15 MHz apart. The multicarrier signal is centered at 800 MHz The signal is then fed into the 
optical source through the IF port. The coding of each channel is MPEG. The optical source is 
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CPE 

Fig 1: Multicarrier digital video distribution over an optical radio fibre network using an optical source laser 

Fig 1 shows the multicarrier compressed digital video distribution over a radio over fibre 
network using a DFB laser as optical mm-wave source[4]. Each carrier containing several 
digital video channels is received from the satellite through an antenna then downconverted at 
DC1 to an IF 1.589 GHz signal. The signal is downconverted at DC2 to 800MHz. On each 
carrier there is a set of digitally TV channels multiplexed in time. The carriers are spaced 10 - 
15 MHz apart. The multicarrier signal is centered at 800 MHz The signal is then fed into the 
optical source through the IF port. The coding of each channel is MPEG. The optical source is 
also modulated at the LO port to transpose the IF signal on the fourth LO harmonic frequency 
at 38 GHz. The 38GHz propagates in a link of 9 km of fibre and a radio link of 2 m. The 
signal is divided in two paths. The first one is used to extract the LO frequency to demodulate 
the signal frequency on the 2nd path. The demodulation signal is analyzed by the carrier 
selector and the demultiplexer before being decoded and displayed on a video screen. In this 
demonstration the number of carriers was limited to 4. 
Fig 2 a,b. show the multicarrier electrical spectrum at the input of the optical source and at the 
output of the radio link after demodulation at 38 GHz respectively. 
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Fig.2 a Input multicarrier digital video signal 
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Fig 2.b Output multicarrier digital video 
signals after the fibre radio network 
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First, 16 QAM BER measurements at 25 Mbit/s has been performed in two cases: The first 
one with only one carrier (the other carriers turned off) and the other on the same carrier with 
the three other carriers turned on. 
To fully demonstrate the optical source capability, compressed digital video channels on 
multiple carriers coming from a satellite has been used to feed the data signal on the input of 
the optical laser source. The output of the optical radio after demodulation is displayed on a 
video screen as shown on fig LA selector allows to choose the carrier and the TV channel and 
then the MPEG data signal is decoded before being displayed on the video screen. The TV 
channels distribution demonstration after the radio link of 9 km of standard fibre at 38 GHz 
was successful. The BER has been measured for three different conditions as shown on fig 4. 

25 MbKs/s MAQ16, Laser Harmonlque 

1.00E-03 

1.00E-O4 

1.O0E-O5 

e1.00E-06 

1.00E-O7 

1.00E-06 

1.00E-09 

1.00E-1 

ON(cB) 

Fig 3. BER measurements for modulator and demodulator back to back, for the whole system 
(radio+fibre network) on one channel and the other turn off and with the other channels 
turrned on 

This allows to show the degradation caused by the radio fibre link and alsoby the multicarrier 
operation. The radio fibre link, using the optical source,   when operating in multicarrier 
operation^ carriers) had a penalty of 0.5 dB. With one carrier, the penalty is slightly lower. 
On the video monitor no image distortion could be noticed on any channel. 

Conclusion 
We have demonstrated a 38 GHz millimeterwave distribution of multicarrier compressed 
digital video signals at 25 Mb/s 16QAM data signal over 9 km of standard fiber using an 
optical laser source. We showed also a penalty as low as 0.5 dB when operating with 4 
carriers. This result is quite promising for the the tailoring of low cost distribution 
network(<20km) based on radio over fibre concept. 
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I. INTRODUCTION 

To transmit iriillimeter(mm)-wave signals between a central station (CS) and many base stations 
(BSs), a radio-on-fiber system is very attractive, because of low transmission loss, extremely wide 
bandwidth, availability of optical amplifiers, and so on. Many radio-on-fiber systems have been pro- 
posed [1] ~ [4]. To accelerate an initial deployment commercially, the low cost BS will be the key. The 
external modulation technique provides one of the best solutions because of the simple configuration 
[5]. We have already reported the fiber-optic mm-wave downlink system using 60GHz-band external 
modulation [6]. The same modulation technique is also applicable to the uplink system. 

In this paper, the novel fiber-optic mm-wave uplink incorporating 60GHz-band photonic downcon- 
version with the remotely fed optical pilot tone from the CS by using the EA modulator is presented. 
The error-free 156Mb/s-DPSK 60GHz-band mm-wave signal transport over 50km-long standard single- 
mode fibers (SMFs) is successfully demonstrated. This system has an advantage that neither a fight 
source nor any mm-wave sources are required at the BS, leading to a simple BS configuration. 

II. UPLINK USING PHOTONIC DOWN-CONVERSION 

Figure 1 shows the experimental setup of the fiber-optic mm-wave uplink. It consists of a wireless 
terminal (WT), a BS, two SMF links, and a CS. The WT is a 60GHz-band radio station, which 
generates a 156Mb/s-DPSK 59.6GHz signal and transmits it from the mm-wave antenna to the re- 
mote BS. The BS has a mm-wave antenna, a mm-wave amplifier, a polarization controller (PC), the 
60GHz-band EA modulator (EA Mod. 1) for the photonic downconversion, Erbium-doped fiber am- 
plifiers (EDFAs), and an optical bandpass filter (BPF). The CS has an optical pilot tone generator, 
a photodetector (PD) and a demodulator. The optical pilot tone generator consists of a distributed 
feedback laser diode (DFB LD), another 60GHz-band EA modulator (EA Mod. 2), another EDFA, 
and a 57.0GHz mm-wave source. The 50km-long SMFs were used as downlink and uplink fibers. 

A 156Mb/s-DPSK 59.6GHz signal from the WT is received, amplified and applied to the EA Mod. 1 
in the BS. The optical pilot tone modulated with 57.0GHz at the CS is transmitted through the 
downlink SMF, amplified and fed to the EA Mod. 2. Its spectrum is schematically shown in Fig. 2(a). 
Here, Ac represents the wavelength of optical carrier from the DFB LD, and AA; and AAr correspond 
to the frequencies of 57.0GHz and 59.6GHz for the mm-wave source at the CS and the received mm- 
wave signal, respectively. The PC is used to adjust the polarization of optical pilot tone to that of 
the EA modulator to maximize the modulation efficiently. Figure 2(b) shows the uplink optical signal 
generated by the photonic downconversion of the pilot tone with the applied 59.6GHz signal. After 
amplified by the EDFA, two upper sideband spectra at Ac + AA; and Ac + AAr are filtered out by 
the BPF and transmitted over the uplink SMF to the CS. At the demodulator in the CS, the beat 
generates 156Mb/s-DPSK intermediate frequency (IF) signal (AA,, - AA, which corresponds to the 
frequency of 2.6GHz) with the square-law detection of the PD. The optically direct-detected signal is 

demodulated to recover the data and the clock. 
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III. EXPERIMENTAL RESULTS AND DISCUSSION 

To investigate the power sensitivity of the uplink system, the electrical powers of the received mm- 
wave signal and the optically detected IF signal were measured for some points of the received optical 
power. For measurement, the spectrum analyzer (HP 8565E) and its mixer (HP 11974V) were used, 
which had the average noise power density of —140dBm/Hz (typ.). The result is shown in Fig. 3. 
The conversion efficiency, which is defined by the power ratio of the detected IF and the received 
mm-wave signals, is constant up to the received mm-wave power of —63dBm. Above the received 
mm-wave power of —63dBm, the power of IF signal levels off. This is due to the saturation of mm- 

wave amplifier (RF Amp.) before the EA Mod. 1 in the BS. From the table in Fig. 3, the conversion 
efficiency is proportional to the square of received optical power. 

The single sideband (SSB) phase noise at 10kHz apart from the carrier of detected IF signal was 
measured for the received mm-wave power of —65dBm. For measurement, the utility (HP 85671A) 

installed in HP 8565E was used. As shown in Fig. 4, the SSB phase noise of -85dBc/Hz was achieved 
in the higher optical power. Since the 57.0GHz oscillator output in the CS has the SSB phase noise 
of —86dBc/Hz, the degradation due to introduction of fiber-optic link is negligible. But the phase 
noise became worse in the lower optical power due to the thermal noise. The noise power density in 
the lower optical power is flat and dominated by the thermal noise, and the shot noise is dominant in 
more than — 5dBm. 

The phase noise was also measured for the constant IF signal power of —60dBm. Figure 5 shows 
the results. For each received optical power, the received mm-wave power was adequately arranged 
to keep the same detected IF signal power. As the received mm-wave power becomes stronger, both 
the phase noise and the noise power density are improved and less optical power is required. To keep 
the good quality of performance, it is desirable from Fig. 5 that the received mm-wave signal power 
is more than —90dBm. Judging from Figs. 4 and 5, if the received optical power is 3dBm which 
is conventionally the maximum allowable power into the PD, the margin of about 15dB should be 
estimated, taking the shot-noise-induced-penalty into consideration. 

Figure 6 shows the optical power level diagram of the system. Here, the optical carrier (Ac=1554.0nm) 
and the optical lower sideband signal (1553.5nm) were eliminated by using the narrow BPF for the 
optical upper sideband (USB, 1554.5nm). The mm-wave signal power applied into the EA Mod. 2 was 
0.9dBm and its phase noise was —93dBc/Hz at 10kHz apart from the carrier. The modulation depths 
of optical signals at Ac + AA/ and Ac + AAr for the optical carrier at Ac were about 85% and 45% with 
the reverse bias voltage of —1.35V and —1.80V, respectively, resulting in the overall modulation depth 
of 53% (=45%/85%) for the uplink optical signal. For simplicity, a coaxial cable and an attenuator 
instead of free-space propagation. The total amount of mm-wave attenuation between the WT and 
the BS was 68dB. 

Figure 7 shows the BERs after 50km-long SMF transmission and the back-to-back. The spectra of 
the optical pilot tone and the uplink optical signal are also shown in Figs. 7(a) and (b), respectively. 
No floor of the BER was observed. The minimum received optical power to get the BER of 10~9 was 
— 20.5dBm after the 50km-long SMF transmission for the perfect polarization-matching condition. The 
power penalty of 1.5dB from the optical back-to-back is only due to the amplified spontaneous emission 
noises of EDFAs because this system is essentially free from fiber dispersion effect. Comparing with 
the BER for the imperfectly polarization-matching condition after the 50km-long SMF transmission, 
the polarization dependence loss (PDL) of the EA Mod. 2 was less than ldB as shown in Fig. 7. 

When the BER of 10~9 was achieved, the received mm-wave power was —65dBm. It is found from 
Fig. 3 that the detected IF signal power is about — 62dBm, because of the conversion efficiency of 
about 3dB for the optical power of —20.5dBm. If the BER of 10~5 is allowed, the dynamic range will 
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expand to more lOdB, as a result of the margin of 5dB for required minimum optical power. In this 
case, the system is still in the thermal noise limitted. Moreover, when the optical power of 3dB is 
received and the margin of 15dB for shot-noise-penalty is took into account as mentioned in Fig. 5, 
the dynamic range will increase totally by no less than 40dB because the minimum received mm-wave 
power is about -105dBm. When the BER of 10~5 without error correction cording is achieved, for 

example, the transmission of video signals will be possible. From the above, it is expected that the WT 
in this system can be a mobile station with high data rate and slow mobility as one of short-distance 

radio applications. 

IV. CONCLUSION 

The fiber-optic mm-wave uplink incorporating 60GHz-band photonic down-conversion with remotely 
fed optical pilot tone using the EA modulator has been newly proposed. The power management of 
the system has been discussed by measuring the conversion efficiency, the SSB phase noise and the 
noise power density. Then, error-free 156Mb/s-DPSK 59.6GHz mm-wave signal transport over 50km- 
long SMFs has been successfully demonstrated. Here, the photonic downconversion has been also 
successfully performed. This technique will promise to realize the fiber-optic mm-wave access network 

in near future, also including mobile wireless stations. 
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ABSTRACT 

We demonstrate an impulse radio architecture which employs a GaAs photoconductive switch in performing 
correlated reception. Results show a bit-error-rate of better than 10"8 at 38 Mb/s and excellent interference rejection. 

I. INTRODUCTION 

Wireless digital communications systems now commonly employ spread-spectrum (SS) modulation and correlated 
reception. Due to the demand for higher data rates and greater security, spread-spectrum bandwidths of approximately 1 
GHz are now being considered. Signal processing at these bandwidths is difficult and costly with conventional 
electronics. Hence, some unique approaches are being considered. 

Impulse radio [1] is one such technique that is now being investigated. Impulse radio is based on the transmission 
of precisely timed short RF pulses, typically one to three RF cycles long, near a 1 GHz center frequency. The presence 
or position of these pulses is used to transmit information; there is no carrier conversion involved. 

Impulse radio offers a potentially less expensive/easier means of realizing large (> 100 MHz) spread-spectrum 
bandwidths and, in turn, higher processing gains when compared to digital signal processing (DSP) techniques 
presently in use in direct sequence (DS) and frequency hopped (FH) systems. A well designed impulse radio system 
can exploit the large available processing gain for the purposes of signal security. In addition, the large signal 
bandwidth has been shown to effectively mitigate frequency selective fading [2] which leads to an overall reduction in 
the fade margin of the link budget. 

However, some of these advantages are traded against some difficult receiver design requirements. Most 
importantly, the impulse radio receiver must accept interference over the full signal bandwidth. Interference from the full 
VHF and UHF broadcast and two-way radio bands can easily mask the impulse radio signal in a receiver with poor 
dynamic range. 

We believe that correlated reception [3] using photoconductive gating is an ideal approach to dealing with the 
impulse radio signal. Photoconductive switching technology [4], with its high speed, low jitter, and large dynamic 
range is ideally suited to both generating and gating these RF bursts. In this work, we demonstrate the performance of 
a photoconductive switch as the key component in a 38 Mb/s correlation receiver. 
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II. DEMONSTRATION SYSTEM 

The transmitter and correlation receiver are shown in Fig. 1. In the transmitter, a clock signal drives a step-recovery 
diode (SRD), generating a train of unipolar pulses at 38 MHz repetition rate. These unipolar pulses are then on/off 
keyed (OOK) by a synchronized 38 Mb/s binary message. A single pulse is used per bit for this demonstration, 
however multiple pulses per bit could also be used with a DS code. Finally, the OOK pulse train is amplified in a 
broadband amplifier and radiated by a broadband reciprocal bow-tie antenna. Alternatively, the transmitted signal could 
be generated by use of a photoconductively switched antenna [5]. 

In the receiver, a reciprocal bowtie antenna feeds a gating photoconductive switch. The fast gating function acts as a 
correlator on the received impulse train. The gated signal is amplified in a broadband low-noise amplifier and passed 
through a microwave crystal diode detector before threshold detection. 

Our photoconductive switch consists of a small interdigitated capacitor on an undoped GaAs microstrip line with 
finger width and spacing of 30 |im. The capacitance is low enough to give more than 20 dB of off-state isolation. The 
switch is triggered by a 810 nm Ti:sapphire laser pulse train which is synchronized to the incoming RF pulses. A 
trigger energy of 900 pj/pulse is used with the soft-focus of a 15 cm focal length lens. 

The gating function is most easily characterized under DC bias, where the switch produces a 500 ps full width at 
half maximum pulse. Shorter gating could be obtained by use of other photoconducting materials, however, for this 
application, the 500 ps window is more than sufficient. 

There are three primary features of our switch. First, the switch mitigates interference by providing isolation 
between the antenna and detector during the large interval when there is no impulse radio signal present. Second, during 
the brief intervals when a signal is present, it provides a gated signal to the threshold detector. Third, it ensures a large 
dynamic range, by providing a 1 dB input compression point of greater than 24 dBm (measured at 1 GHz). While 
certain high dynamic range mixers can match this compression point, the required LO drive signal is large enough to 
cause significant coupling of the LO into the IF port, rendering their performance unacceptable in a carrier-free baseband 
system. 

The experimental setup described above was tested in our laboratory by performing an uncoded bit-error-rate test 
(BERT) with a 38 Mb/s pseudo-random bit sequence (PRBS). In order to assess resistance to narrowband interference, 
a strong 1 GHz CW signal was added to the environment from a nearby transmitter. 

With a received power of-35 dBm at the antenna terminals (measured by integration of the received waveform) and 
no added interference from the CW transmitter, a bit-error-rate (BER) of better than 10"8 was measured. A typical return- 
to-zero (RZ) "eye diagram" measured at the output of the gate is also shown as an inset in Figure 2. 

A 1 GHz CW signal was then added to the environment from a nearby transmitter. Figure 2 shows the measured 
BER vs. the signal-to-interference ratio (SIR) at the receiving antenna. Note that excellent BER performance is 
achievable even with an SIR of less than 0 dB. For example, an SIR of only -6 dB is required to achieve a BER of 
10  . At this BER, the interference power is 1.2 |jW. This shows how the processing gain that results from the large 
bandwidth of our signal can be used to provide interference resistance. 

The results and evaluation discussed above show the capability of the photoconductive receiver to mitigate 
narrowband interference in an impulse radio system. This feature is essential since spectrum is shared with many other 
comparatively narrowband signals. We emphasize that this measurement was specifically designed to assess resistance 
to a very strong interferer and, by no means, represents the sensitivity limit. 

III. CONCLUSION 

Unlike most conventional spread-spectrum receivers, our receiver performs correlated reception of the signal at the 
receiver front-end on a broadband (700 MHz RF bandwidth) signal. This is accomplished without high-speed A/D 
converters which would otherwise limit the dynamic range of the system. We can also achieve one-to-one improvement 
in interference resistance by lowering our data rate. For example, we could operate at 12 kb/s with a SIR of-41 dB. 

Although a laboratory laser was used for this initial demonstration, the switch geometry is being re-designed to 
operate with compact lasers such as Q-switched laser diodes[6]. This would make such a system realizable in a very 
compact package. 

We also note that in this work, we have attempted to focus on interference-limited reception in the case of ideal 
synchronization. As such, we have run the transmitter and receiver from the same clock. Ultimately, the 
photoconductive switch would serve as a drop-in technology in a system where a tracking loop is employed to maintain 
wireless synchronization of clocks. 
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Abstract: A 27.75-29.32GHz millimetre wave fibre-radio antenna unit is reported which distributes 
622Mbit/s downlink and 40Mbit/s composite TDMA uplink ATM multimedia signals to/from customer 
premises equipment (CPE) located within a 500m range. Coherent optical signals are used to distribute 
downlink transmit and LO signals. The uplink millimetre wave signal is downconverted to a 615MHz IF 
for transmission on an intensity modulated optical link to the central station. 

I. Introduction 
As part of the ACTS AC083 (FRANS) programme, the 
consortium has been building a fibre-radio network for 
distribution of multimedia services to domestic users 
supported by a fibre infrastructure. Opto-systems 
require a great deal of electronics in them, and 
packaging is a key feature in making such products 
viable. 

The FRANS mm-wave 622Mbit/s ATM fibre/radio 
network consists of five parts as shown in Figure 1. 
These include the optical mm-wave source, passive 
optical network (PON), antenna unit (AU), free space 
mm-wave radio link (500m maximum range) and the 
customer premises subscriber equipment (CPE). 
Coherent heterodyne optical transmission techniques 
have been adopted to minimize the effect of fibre 
dispersion on the 27.875GHz 622Mbit/s 16 QAM 
downlink signal. TDMA is used in the uplink 
(centred on 29.26GHz) to combine data from the CPEs. 
The optical uplink uses a laser diode which is directly 
modulated by the downconverted 40Mbit/s FSK 
615MHz IF uplink signal. 

MRC's role was to develop low cost softboard 
technology to integrate Tx and Rx mm-wave 
subsystems onto a single substrate along with the 
optical, electrical and rf subsystems, producing a 
rugged package for field trials. 

II. System Design 

The FRANS AU demodulates the coherent optical 
signals (generated by the Alcatel-SEL mm-wave 
optical source) that are incident on the AU 
photodetector, amplifies and filters the wanted lower 
sideband downlink and local oscillator (LO) signals, 
while rejecting the unwanted upper sideband downlink 
signal. The downlink signal (27.75 to 28.0 GHz) is then 
coupled to a patch antenna array where the 622Mbit/s 
QAM mm-wave signal is transmitted on a free-space 
radio link to the CPEs. The LO signal (29.875 GHz) is 

used internally to downconvert the received uplink 
signal (29.2 to 29.32 GHz) which is then transmitted to 
the central station on a 615MHz IF optical link. 

Central Station 

Optical 
amplifiier 

5 km 
fibre link 

Splitter 
1:4 

antenna unit 

Optical 
mvwave source 

j\ £ [> x> \    * V * 

500 m 

Remote 
antenna unit 

622Mbit/s 
 *■ 

27.875 GHz  -<^- 

+-?.   29.260 GHz 

-^   Subscriber 

Y Tx/RxCf 

Figure 1 FRANS mm-wave fibre/radio system 
(downlink: 622Mbit/s ATM, uplink: 40Mbit/s 
TDMA composite from all CPEs) 

Hybrid and monolithic reactively matched millimetre- 
wave photodiodes have been developed by Thomson- 
CSF and GEC-Marconi for use in the AU. The 
softboard techniques described below were used to 
effect a transition from the coplanar output of the 
photodiode to the microstrip used in the AU (shown in 
top right section of figure 1). 

III. AU Softboard Substrate Design and Processing 

A softboard substrate integration technology has been 
developed which enables the various active and passive 
optical and electrical components to be integrated into 
a compact AU, offering potential cost reductions 
compared with conventional alumina substrate based 
microwave integrated circuits (MICs). A substrate 
copper etching process has been developed to fabricate 
tracks and gaps of 50±5um. Test filter structures have 
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been fabricated and characterised which confirm the 
suitability of the processing technique. 

A range of softboard substrate test circuits have been 
designed, built and characterised. These include 
passive microstrip filters (based on filter layout 
information provided by University of York), 
photodiode and MMIC amplifier test jigs incorporating 
coplanar waveguide (CPW) to microstrip transitions 
and patch antenna test jigs. Figure 2 shows an 8 
resonator LO filter test jig. 

Figure 2 mm-wave LO Filter Test Jig 

A downlink/LO diplexer has been implemented (based 
on a UoY design) which uses 6 resonator downlink and 
LO filters. The frequency response of the diplexer 
implemented using the MRC softboard technology is 
given in Figure 3. 
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Figure 3 Downlink/LO Diplexer Passband and 
Rejection Characteristics 

IV. Integrated Millimetre Wave Active/Passive 
Substrate 

Figure 4 shows the fully integrated millimetre wave 
module and its screening lid. This circuit combines all 
of the AU optical/millimetre wave active/passive 
functions on a single softboard substrate. Downlink 
functions include: PIN waveguide photodiode, low 
noise MMIC amplifier,  downlink/LO diplexer, LO 

MMIC amplifier, downlink MMIC driver and power 
amplifiers and the MMIC amplifier d.c. bias 
decoupling circuits. Uplink functions include: low 
noise MMIC amplifier, bandpass filter, MMIC mixer 
and IF filter. The screening lid is required to improve 
cross-channel isolation. 

i& 

-'..-«• V".. -*■•*• 

*<\ 

iva.- 
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Figure 4 Integrated Softboard Substrate 
Optical/Millimetre Wave Downlink/Uplink Module 

V.   Ruggedised Antenna Unit 

The ruggedised AU consists of five modules and the 
package, these include: the mm-wave module, the 
downlink and uplink patch antennas, the IF uplink laser 
module, the power conditioning and bias control 
circuits. Figure 5 shows these integrated in the 
ruggedised package. Figure 6 shows a front view of the 
AU with the patch antenna radomes inset in to the front 
panel. 

Field trials are scheduled to start during October 1998 
and preliminary results will be presented. 

Conclusion 

A system module to deliver ATM services from a fibre 
network and broadcast them to domestic customers has 
been produced and test results will be presented at the 
Conference. Particular emphasis is laid here on the 
packaging and particularly the microwave packaging 
needed to support an opto-electronic function such as 
this. 
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Summary 
Analog fiber optic links have been shown to be useful in antenna remoting and active 

phased array applications.1'1 Semiconductor electroabsorption (EA) waveguide modulators can be 
used in these links in view of their potential for low voltage operation, large bandwidth, and 
monolithic integration with other components.121 Important considerations of an optical modulator 
for analog applications are RF efficiency and the spurious free dynamic range (SFDR). In our 
prior work[3], we demonstrated dual-function properties of a Franz-Keldysh effect waveguide 
which can function as a modulator and as a detector. As an electroabsorption modulator, a fiber 
optic link with a -17.4 dB RF loss and a 124 dB/Hz4/5 sub-octave SFDR as depicted in Fig. 1, is 
obtained with electrical biases in the 2-3 V range. As a waveguide photodetector, a 0.45 A/W 
fiber coupled responsivity, photocurrents up to 20 mA, and an output third-order intercept of > 
34.5 dBm, are achieved at -TV. As extensions of this work, we present (a) the results on the novel 
bias control of the electroabsorption waveguide modulator for maximum RF efficiency based 
upon the behavior of the modulator photocurrent, (b) the progress in the study of high SFDR 
electroabsorption waveguide modulator based upon a combination of the Franz-Keldysh effect 
(FKE) and Quantum Confined Stark effect (QCSE). 

(A) Novel bias control of the EA modulator for adaptation to environmental changes 
While prior work131 emphasizes the simplification of the antenna feed network shown in 

Fig. 2, we note that the photocurrent generated during electroabsorption modulation can be useful 
for an adaptative bias control of the modulator, as schematically depicted in Fig. 3. For an EA 
modulator, the RF efficiency and the multi-octave SFDR can be optimized at the same bias. The 
optimum bias voltage for maximum RF efficiency can shift during operation due to changes such 
as ambient temperature, polarization and optical power levels, especially with the modulator 
placed at the antenna site. Therefore it is necessary to adjust the bias dynamically to maintain the 
maximum RF efficiency and SFDR. 

The RF link gain is proportional to the square of the modulator slope efficiency, therefore, 
one expects, under certain operating conditions, the optimum bias voltage for maximum RF 
efficiency to be identical to the bias voltage for maximum slope of the modulator transfer curve. 
Under stable operating conditions, with the modulator not saturated by the optical power, the sum 
of modulated light coupled to the detector and light absorbed in the modulator is assumed 
constant. The photocurrent that flows in the biased semiconductor EA modulator depends only 
on the bias voltage, Vm. Thus the change in modulator photocurrent, Im, is complementary to the 
change in modulator transmission, especially near the critical bias voltage. W^m, defined as the 
bias point for the largest slope in Im with respect to Vm, will drift in response to changes in 
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operating conditions such as temperature, polarization and optical power levels. Consequently, 
by finding the bias voltage where dl JdVm is largest, one can track the optimum bias for maximum 
RF efficiency. This concept suggests a new approach to control the modulator bias for 
maintaining maximum RF link gain under changing operation conditions.t4] Link gain 
measurements are performed on an InGaAsP/InP modulator and compared to the Im versus Vm 

curve. Same measurements are made for several laser wavelengths and for different input 
polarizations. We show that V^m tracks maximum RF link gain (GRF) and thus can be used for 
controlling the modulator bias voltage for maximum RF efficiency, as depicted in Fig. 4. This 
method is applicable to FKE as well as QCSE EA modulators. 

(B) Transfer curve and projected SFDR of combined FKE-QCSE EA modulators 
We have developed a methodology to analyze the linearity of the transfer characteristic of 

electroabsorption waveguide modulator. We found that a superlinear transfer curve can be 
obtained using a combination of the FKE and the QCSE. In this design, the differences in the FKE 
and QCSE absorption-voltage relationships are used to perform optical nonlinear cancellation. 

The experimental structure consists of a 0.15 um thick InGaAsP (Xg = 1.49 um) and five 
InGaAs/InP quantum wells (68 Ä well) grown by MOCVD. At an optical wavelength of 1.544 
urn, these represent detuning energies of 28 mV and 20 meV, respectively. Rib-loaded waveguide 
modulators are fabricated and devices cleaved at different lengths are measured. Fig. 5 shows the 
DC transfer curve obtained from a device with a cleave length of 105 urn. Note that the TE 
polarization has a larger modulator photocurrent and a smaller transmission than does the TM 
polarization for biases greater than 1.2 V. We attribute this to the QCSE which predominantly 
operates in the TE polarization. 

It is observed that this combination of EA absorption produces a very linear transfer 
curve. Fitting this curve with the theoretical design curve, a close match is observed and indicates 
a simultaneous suppression of both second- and third-order nonlinearities at 1.64 V. The 
projected SFDR of this device is depicted in Fig. 6, where a multi-octave SFDR of 118 dB in a 
one Hz noise bandwidth is predicted. The simulation assumes a detector DC photocurrent of 0.47 
mA and a laser RIN of -165 dBc/Hz. Inspection of the higher order terms show that the 
dominant distortion is the third-order intermod rather than the second-order intermod. 

The sensitivity of the linearized transfer characteristics is investigated over a range of 
temperature. The linearized modulator device is mounted onto a thermoelectric cooler (TEC), 
and several transfer curves are measured as a function of the device sub-mount temperature. The 
temperature is varied from 20 to 32 °C (± 0.5 °C). Fig. 7 shows the range (shaded area) of bias, 
over which the measured transfer curve maintains its apparent straight-line fit, as a function of 
TEC temperature. 
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Fig. 2. Schematic of antenna feed network, including 
optoelectronic transceiver, remote laser, optical 
detector (Det), and modulator (Mod), used for 
transmit/receive applications (after Ref. 3). 
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Fig. 3. Schematic diagram for implementing EA modulator bias control based upon the correlation 
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bandwidth of the DC transfer curve of Fig. 5, 
operating in TE polarization. 

Fig. 7. Temperature dependence of constant- 
slope bias range for the combination 
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Abstract 
Traveling-wave electroabsorption modulators (TEAM) fabricated with InGaAsP/InGaAsP quantum-wells show a 
modulation bandwidth of 18 GHz, and driving voltages of 1.20 and 1.28 V for 20 dB extinction ratio for TE and TM 
modes respectively at 1.55 \im. 

Introduction 
Electroabsorption (EA) modulators are very attractive devices for optical fiber communications because of 

their very low driving voltage, very high modulation efficiency and integratibility with lasers [1]. However 
conventional EA modulators are lumped-electrode devices, whose speed is limited by the total parasitics of the 
device, which restricts the device to very short length for high speed operation [1-3]. One way to overcome the 
parasitic limitation is by integrating passive waveguides with short absorption section [2]. However, this kind of 
device with short active region has low extinction ratio and requires relatively high driving voltage. On the other 
hand, a traveling wave electrode structure can overcome the RC limitation and allows longer device for the same 
speed. This can lower the driving voltage, increase the extinction ratio and increase the optical saturation power [4- 
5]. Here we demonstrate 1.55 fim traveling-wave EA modulators with 18 GHz bandwidth, 1.2 V driving voltage for 
MOW InGaAsP/InP EA modulators. 

Design and Fabrication 
The material structure consists of 10 strain-compensated InGaAsP quantum well (10.4 nm, 0.37% tensile 

strain) and InGaAsP barrier (7.6 nm, 0.5% compressive strain) sandwiched by 1.8 \im p-InP and 0.3 u.m n-InP 
cladding layers. The material is grown by MOCVD. Prior to the other layers, a 0.5 \xm n+-InP layer was grown on 
the semi-insulating InP substrate for the n-contact. The material has a photoluminescence peak at 1495 nm at room 
temperature. 

Optical Waveguide 

Fig.  1(a): Schematic diagram of the traveling 
wave electro-absorption modulator. 

Fig. 1(b): Facet view of the device. A PMGI 
bridge is used to connect grounds from 
different sides of the waveguide. 

0-7803-4936-9/98/$10.00 © 1998 IEEE 33 



A coplanar waveguide (CPW) electrode structure is designed for both the microwave feed line region 
and the optical waveguide region [6]. Figure 1(a) shows the schematic diagram of the device. The ridge is 
formed by CIL/H/Ar reactive ion etch (RIE) followed by a HC1:H3P04 wet etch to reduce the REE damage. 
PMGI is used to passivate the side-wall and to reduce the capacitance due to the p-electrode on the optical 
waveguide. As shown in Figure 1(b), PMGI bridges are formed at both ends of the optical waveguide to 
connect grounds from different sides of the optical waveguide. 

Measurement Results 

A lens pair is used to couple light from fiber to the waveguide and vice versa. Figure 2 shows the 
fiber-to-fiber transmission versus reverse bias voltage for several wavelengths and for TE and TM 
polarization states. Because of proper bandgap engineering the device shows little dependence on the 
polarization. The 2 urn wide, 300 \xm long device has driving voltages of 1.20 and 1.28 V for 20 dB 
extinction ratio for TE and TM modes respectively at wavelength of 1.55 |im. A fiber to fiber insertion loss 
of 13.6 dB is achieved at 1.57 pan for TM polarization in a device without antireflection coating. 
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Fig. 2 Fiber-to-fiber transmission vs. reverse bias voltage for several wavelengths and for TE and TM 

polarization states. Solid: TE polarization, Dashed: TM polarization 

High speed measurements are performed with an HP Lightwave Component Network Analyzer that 
measures up to 20 GHz. Two Cascade probes are used for microwave connection and one of the probes is 
terminated with a 50 Q load. Figure 3 shows the measured response (in dBe) versus modulation frequency. 
With a 50 Q termination, a 3 dBe bandwidth of 18 GHz is obtained, yielding a bandwidth to driving voltage 
(0.8 V for 10 dB extinction) ratio of 22.5 GHz/V. The bandwidth reduces to 10 GHz without 50 & 
termination. The reason for this large bandwidth reduction is the large reflection from the un-terminated 
port. The capacitance and the series resistance of the device deduced from the electrical Sn measurement 
are about 0.40 pF and 4.6 Q, which infers RC limited bandwidths of 7 and 13 GHz for cases with and 
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without a 50 Q. termination. The larger bandwidth for the TEAM than that for the lumped device confirms 
that traveling-wave electrode structure can overcome the RC limitation. 

Figure 4 shows the microwave S21 response (with triangles) measured with a network analyzer up to 
40 GHz. The 3 dB drop occurs at 20 GHz, agrees well with the measured E-0 response bandwidth of 18 
GHz. This suggests that the device is operating with a traveling wave mode and the speed of the device is 
mainly limited by the microwave loss, which consists of propagation loss in the waveguide and impedance- 
mismatch induced reflection loss at the input and the output ports. The curve with circles in Fig. 4 shows 
the calculated response with CPW model while the curve with rectangles shows the calculated response 
with the RC model and with the R and C values deduced from the S„ measurement (here a 50 Q load is 
included in the calculation). 

To separate the microwave propagation loss from the impedance-mismatch induced reflection loss, 
microwave S21 for devices with lengths of 300, 400, 500 and 600 um are measured. It is found that at 20 
GHz, the 600 Jim-devices have about 2.0 dB extra loss than 300 jim-devices. This suggests that for the 300 
urn device, the propagation loss is about 2.0 dB, while the reflection loss is about 1.0 dB. Consequently, to 
improve the device bandwidth we need to reduce the propagation loss and increase the waveguide 
characteristic impedance so as to reduce the reflection loss. 

Acknowledgements 
The authors would like to thank DARPA for supporting this work under the Ultra Photonics Terabit 

TDM project. 

References 
[1] F. Devaux and A. Carenco, "Optical processing with electroabsorption modulators", OFC'98 Technical 

Digest, paper ThH3, p. 285,1998. 
[2] T. Ido, S. Tanaka, M. Suzuki, M. Koizumi, H. Sano, and H. Inoue, "Ultra-high-speed multiple-quantum- 

well electro-absorption optical modulators with integrated waveguides", /. of Lightwave Tech., 14,2026, 
1996. 

[3] K. Wakita, K. Yoshino, I. Kotaka, S. Kondo, and Y. Noguchi, "High-speed, high efficiency modulator 
with polarisation insensitive and very low chirp", Electron. Lett., 31,2041,1995. 

[4] K. Kawano, M. Kohtoku, M. Ueki, T. Ito, S. Kondoh, Y. Noguchi, and Y. Hasumi, "Polarisation- 
insensitive travelling-wave electrode electroabsorption (TW-EA) modulator with bandwidth over 50 
GHz and driving voltage less than 2 V", Electron. Lett., 33,1580,1998. 

[5] H. Liao, X. Mei, K. Loi, C. Tu, "Microwave structures for traveling-wave MQW electro-absorption 
modulators for wide band 1.3 urn photonic links". Proceedings of the SPIE, 3006, 291,1997. 

[6] K. Giboney, M. Rodwell, and J. Bowers, 'Traveling-wave photodetector theory", IEEE Trans. 
Microwave Theory and Techniques, 45,1310,1997. 

35 



5 10 15 
Modulation Frequency (GHz) 

Fig. 3: Measured electrical-optical frequency response (in dBe) for different load terminations. 

CO. 

CM 
CO 

10       15       20       25       30 
Frequency(GHz) 

35       40 

Fig. 4: Microwave S21 response of a traveling-wave EA modulator. Triangle: measurement, circle: 
calculated w/ CPW model, rectangle: calculated from measured RC product for lumped device. 

36 



MC3 
ERROR-FREE FULL-DUPLEX OPTICAL WDM-FDM TRANSMISSION USING 

AN E A-TRANSCEIVER 

Andreas Stöhr(1), Ken-ichi Kitayama(2) and Dieter Jäger(1) 

(1)
 Gerhard-Mercator-Universität, FB9 - Optoelektronik, Kommandantenstraße 60,47057 Duisburg, Germany 

Phone: +49 203 379 - 2825, Fax: +49 203 379 - 2409, E.mail: stoehr@optorisc.uni-duisburg.de 

(2) Communication Research Laboratories, 4-2-1 Nukui-kitamachi, Koganei-shi, Tokyo 184, Japan 

Phone: +81 423 27 - 6209, Fax: +81 423 27 - 7035, E.mail: kitayama@crl.go.jp 

I. Introduction 

The penetration of optical fibers into the access arena, including an optical path to the subscriber as 
well as the successful implementation of fiber-wireless networks, strongly depends on the deployment 
of cost-effective optical transceivers. This transceiver acts as an interface between a broadband fiber 
optic network on the one hand and an existing copper infrastructure (fiber-copper) or a remote antenna 
unit (fiber-wireless) on the other hand. A cost-effective optical transceiver will most probably 
accelerate the introduction of broadband services into the public network. Most promising candidates 
in that respect are either hybrid or monolithically integrated optical transceivers performing full-duplex 
(simultaneous bi-directional transmission) access to an optic network. 

Usually, a transceiver consists of many devices such as photodiodes (PDs), laser diodes (LDs), 
passive waveguides, wavelength multiplexers, etc. A very straightforward way in reducing the 
transceiver costs is to simply reduce the number of necessary optical components. This can be 
accomplished by using a single electroabsorption (EA) modulator not only for modulation but also for 
detection in order to provide up- and downlink data transmission simultaneously. In that case, the 
transceiver consists of only one optical component, an EA-modulator. Half-duplex transmission (non- 
simultaneous bi-directional transmission) using a vertical Fabry-Perot modulator was first reported in 
[1] and half-duplex transmission using a waveguide modulator was demonstrated recently [2]. In [3], 
full-duplex transmission using a waveguide EA-modulator was achieved in a frequency-division- 
multiplexed (FDM) analogue fiber-wireless system. 

In this paper we propose the utilization of a waveguide EA-modulator as a full-duplex transceiver 
for WDM based optic networks. The modulation properties of a fiber-coupled 1.55 um InGaAsP/InP 
waveguide EA-modulator such as extinction ratio, insertion loss and electrical bandwidth are 
experimentally determined and detection properties are analyzed in terms of responsivity and electrical 
bandwidth. Furthermore, the EA-transceiver is employed within an optical link and error-free full- 
duplex transmission is achieved. 

II. EA-Transceiver 

The device investigated in this paper is a high-speed waveguide EA-modulator with a MQW 
InGaAsP core layer, designed for 10 Gb/s operation at 1.55 urn wavelength. Extinction ratio and fiber- 
to-fiber insertion loss at 1.55 urn wavelength are 12 dB and 7 dB, respectively. The responsivity of the 
fiber-coupled device is in excess of 0.4 A/W within the wavelength region of 1.52-1.54 urn. The 

This work has been performed at CRL while A. Stöhr was a COE research fellow of CRL. 
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frequency response of the EA-transceiver was measured separately for modulation and detection 
performance. As can be seen in Fig. 1, the 3 dB cut-off frequencies for modulation and detection are 
both in excess of 17GHz. 

m -a 

u 
o 

> 
J2 

detection 

modulation 

10 15 

frequency (GHz) 

20 25 

Fig. 1: Measured relative frequency responses at 0 V applied bias. Optical wavelengths in modulation and 
detection mode were 1560 nm and 1525 nm, respectively. 

III. Transmission Experiment 

The experimental set-up for verification of bi-directional full-duplex optical data transmission is 
shown in Fig. 2. Two LDs with wavelengths A; and X2 are used for the downlink and the uplink data 
transmission, respectively. Both laser diodes are located within the central station, thus removing the 
need for a laser diode at the remote transceiver unit. The major advantage of using WDM is that 
responsivity of the EA-transceiver on the one hand and modulation index and optical losses on the 
other hand can be optimized separately. This leads to a distinct reduction of the up- and downlink RF 
insertion loss. For demonstration, we measured the RF insertion loss using carrier frequencies of 
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Fig. 2: Experimental set-up 
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3 GHz and 10 GHz for the up- and downlink, respectively, as well as 10 km of standard non-dispersion 
shifted single mode fiber. As the transceiver element we used the EA-waveguide modulator. In Fig. 3, 
the measured up- and downlink RF insertion losses are shown versus optical wavelength at different 
reverse bias applied to the EA-transceiver. Input RF power of both carriers was fixed to 0 dBm. From 
Fig. 3 it can be seen, that downlink RF insertion loss at any bias is smallest for a wavelength of about 
A/=1525 nm. This is because the responsivity of the EA-transceiver is highest at this wavelength 
(>0.4A/W @ 1525nm). The optimum wavelength for smallest uplink RF insertion loss strongly 
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depends on the bias applied to the EA-transceiver. Minimum uplink RF insertion loss is achieved at 
^2=1560 nm with a reverse bias of-1 V. These results clearly demonstrate the advantage of operating 
the EA-transceiver at different wavelengths simultaneously. By way of comparison, operating with a 
single LD at an intermediate wavelength of 1550 nm and a reverse bias of -1 V instead of using two 
LDs (1525 nm for the downlink and 1560 nm for the uplink transmission) increases the uplink RF 
insertion loss by 3.5 dB and the downlink RF insertion loss by 6.5 dB. A second advantage of using 
two wavelengths is the complete suppression of uplink-downlink mixing in the uplink. 

To demonstrate full-duplex transmission we performed bit error rate (BER) measurements, using 
the set-up shown in Fig. 2. We used A/=1525 nm for the downlink and Xf=l 560 nm for the uplink 
transmission. Measured downlink BER of a 256 Mb/s PRBS versus received optical power at the EA- 
transceiver is shown in Fig. 4(a). In Fig 4(b) the BER of the uplink transmission using a 56 Mb/s PRBS 
is shown as a function of total RF power (carrier and data) for 3dBm and OdBm optical power in the 
EA-transceiver. As can be seen, bi-directional full-duplex BER measurements better than 10"9 were 
achieved. 

We would like to point out, that the maximum data rates for up- and downlink signals were limited 
by the microwave band-pass filters in the experimental set-up. In principle, higher data rates or a larger 
number of FDM channels are possible. The cut-off frequency of the EA-transceiver for both, detection 
and modulation is 17 GHz. The WDM-FDM approach is also of advantage when the EA-transceiver is 
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driven passively, i.e. without applied DC bias. However, in that case up- and downlink RF insertion 
losses are larger and we also found that intermodulation in the downlink is enhanced. 
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IV. Conclusion 

In summary, we determined the modulation and detection properties of a waveguide EA-transceiver 
experimentally. The fiber-coupled device exhibits an optical insertion loss of 7 dB. Maximum 
extinction ratio and responsivity are 12 dB and >0.4 AAV, respectively. The 3 dB cut-off frequency for 
both, modulation and detection is in excess of 17 GHz. Employing this transceiver we realized an 
optical WDM link over 10 km of standard single mode fiber. Up- and downlink RF insertion losses are 
-27 dB and -34 dB, respectively. Error-free (BER<10"9) and full-duplex transmission of a 256 Mb/s 
downlink NRZ (2  -1) data stream and a 56 Mb/s uplink NRZ (223-l) data stream was achieved. 
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Abstract 

Directional coupler modulator response may be synthesized by using a suitable coupling 
function, which may be determined by using Gel'fand-Levitan-Marchenko inverse 
scattering technique or by the inverse Fourier transform technique. The techniques 
provide possibility of designing coupler modulators with low switching voltages and 
better linearity. In this paper, the implementation of the coupling function for a linear 
modulator is outlined. 

Summary 

An optical directional coupler may be used to modulate light. However, in the uniform 
coupler, where the coupling is constant throughout the length of the device, the response 
is given by 

n=—^sin2o4+(%)2) 
1+(%) 

where the response T| is proportional to the optical power of the output signal, and 5- 
Aß/2, with Aß the difference in the propagation constants of the two coupled optical 
modes which is proportional to the applied voltage, z is the length of the device, and K is 
the coupling constant. Thus, it is seen that the response of the uniform directional coupler 
modulator is highly nonlinear. However, it is possible to construct a directional coupler 
modulator with a response that differs dramatically from that of a uniform one, by 
varying the coupling function by means of a synthesis technique to obtain a given 
response function. The synthesis techniques that we use are the so-called Gel'fand- 
Levitan-Marcheko (GLM) inverse scattering technique and the inverse Fourier transform 
technique. The GLM technique yields exact results but it requires that the response 
function be rational and all the poles of this function must lie in the left half of the 
complex plane and be distinct. The' inverse Fourier transform technique, on the other 
hand, gives approximate results, but any class of response functions can be used. The 
reader should refer to references [1] and [2] for more detailed explanation of these two 
techniques. As an example, the synthesized coupling function for the 3rd-order 
Chebyshev response function obtained by using the GLM technique and that for the ideal 
linear response function obtained by using the Fourier transform technique are shown in 
Fig. 1 (a) and in Fig. 1 (b), respectively. 
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Fig. 1 : Synthesized coupling functions of 
(a) the 3rd-order Chebyshev response function and 
(b) the linear response function 

With the synthesized desired coupling functions as a starting point we then calculate the 
corresponding "shape" of the directional coupler modulators. We use Alo.3Gao.7As/GaAs 
structure for our modulators, which are designed to be operating at 1.3 UMn wavelength. A 
schematic of such a modulator is shown in Fig. 2 below. 
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Fig. 2 : Schematic of the modulator : (a) top view and (b) cross section 
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In our project, we have built modulators with different kinds of response functions and 
with different lengths. An example of the measured response of an ideal "linear" 
modulator is given in Fig.3. While this is a dc result, we are in the process of making rf 
measurements, and we hope to present these at the meeting. 
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Fig.3 : Measured amplitude response of a linear modulator 

The current design yields too high switching voltages for the modulators and now we are 
in the process of redesigning the modulators so that they will have a better performance. 

In summary, our synthesis techniques have rendered optical directional coupler 
modulators that have a better linearity than the standard ones. 
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Abstract 

Instead of balancing the RF signal voltage on two modulator electrodes, broadband linearization of a link 
can be more easily achieved when two wavelengths are simultaneously modulated using a standard single- 
electrode Mach-Zehnder modulator. 

Introduction 

It is possible to operate either a Mach-Zehnder or a directional-coupler modulator around a DC bias 
voltage at which the second derivative of the transfer function is zero; doing so eliminates distortion at the 
second-harmonic and second-order intermodulation frequencies, causing third-order distortion products to 
dominate and thus limit the dynamic range [1], [2]. Third-order distortion limits the broadband dynamic 
range achievable using commercially available LiNb03 modulators to roughly 110 dB'Hz273. To improve 
upon this, recent efforts have focused on the development of broadband "linearized" modulators, in which 
third-order distortion is minimized at the same DC bias voltage where no even-order distortion occurs. 
Figure 1 shows three previously proposed broadband linearized modulators (after [3]-[5]). 

For frequencies above 2 GHz or so, where the modulator electrodes must be configured as transmission 
lines whose effective refractive index at RF frequencies closely matches the optical refractive index [6], 
there are inherent challenges associated with implementing any of the architectures shown in Fig. 1. Two 
of these approaches [Fig. 1(a) and(b)] require that the RF signal be split and applied in precise proportion 
to two different RF electrodes. To achieve broadband linearization at frequencies of 2 GHz or higher, 
therefore, the RF characteristics of the modulator's two traveling-wave electrodes (including RF attenuation 
per unit length, characteristic impedance, and guided wave velocity as determined by the effective RF 
refractive index) must match each another over the entire band of interest. This RF signal balancing gets 
progressively more difficult to accomplish with increasing signal frequency and/or percentage bandwidth. 

To my knowledge the only broadband (greater than an octave bandwidth) linearized electro-optic 
modulator proposed thus far that does not require application of the RF signal to more than one electrode 
is the modified directional coupler design shown in Fig. 1(c). This configuration is the same as a 
straightforward directional coupler modulator [2], except for the incorporation of two additional DC-biased 
electrodes that impose controlled mismatches in the propagation constants between the optical waveguides 
in the coupling region [5]. In the 500-1000 MHz band a dynamic range of 111 dB •Hz4'5 has been 
demonstrated using this type of modulator [7]. Recently, an analytical model [8] has shown that modulator 
could achieve a dynamic range of 129 dB*Hz4'5 across a broad band and at high frequencies, but only if the 
mismatch between the RF and optical refractive indexes is counteracted by "re-phasing," which is 
essentially splitting of the RF among multiple shorter electrode segments—leading back to the electrode 
characteristic-matching issue. 

Technical Approach 

Figure 2 shows a new broadband linearization approach that uses a straightforward commercially available 
Mach-Zehnder electro-optic modulator with a single traveling-wave RF electrode and a single DC bias 
electrode. The Mach-Zehnder modulates two wavelengths of light simultaneously, and at the other end of 
the link a wavelength-division multiplexer (WDM) routes the two modulated wavelengths to separate 
detectors whose outputs are combined in an RF hybrid coupler. At the correct modulator bias voltage and 
the correct ratio of photodetector currents, both second- and third-order distortion are cancelled. 

The curves in Fig. 3(a) show how the photocurrents at the individual detectors vary with modulator bias 
voltage (dashed lines), and how the current at the A output of the RF hybrid coupler varies with modulator 
bias (solid line).   Figures 3(b) and (c) show second and third derivatives of these curves, respectively. 
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These plots reflect the case where the ratio of photocurrents is maintained such that, at the modulator bias 
where both detector outputs have zero even-order distortion, the detectors deliver equal levels of third-order 
distortion to the hybrid coupler. Therefore, at this modulator bias and photocurrent ratio, the strongest 
distortion products at the hybrid coupler's A port are fifth-order. 

This new linearization architecture is analogous to the dual-parallel Mach-Zehnder modulator 
configuration shown in Fig. 1(b), in which the RF signal is split in a specific proportion between two Mach- 
Zehnders that are fed a single optical carrier that has also been split in a specific proportion. In the new 
configuration only one Mach-Zehnder modulator is required because it has a different halfwave voltage 
(V,) at the two wavelengths, so that an RF signal of magnitude vM applied to the one electrode results in a 
different modulation depth vMIVn at the two wavelengths. Conceptually this dual-wavelength approach more 
closely approximates one described by Johnson and Roussell, who cancelled third-order (but not second- 
order) distortion by balancing two different polarizations of light that have different halfwave voltages in a 
lithium niobate Mach-Zehnder modulator [9]. 

An important advantage imparted by the new multiple-wavelength linearization approach is that inexpen- 
sive, commercially available fiber wavelength-division multiplexers can be used to route the two modulated 
wavelengths of light to separate photodetectors whose outputs are combined electrically (as in Fig. 2). 
Wavelength multiplexing to separate detectors enables precise maintenance of the desired ratio of RF signal 
powers to achieve distortion cancellation, even in the presence of unpredictable environmental factors such 
as stresses on the fiber that might induce variability in the relative losses at the two wavelengths [10]. 

Experimental Results 

Using only commercial components I assembled a link in a configuration similar to the one shown in Fig 
2. For the optical sources I used an ATx Nd:YAG laser with 200 mW output power at 1320 nm and an 
Ortel InGaAsP DFB laser with 30 mW output power at 1550 nm. Both lasers had polarization-maintaining 
fiber pigtails. A WDM manufactured by PIRI coupled the inputs at the two different wavelengths into one 
polarization-maintaining fiber so that both optical carriers could be fed into the modulator. The modulator 
I used was a LiNb03 Mach-Zehnder device with one traveling-wave RF electrode and one DC bias 
electrode. At 1320 nm the manufacuterer (UTP) specified V, of 4.7 V at DC and a 3 dB bandwidth of 3 
GHz. A second WDM demultiplexed the modulated optical carriers, each of which I routed to a separate 
BT&D InGaAs photodiode detector. I was careful to match as closely as possible the lengths of the two 
fiber paths from the WDM to the detectors. I also followed both detectors with RF line stretchers and 
adjusted these to equalize the group delay measured (using a network analyzer) from the modulator input 
to either input of the RF hybrid coupler. 

Before attaching the hybrid coupler (manufactured by Anzac, and specified for 2-2000 MHz operation) I 
connected the detector outputs to separate RF spectrum analyzers, and the modulator input to an RF signal 
generator set to 750 MHz. I varied the modulator's DC bias voltage and observed minima at the second- 
harmonic frequency (1.5 GHz) about every 4.7 V for the 1320 nm detector, and about every 6 8 V for the 
1550 nm detector. At a modulator bias voltage of about -5.0 V it happened that the 1.5 GHz output from 
either detector was very near one of its minima. 

With the modulator bias fixed at this second-order minimum, the next step was to set the ratio of RF 
powers at the hybrid coupler input ports. Figure 2 suggests one method involving amplifiers [10] for 
maintaining the two coupler inputs at the proper ratio for distortion cancellation. To achieve the proper 
ratio in the initial experiment I used a precision variable optical attenuator between the YAG laser and the 
1320 nm input of the WDM. Feeding a two-tone RF input to the modulator, I varied the 1320 nm carrier 
attenuation until I observed a minimum in the measured output power from the A port of the hybrid 
coupler at the third-order intermodulation frequency. 

Varying the link input power at the two RF tones (f„ f2), I measured the link output power at these tones, 
their sum frequency (f,+f2), and the third-order intermodulation frequencies (2f,-f2, 2f2-f,). Fig 4(a) shows 
the measured results for 499 and 501 MHz input tones, along with the measured noise output in a 1 MHz 
inSmn^?Te0US bandwidth- FlSure 4(b) sb°ws results of the same measurement for input tones at 999 and 
1001 MHz. In these plots hollow squares and circles represent measured data at the fundamental and third- 
order intermod frequencies for the link with only the 1550 nm laser on (this yields better performance than 
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the link with only the 1320 nm laser). When power at the second wavelength is present in proper propor- 
tion to the first wavelength, third-order distortion is suppressed, as shown by the solid triangles in the plots. 

The plots show four of additional features worth mentioning: first, and most significantly, the spurious-free 
dynamic range is greater for the two-wavelength link, in accordance with its design; second, the two- 
wavelength link suppresses second-order distortion (represented on the plots by solid circles) incompletely, 
but to a degree sufficient to ensure that the dynamic range is third-order distortion limited; third, there is 
some noise figure penalty associated with the linearization, which has been true for every broadband 
linearized link that uses Mach-Zehnder modulators [11]; fourth, the same control settings (modulator bias 
and photocurrent ratio) yield linearization across an octave of bandwidth—i.e., at 500 MHz and 1 GHz, as 
shown in Fig. 4 (a) and (b), respectively. Amplification of the 1550 nm carrier, and a corresponding 
decrease in attenuation of the 1320 nm carrier, would enhance the link's dynamic range more profoundly. 

Summary and Acknowledgments 

Proposals for linearization of a fiber-optic link across more than an octave bandwidth have required precise 
balancing of the signal voltage levels on multiple electrodes in a custom modulator, which represents a 
significant implementation challenge. I have described a new link linearization method that uses a standard 
Mach-Zehnder LiNb03 modulator with only one RF and one DC bias electrode to linearize across greater 
than an octave bandwidth. Instead of balancing the voltages on two RF electrodes, this new technique uses 
the standard traveling-wave electrode to modulate two optical carriers, and it is the ratio of these optical 
carrier powers that is adjusted for distortion cancelling. 

The author thanks Charles Cox and Pamela Haddad for helpful discussions, and Scott Henion, Harold 
Roussell, Mike Taylor, and John Vivilecchia for technical assistance. This work was sponsored by the 
Department of the Air Force under Contract F19628-95-C-0002. The views expressed in this paper are 
those of the author and do not reflect the official policy or position of the U.S. Government. 
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Fig. 1 Broadband linearized electro-optic mod- 
ulator configurations: (a) series Mach- 
Zehnders [3]; (b) parallel Mach-Zehnders 
[4]; (c) modified directional coupler [5]. 
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Fig. 3 (a) Photocurrent at the two individual de- 
tectors (dashed lines), and the current at 
the output of the RF hybrid coupler (solid 
line), as a function of the modulator bias; 

(b) Second derivative of the photocurrent 
at the individual detectors (dashed lines), 
and at the output of the RF coupler (solid 
line), as a function of the modulator bias; 

(c) Third derivative of the photocurrent at 
the individual detectors (dashed lines), 
and at the output of the RF coupler (solid 
line), as a function of the modulator bias. 

Fig. 2 New linearization architecture. Second- and third-order distortion are 
simultaneously minimized by precise control of the modulator bias and the ratio 
of signal powers carried by the two optical wavelengths. 

Input tones: 499. 501 MHz 

Detector photocurrents: 
1.55(mi 1.47 mA 
1.3 urn 0.49 mA 

Noise figure: 
1.55 Jim only     44 dB 
Dual-X 48 dB 

1 MHz Dynamic Range: 
1.55 um only 62 dB 
Dual-X 68 dB 

Noise (1.55 urn) - -102.8 dBm 
Noise (Dual-X). -105.7 dBm 

Input Power (dBm) 

Fig. 4 (a) Link output noise (dashed line) and RF power measured at the fundamental 
(squares), second-order intermod (circles), and third-order intermod (triangles) 
frequencies as the RF input power at the fundamental frequencies (499 and 501 
MHz) is varied. Hollow symbols represent the situation where only one of the 
wavelengths (1550 nm) is present; solid symbols represent two-wavelength 
operation at the proper ratio of detector photocurrents. 

Input tones: 999,1001 MHz 

Detector photocurrents: 
1.55 urn 1.47 mA 
1.3 (im 0.49 mA 

Noise figure: 
1.55 urn only    39 dB 
Dual-X 46 dB 

1 MHz Dynamic Range: 
1.55 |im only     64.5 dB 
Duai-X 69.5 dB 

Noise (Dual-X) - -109.6 dBm 

„    Noise (1.55 ym)» -110.3 dBm 
Input Power (dBm) 

Fig. 4 (b) Same as (a), but with fundamental frequencies of 999 and 1001 MHz. 
Modulator bias and photocurrent ratio settings are unchanged from the 499 and 
501 MHz measurement.. 
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Transmission of analog amplitude modulated 
(AM) signals puts stringent demand on the link lin- 
earity. Transmitter nonlinearities cause the modu- 
lated subcarriers to mix and generate 
intermodulation products, which usually fall into 
other channels. It is well known that externally 
modulated laser transmitters demonstrate higher 
dynamic range than direct modulated distributed 
feedback (DFB) laser transmitters. A prominent 
advantage of the external modulator is that it offers 
the quadrature biasing point where even-order dis- 
tortions are nulled out. 

To deal with the remaining odd-order terms of 
distortion, electronic linearization techniques have 
been conceived [1]. Fig. 1 shows the block diagram 
of a typical externally modulated fiber optic trans- 
mitter with parametric linearity feedback control. 
The linearizer has an arcsine transfer function that 
is the inverse of the raised cosine transfer function 
of the modulator. The purpose of the local feed- 
back loop is to stabilize the transmitter against long 
term drifts. 

The arcsine circuit generates odd-order har- 
monics that cancel those of the modulator biased at 
the quardrature point. Traditionally, such circuits 
have been realized using diodes or bipolar transis- 
tors. They take advantage of the exponential trans- 
fer characteristics of such devices to generate odd- 
order harmonicsfl] [2]. Field Effect Transistors 
(FETs), such as CMOS, have not been used due to 
their square-law behavior. 

However, as most of the baseband signal pro- 
cessing is realized using low-cost scaled CMOS 
technology, more and more analog building blocks 
have been forced to look for CMOS solutions. The 
use of bipolar circuits simply bars the system inte- 
gration and results in a higher manufacturing cost. 
On the other hand, the continuous decrease of the 
driving voltage of the optical modulator has made 
it possible to build low cost and highly-integrated 
modulator driver circuits based on the CMOS tech- 
nology. This underscores the need for circuit archi- 
tectures that provide the requisite linearization 
function using FETs. The challenge is to synthe- 
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time 

Fig. 1.  Typical linearized externally modulated 
fiber optic transmitter. 

size an arcsine transfer function using the square- 
law behavior of these transistors. 

In this paper, we present the design of the first 
CMOS linearization circuit and its performance in 
an experimental externally modulated fiber optic 
link. The circuit provides an unprecedented 17dB 
of IMP3 suppression at an ultrahigh 49.6% modu- 
lation depth over a broadband from DC to 1.3GHz. 

The FET-based arcsine circuit architecture is 
shown in Fig. 2. By subtracting the output current 
of a clipping amplifier (inner pair) from that of a 
linear amplifier (outer pair), the circuit synthesizes 
an arcsine function. It can be shown analytically 
that this circuit matches coefficients of the arcsine 
up to the fifth order. To the best of our knowledge, 
this has never been attained in a single circuit 
before. To improve the linearity of the linear 
amplifier, a voltage-biased class-AB architecture is 
used. A fully balanced version of the CCDP based 
predistortion circuit is constructed by combining 
two arcsine core circuits with PMOS current mir- 
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Fig. 2. The proposed circuit for generating the 
arcsine transfer function using field effect tran- 
sistors. 

rors. 
The circuit was fabricated using MOSIS 0.6- 

um CMOS process. To characterize its perfor- 
mance, an experimental link was set up. The link 
consists of a 1.3-u.m Nd:YAG solid-state laser, a 
LiNb03 Mach-Zehnder modulator (with VK = 2.5 

V at DC and 2.5 GHz bandwidth) biased at quadra- 
ture operating point, and a PIN diode photodetector 
(with bandwidth 1.5 GHz). 

Two tone transmission experiments were per- 
formed with and without the predistortion circuit. 
Fig. 3 shows the two-tone output spectrum at 1.3 
GHz under an ultrahigh modulation index, ß = 
49.6%. The circuit provides 17 dB suppression of 
the IMP3. This is the best linearization perfor- 
mance ever obtained at such a high modulation 
index. We found that the performance is indepen- 

Fig. 3.  Two-tone IMP3 spectrum at 1.3 GHz at 
the modulation index of 49.6%. (a) without linear- 
ization and (b) with linearization showing an IMP3 
suppression of 17dB. 

dent of modulation frequencies in the range DC - 
1.3 GHz. 

To determine the SFDR of the experimental 

link, extrapolation was performed on the measured 
IMP3 data [3], as shown in Fig. 4. The basic link 
without linearization showed an SFDR of 85 dB, 
which was increased to 99 dB after linearization. 
This indicates a 14 dB improvement of the link 
SFDR, the highest value reported up to date. This 
result was obtained in our experimental link with 
noise floor of-124 dBm/Hz. In a high performance 
link with lower noise floor, an even greater 
improvement will be obtained. 

E 
m 

Two-tone Output Power (<JBm) 

IMP3 w/o Linearization (dBm) 

IMP3 wr Linearization (dBm) 

-Noise Floor (dBnYHz) 

-120      -100 -60-40-20 

Input Power (dBm) 

Fig. 4.   Extrapolation of the measured two- 
tone IMP3 result at 1.05 GHz. 

The first low-cost broadband CMOS lineariza- 
tion circuit has been built and evaluated. Measure- 
ment results show broadband performance from 
D.C. to above 1.3 GHz, which makes it highly 
attractive for the 1-GHz CATV application 
planned in the near future. 

In general, the proposed circuit architecture 
works with all field effect devices including MES- 
FET and HEMT. Implemented with these devices 
instead of CMOS, the same circuit can operate at 
much higher frequencies. 
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Abstract 

This paper summarizes measurements made to evaluate the use of commercial off-the-shelf microwave fiber optic links 
for transmitting and receiving RF signals for antenna remoting in testing of electronic warfare and radar systems. 

Introduction 

This paper presents the results of measurements made in a trade study of a microwave fiber optic link for potential use in 
remoting RF signals for testing RF systems in aircraft. The trade study results were used to determine the end-to-end RF 
performance parameters (gain, noise figure and dynamic range) that can currently be achieved using RF fiber optic links 
for antenna remoting of wide bandwidth (0.1 to 18 GHz) RF signals. The purpose of the trade study was to evaluate both 
transmission and reception of these signals into and out of an anechoic chamber for use in testing systems/functions of 
Electronic Warfare (EW); Radar; and Communication, Navigation and Identification (CNI) equipment installed in 
aircraft. Commercial-off-the-shelf (COTS) components were assembled into a fiber optic link that was tested for use in 
transmission of RF signals to radar transmitter and receiver hardware mounted on equipment carts in the chamber. 

The results of the trade study showed that the current COTS fiber optic microwave links could not meet the needed RF 
performance for either receiving or transmitting. It was determined that the required performance could be met by moving 
the RF generation and receiving equipment onto the equipment carts in the chamber, and using digital fiber optic links to 
send signals into the chamber for use in RF signal generation and to send digitized RF signals out of the chamber for use 
in RF signal monitoring and evaluation. 

I. Summary of Measurements 

Table 1 is a summary of the measured link performance data; no RF amplifiers were included as part of the link being 
measured. 

Table 1. Summary of RF/Photonic Link Performance Measurements 

Frequency Range, GHz 
Loss, dB 
Noise Figure, dB 
1-dB Compression Point, dBm 
Third Order Intercept Point, dBm 

0.045 to 18 
40 
46 
22 
33 

Dynamic Range 
Linear, dBc*/Hz 
Spur Free, dBc/Hz2/3 

2nd Harmonic, dBc 

150 
108 
44 

*dBc: dB relative to the carrier 

The parameters listed in the table are a composite of those measured over the entire frequency range and are for the link. 
These were the key parameters needed to evaluate the link performance for transmitting signals to the chamber and 
receiving signals from the chamber, where signal monitoring and evaluation could be accomplished. Using these fiber 
optic link measured parameters, the overall loop performance with associated RF amplifiers, transmitters and receivers 
was calculated. 

The following figures give selected data plots that were recorded during the test and used with other measured data to 
calculate the parameters in Table 1. Many other plots were taken to obtain the composite data in Table 1. 

Figure 1 gives the link amplitude and phase response over the frequency range. Figure 2 gives the third order 
intermodulation products for one frequency in the frequency range of interest. Figure 3 gives the second harmonic 
measurement at a particular frequency in the frequency range. 
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Figure 2. Link Intermodulation Test Showing Third Order Products Down 60 dB 
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Figure 3. Link Test Showing Second Harmonic Down 45 dB 

II. Description of Test Setup 
Figure 4 is a block diagram of the fiber optic link. A solid state CW YAG laser shown at the upper left supplies an optical 
signal through an 8-way optical signal splitter to a lithium niobate Mach-Zehnder external modulator. The external 
modulator also receives the RF input signal that amplitude modulates the laser light. The external modulator has a DC 
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bias voltage supplied by the bias controller circuit. The DC bias keeps the modulator output light level centered between 
maximum output and no output when there is no RF modulation. The inputs to the bias circuit come from couplers at the 
modulator outputs. A small amount (1%) of light coupled off each of the modulator outputs is sent to low frequency 
photodiode detectors to read slow light level changes that are sent as a dc level to the bias controller. The modulator 
output then goes to two series cables representing fiber cable lengths used for antenna remoting. One cable was 500 ft 
and the other cable was 200 ft. These represented a typical cable run with the associated connectors. 

The operating parameters for the COTS link were as follows: The external modulator had a Vn of 10 volts at 10 GHz and 
4 dB optical loss. Optical power of 10 mW into the modulator was from one output of an 8-way optical power splitter. 
The photodiode dc current out was 1 mA. 
Figure 5 shows the fiber optic link used during the testing. Some of the block diagram components of Figure 4 are called 
out in Figure 5. 
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Figure 4. Fiber Optic Link Block Diagram for Test Measurements 

III. Comments on the Trade Study 
The data showed that some type of loop calibration signal will probably be required for precise amplitude and phase 
measurements. This is particularly true for phase, because the long fiber cable will change in phase with temperature. The 
use of two links was not tested in the study, but two links for receiving both vertical and horizontal antenna signal 
polarization would be used. Calibrating signals for two links may still be needed even though the relative phase between 
the two links will probably be small, since the fiber for both links would be collocated in fibers in the same cable. 

Fiber 
Cables 

Photodiode 
Detector 
(High Frequency) 

Externi 
Modulator Circuit 

Figure 5. Photo of Optic Link Showing Components of Block Diagram 
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The particular solid state laser used was a YAG single optical line laser. It was determined in the testing that the laser had 
lines appearing in the RF spectrum at around 8.5 and 17 GHz, which were low but still visible in the RF frequency range 
of interest. The fact these lines did exist in a so-called single line laser was verified with the laser vendor. Because of 
these lines, these particular types of laser would require some type of feedback cancellation circuit to attempt to reduce 
the lines below the link RF noise level. Semi-conductor laser sources do exist that do not have these mode lines that show 
up in the RF output. These lasers have lower optical output power, and thus more lasers would be needed. External 
modulation was used for this link because of the wide bandwidth required. 

Although the components used in the fiber optic link are spread out for convenience in these tests, the components could 
be packed in a compact way for mounting in the equipment. Also, not all components shown in the block diagram 
(Figure 4) may be needed. In particular, the 8-way splitter was used to simulate sharing the output optical power between 
several modulators. 

IV. Loop Demonstration 

A simple demonstration of the entire loop—transmission of RF signals from the signal generation and receiving RF 
equipment to the carts with equipment in the chamber, then back over the RF fiber optic link to a receiver—was 
performed. 

Figure 6 shows the demonstration configuration that represents the RF signal source and receiver (network analyzer) 
located in an area remote from the chamber. The TWT represents the transmission carts, the RF absorber box represents 
the chamber, and the fiber optic link is the one used for the measurements. The two horns in the chamber box for 
radiation and reception represent the transmitting and receiving antenna. The demonstration was over a 7 to 12 GHz 
frequency range that was limited by the RF antenna horns used. 

|L-~ RF Absorber Box 

Network Analyzer 

Fiber Optic Link- 

Figure 6. Demonstration Configuration for Fiber Optic Link Loop Demonstration 
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Abstract- The thru-attenuator-* (TAx) family of calibration techniques has been implemented for a two-port optical 
test set. A wide variety of results demonstrating the good performance of these techniques applied to optical 
components are presented. 

I. INTRODUCTION 

There is an increasing need to develop 
accurate and efficient techniques for the small-signal 
characterization of the microwave modulation 
response of the optical components used in 
microwave fibre-optic links, optical beamformers 
and all-optical microwave signal processing. 
Existing approaches to lightwave network analysis 
are relatively primitive when compared with those 
available for microwave network analysis. 
Measurements of the modulation 5-parameters [1] of 
microwave fiber-optic components are mostly 
implemented using simple normalization calibration 
techniques, although the optical equivalent of the 
microwave one-port offset shorts and matched load 
calibration technique has also been investigated [2]. 
The first method is not accurate due to its simplicity, 
while the second is disadvantaged because the S- 
parameters of the calibration standards need to be 
known. These limitations can be overcome if a two- 
port calibration theory is applied, as originally 
proposed in  [3], in which bilateral electro-optic 

networks were suggested for application to a two- 
port test set arrangement. Simulated and measured 
results of optical one-port measurements using the 
bilateral electro-optic network and a 'blackbox 
approach' have been presented [4]. However, the 
viability of the bilateral network for two-port 
measurements is yet to be validated, even though the 
optical equivalent of microwave thru-reflect-line 
techniques [5] for error correction was outlined in 
theory [3]. An optical equivalent of thru-match- 
reflect (TMR) calibration technique has been 
implemented [6], albeit with numerous connect- 
disconnect cycles having to be carried out manually 
during calibration and measurement. Since then, a 
generalized algorithm for implementing all of the 
thru-reflect-line (TRL) family of calibration 
techniques has been proposed, and measurement 
results presented applied to microwave components 
[7]. In this paper, the TAx family of techniques are 
implemented in the optical domain for the first time, 
and their performance compared among themselves 
and with the commercially used response and 
isolation calibration. 
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Figure 1 Schematic of the reduced two-port error networks assuming cross coupling is negligible between the two 
measurement ports. 
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II. THEORY 

The systematic errors in a network analyzer 
can in general be reduced to two equivalent two-port 
networks [5], one on each side of the measurement 
ports, as shown in Fig. 1. From this model, there are 
eight error terms to be determined for calibrated 
measurements to be taken. This leads to the so called 
eight-term calibration techniques, the most popular 
of which are the TRL family. These techniques 
calculate seven of the error terms normalized to the 
eighth. It can be proved that this normalization does 
not affect subsequent measurements of S-parameters 
of a device under test [DUT]. The most generalized 
form of the TRL calibration algorithm proposed by 
Heuermann and Schiek [7] is, for convenience, the 
technique utilised here for the experiments. 

III. EXPERIMENTAL RESULTS 

The two-port optical test set configuration is 
shown in Fig. 2. The output of the external 
modulator in the lightwave component analyzer is 
passed through a 2-way optical switch into the dual 
directional coupler associated with either Port 1 or 
Port 2. The incident and reflected lightwaves at both 
ports are then sampled in turn by the lightwave 
receiver via a 4-way optical switch. 

Four different sets of calibration standards 
have been used, namely TAR, TAN, TAF and TAF*. 
The thru (T) and attenuator (A) are used as the first 
and second standards respectively, while the final 
standard is chosen from one of the following: mirror 
reflects (R), a symmetrically reflecting network (N) 
and one or more Fresnel (F) reflects. The third 
standard is normally considered to be unknown, but 
with identical reflection coefficients at both ports. 
However, a slight variation of the calibration theory 
which assumes the third standard to be a known [7] 
one-port at either port 1 or 2 is also implemented 

using the Fresnel standard, since the Fresnel 
reflection can be calculated. This case is denoted by 
F*. 

The attenuator (A) standard is constructed 
using a dual directional coupler by terminating two 
of its four ports with matched loads. The reflect (R) 
standard used was a dielectric coated mirror with a 
theoretical reflection of 95% (-0.2 dB). The 
symmetrically reflecting network (N) standard was 
constructed using a similar configuration to the one 
used for the attenuator standard, by replacing the 
matched loads with dielectric coated mirrors. It has 
symmetrical, but frequency dependent reflection and 
transmission coefficients. This property is useful in 
determining any dependency of the calibration 
accuracy on the 5-parameter values of the third 
standard. 

The uncalibrated measurements were de- 
embedded using the algorithm in [8]. Each 
calibration was implemented in turn, and various 
optical components - optical two-ports and double 
one-ports - were measured to verify the calibrations 
over a wide dynamic range. Typical results are 
shown in Figs. 3, 4 and 5. The measured results 
obtained for the same components with response and 
isolation calibration, which is the common 
commercially used technique, are also presented for 
comparison. The calibrated results of the magnitudes 
of S™ of the dielectric coated mirror, S™ of the 

Fresnel reflect and S™ of a 20 dB attenuator are 
presented. Here, the superscript oo denotes optical 
modulation S-parameters. For the 52f performance, a 

dual directional coupler in a recirculating delay line 
loop structure is used. This structure has a frequency 
dependent transmission coefficient. The calibrated 
measurements of the deviation from linear phase of 
the reflection coefficient of a mirror at the end of a 
length of fibre, and the transmission phase of a 20 
dBo attenuator are also shown. 

LDDC= 
Lightwave 
Dual Directional 
Couplers 

Lightwave Component Analyzer 
HP8703A 

External 
Modulator    Photo Receiver 

Output ,nPut 

Figure 2 The measurement configuration 
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IV. DISCUSSION and CONCLUSIONS 

Figs. 3(a) and (b) compare the reflection 
magnitude performance from the TAx family of 
calibration techniques with regard to magnitude 
measurements. It is seen that for reflection 
measurements, the TAR and TAF calibration 
techniques give values very close to the nominal 
values of the DUTs, and are also flat over the whole 
frequency range within +0.05 dBo, which is better 
than the measurement with the response and 
isolation calibration. Also, the commercially used 
technique gives erroneous results for the reflection 
measurements, as does the TAF* calibration which 
makes use of a third standard (the Fresnel reflect) 
which is assumed to be known. The TAN 
calibration, which was implemented using a 
symmetrical network with frequency dependent 
reflection and transmission coefficients as the third 
calibration standard, produces a varying frequency 
response for DUTs which have a flat frequency 
response. This error is most likely due to the 
magnitude dependent reflection intensity noise (RIN) 
of the laser, and leads one to conclude that it is better 
to use frequency invariant components as calibration 
standards. Hence, the TAR and TAF techniques have 
a definite advantage over the other TAx techniques 
and also over the response and isolation calibration. 
However, it should be noted that the TAN technique 
also gives acceptable results as long as a frequency 
invariant symmetrically reflecting network (N) 
standard is used. Figs. 4(a) and (b) compare the 
forward and reverse transmission magnitude 
performance from the calibrations. All the 
techniques provide good agreement for the S™ 
response of the recirculating delay line. The results 
for the different techniques vary for S,f 
measurement of the 20 dBo attenuator, but are well 
within the connection repeatability errors. 

Fig. 5 compares the phase performance 
from the TAc techniques. Fig. 5(a) compares the 
deviation from linear phase of the reflection 
coefficient of an offset mirror standard. The TAN 
technique produces highly nonlinear reflection phase 
measurement, whereas the other techniques provide 
measurements with nonlinear deviations less than 
+0.5°. Fig. 5(b) shows that the transmission phase is 
linear within +1° over most of the frequency range. 
Overall, it is seen that the reflection measurements 
are more sensitive to calibration accuracy than the 
transmission measurements. 

The slightly degraded performance with 
increasing frequency observed for most of the 
calibration techniques is due to the modulated signal 
power from the external modulator decreasing 
gradually by about 8 dB at 20 GHz from its value at 

1 GHz. This raises the possibility that an attenuator 
used in the calibration results in a signal at the 
photoreceivers which is at or below the noise floor. 
The measurements here have been implemented by 
sequentially sampling the measurement quantities 
rather than simultaneously, which increases the 
effects of noise. Better performance can be expected 
with simultaneous measurements. 
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Introduction : 
Wireless communications are nowadays a way of life all over the world because people like the idea of being contacted 
everytime and everywhere. Such systems have experienced an enormous growth over the last decade, and beside, the 
explosion of multimedia services, among them INTERNET have motivated the demand for high capacity services. 
Wireless and high bit rate systems lead naturally towards the synergy between radio and optical networks (1)(2). 
Applications of those techniques can be shared in two different parts, including indoor (IC) and outdoor communications 
(OC). For ICs, cabling offices, houses, and public premises can be avoided by installing wireless link, this is the aim of 
DECT or HIPERLAN systems. Also for very small area ERO (European Radiocommunication Office) have identified 
the 59-62 GHz frequency band which is well suited for such applications (small size area, simplified frequency plan, 
frequency re-use, broadband ...). For OC, wireless local loop can be an economical way to provide services without the 
need of cabling buildings, houses, ...This is the goal of the project -Fibre Radio ATM Network and Services- (FRANS) 
(3), included in European ACTS program, as part of more advanced Integrated Broadband Network (IBC). 
In this context radiowave signal containing subscribers informations can be delivered by an optical media to the Radio 
Access Point, and then distributed over the area. Identified frequency bands for such systems are 28 and 40 GHz. A 
typical FTTR system (Fiber To The Radio) is described in fig 1. 

Figure 1 

From the optical node (ON) radiowave signal is distributed towards the radio access point (RAP) for diffusion of 
multimedia services such as digital TV programs, Rapid Internet, Telephony, datas. The need for efficient millimeter 
wave optical sources is then clearly identified, and these components and systems have to be completely transparent to 
the radio signal particularly to the modulation format (QAM, QPSK, FSK), to the high frequency modulation scheme 
(28, 40 60 GHz). Chromatic dispersion compensation, modulation efficiency and transparency to the modulation format 
are the major key points taken into account in the developpement of mm wave range optical sources. In the first part of 
this paper we will first introduce the different sources we have tested, in the second part, systems performances will be 
described and in the last section a comparison between sources will be realised and argumented. 

Part 1 : 3 different mm optical sources : Description 
Harmonic DFB laser: 
The source is a high resonance frequency MQW VUG DFB laser used as harmonic generator and upconverter (4). The 
laser is driven by a Local Oscillator (LO) signal in the range of 5/10 GHz and mm wave frequency is then generated by 
harmonic conversion. The laser is integrated with transimpedance amplifier presenting to input ports : The LO port and 
the IF (Intermediate Frequency) radio signal port. By biasing the laser in its non linear zone the radiowave signal is 
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upconverted at frequency nxLO+IF. Chromatic dispersion can partly be compensated by combination of the high FM 
modulation index of the laser (300-600 MHz-mA) and a dispersive media (4). Simulations and measurements on G652 
fibers at 1.55 urn wavelength are showing that a quasi constant detected level (3 dB ripple) at 38 GHz can be reached 
over 2-20 km range. This technique also allows the use of complex modulation such as QAM or QPSK modulation 
scheme and fig 2 shows a typical BER diagram at 25 Mbits/s for 16 QAM transmission over 9 km fiber and 4 m 
radiowave link at 38GHz. Emission and reception antennas have respectively 5 and 25 dB gain. 

CM (dB) 

Figure 2 

No excess degradation is observed in comparison to the reference modem curve. (FRANS 1 : Label of the laser) 

Single Side Band Source (SSB) : 
Dispersion compensation is realised in this source by the SSB technique, implemented in a fully integrated laser- 
modulator structure (5). The structure of the device is an asymetric MMI followed by two very high speed electro- 
absorption modulators (>35 GHz bandwidth) in each arm of the interferometer. Millimeter wave signal is then applied on 
each arm with a phase difference of %I2, resulting in single side band optical spectrum without dedicate tuning optical 
filter as shown on figure 3. SSB suppression ration can be better than 13 dB. 

i o a. 

1 

Frequency 

Figure 3 

Propagation was performed as a function of fiber length over 50 km of G652 fiber, and experimentally 2 dB ripple 
remains. SSB source has also the advantage of being transparent to the modulation format. 

Self Heterodyne (SH) mm wave source : 
This source type which also offers a chromatic dispersion compensation, is principally based on a single laser in 
combination with an intensity modulator. By applying a double sideband modulation scheme (6) optical carriers are 
provided which can generate by coherent mixing a high purity mm-wave signal with frequencies up to more than 100 
GHz. Depending on the system requirements, several approaches can be realised showing different complexity with 
regard to the number and the performance of their implemented components (7). 
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In the FRANS field trial a most complex version of the SH technique is foreseen for implementation. This approach 
realises the full advantages for the delivery of multi-channel mm-wave signals as long as the system is transparent to 
modulation format. Furthermore, like the case of the non-linear laser, this configuration enable an intrinsic generation of 
electrical reference signals usable at the base station or subscriber site. 
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Figure 4 

Figure 4 shows the typical electrical spectrum at the base station with the reference line at 29.875 GHz and the 
unmodulated side bands with 2 GHz frequency offset. 

Part 2 : System performances, characteristic figures 
Different performances are summarized in table 1 to 3 for the three different solutions presented in the first section. 
Phase noise, stability, C/N measurements are realised first on the detected LO, and on the other hand on the radio wave 
signal (SB) at 31.88 GHz, common peltier modules are used to stabilised temperature of the device. C/N measurements 
are expressed in a 225 MHz bandwidth which corresponds to the useful information band for 622 Mbits/s 16 QAM 
radiowave signal. Standard SMF fiber length is 10 km with 1:4 splitter and -0.9 dBm optical power in front of PIN. 

C/N'performances 
C/N (dB) Local oscillator Lower sideband 

VUG 37.1 35.3 
SSB None 42.9 
SH 37.0 36.3 

Table 1 
LO Phase noise measurements 

Phase noise 
(dBc/Hz) 

VUG SSB SH 

lKHz -68 -79 -77 
10 KHz -69 -82 -88 

100 KHz -95 -103 -98 

1MHz -112 -108 -110 

10 MHz -115 -123 -118 

Table 2 
LO and Sidebands measured electrical power 

Electrical power 
(dBm) 

VUG SSB SH 

LO -38.8 None -28.3 

Side band -38.2 -34.2 -31.3 

LO variations, 50 h <+/-1.5dB Unavailable <+/-1.5dB 

SB variations, 50 h <+/-1.0dB Unavailable <+/-0.8 dB 

Table 3 
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For the different sources mm wave signal 3 dB linewidth is better than 10 Hz and is limited by the resolution of the 
spectrum analyser. 

Part 3 : Discussions 
C/N considerations: 
C/N are better than 35 dB and then allows the use of complex modulation scheme such as 16 QAM without noise floor 
for low bit rate (see fig 2). For more complex modulations (32, 64 QAM) C/N figure can be a limitation because such 
modulation schemes require excellent SNR. SSB source is 6 dB better because no up conversion or mixing process is 
involved in this technique. Moreover we have used in our experiments a non optimised device because of a low output 
optical power and results should be improved after high speed packaging of the chip. 
Phase Noise considerations: 
Phase noise have been measured at 28.88 GHz using spectrum analyser, table 2 shows that SSB and SH techniques are 
providing very similar results at frequency offsets from 1 KHz to 10 MHz. For the non linear laser source phase noise 
have 10 dB penalty in the range 1 KHz-10 KHz due to phase error multiplication in the up-conversion process. Rms 
Phase Noise (PN) has been measured and it clearly shows that it increases linearly with the harmonic order (From 3° 
initial to 9° on H4). However this inherent PN degradation can be cancelled by mixing the received RF signal with 
coherent LO. The main drawback is the radiation of the LO which could be a limitation in terms of spectral occupation. 
The second solution is to use a high spectral purity oscillator in order to conserve a good signal caracteristic after the 
multiplication process. This point becomes essential with the modulation complexity increase. (16-64 ... QAM). 
Power stability considerations: 
Power fluctuations have not been measured for the SSB source because of the unpigtailed configuration and the 
unsufficient stability of our experimental test-bed over 50 hours. Power fluctuations for both sources VUG and SH (see 
table 3) are in the same range and compatible with the specifications of the ACTS FRANS project. In terms of detected 
power, SH source is more efficient source compared to SSB or Non linear Laser. The 10 dB power penalty for the VUG 
is due to the upconversion process, but for the SSB the detected power should be strongly improved by optimising 
design parameters of the integrated structure (Losses in the MMI, More powerful laser, Suitable coatings ...). 

Conclusion : 
Three different mm wave optical sources have been presented and compared in terms of SNR, detected RF power, power 
fluctuations and Phase Noise. For the PN considerations, VUG is limited by the inherent problems of the non linear 
process. The PN can be cancelled wih the drawback of higher spectral occupation. SNR performances are in the same 
range for the three sources and better than 35 dB. Power stability could be improved, but are less than +/- 1.5 dB and are 
fulfilling FRANS specifications. The detected RF power is better for SH and SSB, but loss conversions in the harmonics 
process are lowering power at 29.88 GHz. In terms of complexity, VUG and SSB are equivalent techniques (monolithic 
semiconductor devices). SH source have, at the moment a higher complexity, however its integration is planned and 
should also provide a compact and potentially low cost mm wave source. 
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Introduction 
The mobile communication systems tends to use the millimeter wave region in picocellular applications [1, 2]. The 
signal distribution system uses single mode fiber for transmission of the millimeter wave carrier. These solutions 
requires expensive devices for optical-electrical conversions. The fiber dispersion is also an important limiting 
factor which is difficult to overcome [3, 4]. Our approach utilizes a low frequency microwave reference signal for 
distributing the millimeter wave carrier and this way it is not affected by the distortion problem, relatively simple 
and utilizes inexpensive devices. 

Abstract 
In the proposed picocellular radio system a 
microwave reference and subcarrier multiplexed 
radio signals are distributed optically. The 
millimeter-wave carrier is generated by phase 
locking technique. This approach is not affected by 
dispersion and utilizes inexpensive devices. 

I. System Proposal 
The local base stations (LBS) are extended by several 
picocell transceivers (PTR) which are connected to 
the LBS with simple single mode fiber (Fig. 1). The 
LBS makes the channel selection for the 
communication channels and transmits both a 
reference signal and the information modulating 
subcarriers to the PTR-s. In the PTR the millimeter 
wave (MMW) carrier is generated based on the 
transmitted microwave reference signal and radiated 
by an antenna after mixing with the subcarriers. 
The millimeter wave carrier generation multiplies 
the microwave reference with N, thus produces Nxfref 

frequency carrier. The most simple solution for 
multiplying is to use varactor diodes, but when N is 
high, strong amplification is necessary at millimeter 
wave. For that reason the PLL techniques are more 
preferable [5]. Several PLL method can be used like 
heterodyne stabilizer applying harmonic mixer, 
subharmonic locking utilizing frequency dividers or 
high harmonic output oscillator. The phase noise of 
the low microwave reference has vital importance, 
since the frequency multiplication even in idealized 
cases increases the phase noise with 201ogN [dB] in 
the band of the oscillator output signal. 

II. Experimental results 
Simplified version of the system was built for 
verification. The LBS was simplified to be able to 
transmit one information channel having 50 MHz 
bandwidth. As a reference fref=1055 GHz was chosen 
with 390 MHz IF subcarrier and hence, 1445 GHz 
microwave subcarrier. The laser diode was a simple 
Fabry Perot type operating at 1310 (jui and it was 
matched reactively the 50 Q system impedance in the 
band of the microwave reference signal and 
subcarriers. Its threshold current was 70 mA and had 
-120dB/Hz PJN@85mA. 
The photodetector in the PTR is followed by a 
branching filter which separates the microwave 
reference signal from the subcarriers. The MMW 
carrier generation is based on a harmonically locked 
oscillator with a frequency divider by 8 in the PLL 
(Fig. 2). The oscillator was designed to have high 
level of harmonics at the output. The system utilizes 
the third harmonic which was at 25.32 GHz 
following from the foregoing. In the second order 
loop a 1GHz mixer was used as phase detector. 

A. Design of the harmonic VCO 

A new method was developed for the design of the 
harmonic VCO. The VCO produces high third 
harmonic output according to the system 
requirements. 
The investigated simplified oscillator configuration 
consists of a nonlinear amplifier (A(g)) and a linear 
feedback network (K(a>)=Kr(aj)+jKi(co)) as it is 
shown in Fig. 3 [6]. The nonlinear characteristic of 
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the amplifier is shown in Fig. 4. In a transistor 
oscillator the transconductance of the active device 
corresponds to the amplifier and all other elements 
(transistor parasitics and external circuit elements) 
are involved to the feedback circuit. 
The high level of the harmonics are generated by 
driving the active element of the oscillator circuit 
into saturation or/and below pinch-off at the positive 
and negative peaks of the output signal, respectively 
[7]. This operation is illustrated in Fig. 4 if only the 
fundamental is assumed to be feed back to the 
amplifier input. 
This strongly nonlinear operation is achieved by 
applying strong feedback. The operation point and 
thus the output harmonic content can be adjusted by 
varying the transfer function of the feedback circuit 
(and thus Xj) and the gate bias voltage ( V0) of the 
active device. The output harmonic content can be 
calculated by using harmonic balance method. 
Applying the nonlinear UGS-IDS characteristic of the 
used NE13783 type MESFET from NEC Fig. 5.a and 
Fig. 5.b shows the magnitude of the fundamental (Bj) 
and the third harmonic, respectively, at the output of 
the amplifier versus the magnitude of the input (gate) 
signal (Xi) and the gate bias voltage (V0). The 
fundamental is maximum if the output signal is 
nearly symmetric (i.e. output signal is symmetrically 
truncated). 
The signal levels at the 50 Ohm output load can be 
determined by calculating the transfer function from 
the transistor current generator to the 50 Ohm load 
resistor. The measured frequency and power of the 
realized oscillator at the fundamental and at the third 
harmonic are presented in Fig. 6.a and Fig. 6.b. The 
signals were measured after a branching filter which 
was designed to separate the fundamental from the 
3r harmonic. The calculated signal levels are close to 
the measured ones. The stability and the soft build-up 
condition of the oscillation were also derived. 

B. Measurement of the system 

Measurements were performed on the generated 
MMW carrier and information transmission. (Figs. 
7-10). The optically transmitted microwave reference 
was produced by a crystal stabilized oscillator (SSB 
phase noise -94dBc@lkHz). The measurements 
show no significant phase noise degradation with the 
optically transmitted reference (Fig. 8). The 
subcarrier multiplexed signal transmission was also 
measured (see Fig. 10) where the higher order mixing 
products and the intensity noise of the FP laser 

degrades the signal to noise ratio but even so it was 
more than 110 dB/Hz. 

Conclusion 
A new method was presented to distribute and 
generate MMW signals using inexpensive subcarrier 
multiplexed optical transmission in picocellular 
communication systems. It is based on optically 
transmitted microwave subcarriers and a frequency 
reference signal. The MMW carrier is produced by a 
PLL including a MMW harmonic VCO in the 
transceivers. The advantages of this method are the 
relatively low cost, small sensitivity for the fiber 
dispersion and the application of only wide-spread 
inexpensive microwave and optical components. 
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Abstract: In the 60 GHz band a frequency range of 1 GHz is allocated for use in picocellular com- 
munication systems. Electrical and optical frequeny multichannel schemes with a sideband injection 
locked source are investigated theoretically and experimentally. 

I. Introduction 

The combination of fibre optics and millimeter wave techniques offers advantages for broadband 
mobile communication systems as well as for the remote control of phased array antennas. 
Additionally to the long distance low loss transmission and large bandwidth of the fibers, the re- 
mote generation of the millimeter wave signals is a powerful advantage. 
The microwave signals are generated by heterodyning the optical waves of a Signal Laser LDSj and 
the Reference Laser LDR at the photodiode in the Optic/Millimeterwave Converter OMC (Fig. 1). 
The two lasers are located in the control station and the sideband injection locking technique is used 
to get a stable microwave signal in the 60 GHz-band with low phase noise [1,2]. LDS1 and LDR 
are locked to modulation sidebands of the Master Laser LDM which is subharmonically modulated 
by OSC1. For data transmission a subcarrier (fsi), which is phase modulated by a 155 Mbit/s data 
signal in the OQPSK format modulates the injection current of LDS1. The two optical signals are 
added and fed into a standard single mode fiber. 
For applications in communication systems the optical control station must have multichannel ca- 
pability. The different channels can be generated with an optical or an electrical frequencymultiplex 
scheme. The spectral behaviour of both systems is investigated with a dynamic model (van der Pol 
differential equation) of the injection locked lasers. 

II. Optical Frequency Multiplex System 

The dual frequency source (LDS1, LDR) at the control station is extended by a further signal la- 
ser (LDS 2) for the additional data channel. Frequency matching to the channels in the 60 GHz 
band is carried out in the control station with subcarrier modulation of the two data channels. From 
results of the simulation no influence between the modulated signal lasers LDSi is expected as long 
as the channel spacing is greater than 110 MHz for a 155 Mbit/s data signal i.e. no spectral over- 
lapping exists. A raised cosine spectrum with a rolloff factor of 0.4 is assumed. The spectral effi- 
ciency is about 1.4 bit/s/Hz. In the experiment the channel spacing is 140 MHz and the modulation 
index of the two data channels is equal. The bit error rate (BER) measurements in channel 1 and 2 
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were carried out with and without modulation in the neighbouring channel (Fig.2). In all four cases 
nearly identical results were obtained i.e. the BER is less than 10'9 for a receiver input power 
greater than -59 dBm. For decreasing channel spacings a penalty in the BER is observed. 

III. Electrical Frequency Multiplex System 

The injection current of LDS 1 in the dual frequency source (Fig. 1) is modulated by the compo- 
sed signal of the two or more subcarriers with constant frequency spacing of 140 MHz. Each sub- 
carrier is modulated with the OQPSK data signal. As a result of the simulation of the injection loc- 
ked lasers the frequency modulation of directly modulated semiconductor lasers is converted into 
optical phase modulation. The phase deviation can be represented by the ratio of the original FM 
deviation to the locking half bandwidth. Where the first is proportional to the amplitude modulation 
index of LDS1 and the second is proportional to the injected power. The phase deviation in the 
locking range must be less than n/2. For values above n/2 the phase noise of the generated micro- 
wave is increasing. The phase noise in a QPSK modulated system limits the achievable BER [3]. 
Therefore in an electrical frequency multiplex scheme the average phase deviation of all channels 
must be less than TC/2. But for a BER of 10"9 a certain value of amplitude modulation index is ne- 
cessary, in our demonstrator imod/channel>lmA. For modulation currents of approximately 3-4 
mA the phase deviation is >7t/4 and the BER increases rapidly. 

IV.  Conclusion 

For multichannel systems in the 60 GHz band low phase noise is achieved by the sideband loc- 
king technique. Optical frequency multiplex schemes offer maximum signal-to-noise ratio but for 
each baseband channel an additional signal laser LDS is required. In electrical frequency multiplex 
schemes the maximum phase deviation of the signal laser limits the number of of data channels per 
signal laser. 

Acknowledgement 

Part of the work was carried out within the national research project PHOTONIK II supported by the 
Bundesministerium für Bildung, Forschung und Technologie and by the city of Berlin. The authors are grateful to R. 
Meschenmoser and G. Villino from Bosch Telecom for their support. 

References: 

[1]     R.-P. Braun, G. Grosskopf, D. Rohde, F. Schmidt, "Optical millimetre wave generation and transmission 
experiments for mobile 60 GHz band communications", El. Letters, Vol. 32, No. 7, pp.626-628,1996. 

[2]     R.-P. Braun, B. Strebel, "Coherent optical fibre transmission using injection locked lasers", IEE Colloquium 
on 'Advances in coherent optic devices and technologies', London, Dig. No. 1985/30, paper 12, March 1985. 

[3]     C. Schäffer, "Limitation of the Transmission of mm-Wave Signals in Single Mode Fibers due to Fiber 
Dispersion", Workshop "Mobile Millimeter Communications", TU Dresden, 12.5.-13.5.1997. 

68 



Control Station 

OSC1 

LDM 

- LDR 

.E-LDS1 — 

■■ LDS2 

OQPSK-Modulator 
at Subcarriers fs-j, fs2 

OSC3 

SMF 

OMC  —®—► 
Receiver 
OQPSK- 

Demodulator 

Data BER 
Measurement 

Data 
155Mbit/s 

Fig. 1: Experimental Setup: LDM: Master Laser, LDR: Reference Laser, LDS: Signal Laser, 
OSC1: f=3.2GHz, Subcarrier Frequencies fsi= 0.56 GHz, fs2= 0.7 GHz, OSC3: f=63.07GHz, 
OMC: Optic/Millimeterwave Converter, SMF: Single Mode Fiber. 

DC 
LU 
ffl 
O) 
O 

-9 

-11 
-70 -65 -60 

Electrical Power (dBm) 
-55 

Fig. 2: Bit error rate vs. electrical power at the OQPSK receiver input. Modulation: 155 
Mbit/s, PRBS. BER in CHI, CH2 without modulation(-*-). BER in CH2, CHI without 
modulation(—). BER in CHI, both channels with modulation(-o-). BER in CH2, both channels 
with modulation (-°-). 

69 



70 



P6 
Interferometric Modulators Linearized to Arbitrary Order 

M. E. Marhic 

Department of Electrical and Computer Engineering 
Northwestern University 

2145 N. Sheridan Rd., Evanston, II 60208 

I. Introduction. 
When designing optical modulators it is generally desired to obtain a linear relationship between the 

applied voltage V and the output light intensity I, or output field E. Using the Mach-Zehnder interferometer 
(MZI) as a basic component, designs have been found which are free from harmonic distortion up to the fifth 
order [1,2]. Here we introduce a novel interferometric architecture which in principle allows us to suppress 
the generation of harmonics to any arbitrary order. We will prove this theoretically for either intensity, or 
field amplitude modulation, and we will provide explicit procedures for calculating the optical parameters. 

II. Generalized interferometers. 
We consider the arrangement of Fig. 1. An optical wave with angular frequency w is incident from 

the left. It is then split M ways by the 1XM splitter. The M resulting waves pass through M phase 
modulators, and are then recombined by the MX\ combiner, which is the same as the \XM splitter used 
backwards. 

exp(Ö>m) 

exp (I«M) 

Splitter Combiner 

Figure 1: Layout of the generalized interferometers. 

The symbol appearing next to each segment is its amplitude transmission coefficient. We assume that 
um is real, and that $m = 0m + vmV, where 4>m and um are real constants. Then the total amplitude 
transmission coefficient of the interferometer is given by 

M 

U = Y, <<?{*m+vmV)- a) 
TO=1 

EM 
\<\ < 1- Power conservation indicates that we must have \ti\mi 

III. Intensity modulator linearization. 
In analog communication systems using intensity modulation (IM) and direct detection (DD), it is 

generally desirable to have to have a linear modulator, i.e. we would like to have the modulator transmittance 
T to be such that 

T = (a + bV) = a(l + x)= T(x), (2) 

where a and b are real constants, and x = bV/a is a dimensionless variable proportional to V.  We need 
0<a<l. 

We are going to show that, by matching the first M terms of power series expansions of two functions 
of x (coming from Eq.(l) and Eq.(2)), we can suppress spurious harmonics up to order M. We proceed by 
matching the power series of t, rather than T. The desired form for t is obtained by taking the square root 
of Eq.(2). We choose for simplicity the real positive square root; then 

i(x) = [T(x)]1/2 = a1/2(l+a;) 1/2 _ E CT)X (3) 
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where cp are the coefficients of the power series expansion, given by 

co = «1/2;        cp = ^-l)---(i-p + l)(pl)-1a1/2,    P>1. (4) 

Since T(x) must be real, we may choose M = 2(iV + 1), and group guides in pairs, with the same u^'s 
and opposite $m's (this is actually equivalent to using (JV + 1) MZI's in parallel). Then Eq. (1) can be 
rewritten as 

N 

U{x) = ^2 K cos(//na;) + ßn sin(/ina;)], (5) 
n=0 

where \in = (a/b)i/n, an = 2v?ncos</>n, and ßn = -2u\sm.<j)n. Expanding ti(x) in power series with respect 
to x, we obtain 

«<w = £ " -B-^^B-^feT 
n=0 (2*)!       ™fbT     '   (2* + l)! fc=0 x     ' fe=0 

(6) 

If we now compare Eqs.(3) and (6), we see that in order for the first 2(7V + 1) expansion coefficients to 
match, the following set of equations has to hold: 

AT 

J2^n(ßn)2m = (-l)m(2m)\c2m = cfm,    m = 0,l,....,N; (7) 
n=0 

N 

E^(Mn)2m+1 = (-l)m(2m + l)!C2m+1=c"m,    m = 0,l,....,JV. (8) 
n=0 

With such an arrangement, spurious harmonics will be suppressed up to order (2iV + 1) (included). To 
proceed further, we need to make some choices about which parameters can be assumed to be fixed, and 
which ones are to be considered as unknowns to be solved for. 

If we assume that a and the fj,n's are known, then Eqs.(7) and (8) are two independent sets of (N +1) 
linear equations, respectively for the (N + 1) unknowns an and ßn. This system of equations generally has 
a unique, real solution. 

Eq.(7) can be viewed as a vector equation of the form P • a = c', where: a is the vector of components 
an; c' is the vector of components c'm; P is the matrix of elements Pm,„ = (/i„)2m. We can formally write 
the solution in terms of determinants, or use numerical techniques to obtain it. 

In order for the network to be physically realizable, we must have \U\max = £n=o(an + ßnf'2 < 1- 
Not all choices of a and p^s lead to a suitable solution, however some can be found by trial and error. 

For example, for a = 1/2, N = 3, fi0 = 0.79, m = 3.03, \i2 = 6, /z3 = 8, we find that: a0 = 0.745, 
ai = -0.042, a2 = 0.0033, a3 = -0.00043, ß0 = 0.570, ßx = -0.037, ß2 = 0.0033, ß3 = -0.00043, 
\U\max — 0.9999. We note that an ~ ßn, and that the larger n, the closer they are. 

Fig. 2 shows that the resulting T(x) - Ti(x) corresponding to this case is indeed very small near 
x = 0: its magnitude is less than 10~4 for -0.4 < x < 0.4, and no ripples are present. This shows that 
the elimination of all harmonics up to the seventh, is accomplished without adding an undue amount of 
distortion from higher harmonics. The case N = 2, with the same first three ^n's, is shown for comparison. 
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Figure 2: Plot of T(x) - Ti(x), for N = 2 and 3. 

IV. Amplitude modulator linearization. 

4 1 Analog coherent systems. In analog communication systems using coherent detection, the 
receiver RF voltage is proportional to the envelope of the amplitude of the incident light. For linear operation 
of the entire system, one would thus like to have a modulator generating output field E proportional to V, 
i e with t = c + dV = c(l + x) = t(x), where x = dV/c. We may use the same procedure as in section II, 
but now the coefficients of expansion of t(x) are simply Co = cx = c, and Cp = 0 for p > 1. We need /zo = 0, 
which leads to aQ = CQ, and an = 0 for n > 1. ß0 is undetermined, and the number of equations in (8) 
needs to be reduced by one, by dropping the last one (then elimination of odd harmonics will take place 
up to the (N - l)st). The solution is then similar to that of section II; physically realizable solutions have 
been found here as well. 

4 2 Optical single sideband. In other communication systems, it would be beneficial to have 
single-sideband (SSB) transmission, possibly without carrier [3]. This cannot be obtained witti the previous 
modulator designs, because they always produce two sidebands. One way to obtain optical S&B is to use two 
modulators which generate output field E proportional to V, driving them TT/2 out of phase, and combining 
the outputs. Here we must now show explicitly the time dependence of the modulating voltages Denoting 
time by r, we assume that one modulator is modulated by V0 cos(fir), and the other one by V0 sm(fir). The 
output fields of the two modulators are combined with a TT/2 optical phase shift. Hence the total output 
field is of the form 

Etot = Eoe^T [dVbcos(fir) + idV0 sin(ftr)] = E0dV0e 
i(ui+n)r (9) 

where E0 is the input field amplitude, and d is a constant. Since the only frequency component is at 
(u) + O), a single sideband is generated (and the carrier is suppressed.) 

We would thus now like to have a modulator with t = dV. We can let x = V to reuse some notations 
of section III We now have Co = 0 and d = d. U{x) can be generated solely by means of sine functions, 
and their weights determined from Eq.(8); the ßn's are obtained as in 4.1. 

We define the modulation slope S as 

S = 
'dti{x)' 

dx 

N 

x=0 
d'Yjßnßn-d- (10) 

n=l 
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When there is a single term in the series, it can be implemented efficiently by an MZI with identical 
electrodes in the two arms, driven by V and -V. Assuming that the 1X2 and 2X1 couplers are symmetric 
and have no excess loss, we have ß\ — 1. The phases can be adjusted so that tj is of the form 

U = — (eiuiv - e-iviv) = änfaV) = sin(jiiar). (11) 

The modulation slope for this MZI is Si = -^ = pi. This can serve as a basis for comparison for other 
structures. 

Generally d is not known at the outset. We note, however, that the ßn's are proportional to d (Eq.(8)), 
and this indicates that we can then proceed as follows to optimize d. We first assume an arbitrary value for 
d, which is d' = 1, and solve for the resulting values of the ß'n's. We then impose an additional condition 
corresponding to lossless couplers, namely 5Z^=1 \ßn\ = 1, which is ideal from an optical standpoint. We 

then let d = d'/C = 1/C, where C = J^n=i IÄI;this leads to ßn = ß'Jc> wnich now satisfy the additional 
condition. S is then simply equal to d = 1/C. 

As an example, we have done this explicitely for N = 4, and {fii,ß2,ß3,ß4} = {1,3,5,7}. For d' = 1, 
we find that: ß[ = 1.196; ß'2 = -0.0797; ß'3 = 0.00957, ß'4 = -0.00069. This leads to: C = 1.286, 
ßi = 0.930; ft = -0.062; ß3 = 0.00744; ß4 = -0.00054. The fact that the ßn's decrease approximately 
in exponential fashion indicates that the required 1X4 splitter could be made by connecting in series 1X2 
couplers with nearly the same coupling fraction, which would make implementation practical. 

We find that d = 1/C = 0.777. This indicates that the modulation slope of this linearized modulator 
is somewhat smaller than that of the basic MZI (which would be 1 here). In fact it can be shown that this 
is a tradeoff inherent in the linearization scheme. 

V. Conclusion. 

We have introduced a novel family of interferometric modulators, in which M parallel waves travelling 
between a \XM splitter and an MX1 combiner are independently phase modulated by a voltage V. We 
have shown that, because of the many degrees of freedom of the system, it is possible to choose some of them 
in such a way as to approximate a desired modulation characteristic. In particular, we have shown that an 
intensity or amplitude modulator can always be linearized to arbitrary order if the phase modulation depth 
in each arm is given. This work is theoretical, and does not include important practical considerations 
about stability, dynamic range, and maximum modulation voltages, which will impose other constraints, 
and ultimately determine the extent to which these ideas may be useful in practice. 
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Abstract 
It would be attractive if the functionality of millimeter-wave (mm-wave) wireless transmitters could be integrated in an 
existing fiber optic access network for signal transmission of baseband and/or intermediate frequencies. It would be 
further desired if one were able to utilize the optical signals in the network without any O/E or E/O conversions. We 
have pointed out that such seamless integration of mm-wave wireless accessibility to a fiber optic system can be 
implemented by the mm-wave photonic methods such as the optical feeding technique of mm-wave signals from distant 
local oscillators and the optoelectronic mixing technique at the photo-detection stage in an antenna base station. 
Furthermore, we have proposed and demonstrated experimentally that the requirement on the base station components for 
the seamless integration can be drastically relaxed by employing a novel optoelectronic mixing technique called as 
nonlinear photo-detection. 

First of all, let us consider possible modes of optical links in a mm-wave wireless system. Figure 1 shows a schematic 
illustration of general architecture of a mm-wave wireless apparatus, which consists of four basic elements: signal 
processing circuits at baseband and/or intermediate frequencies (IF), a mm-wave local oscillator (LO), mm-wave front- 
end including amplifiers and an antenna, and a mm-wave mixer. There are three kinds of connections between the 
mm-wave mixer and one of the other three. Use of a fiber-optic link to each of those connections leads to specific 
advantages from mm-wave photonics point of view. For instance, a low-loss fiber-optic link at the mm-wave connection 
between the mixer and the mm-wave front-end (denoted as Link-A in Fig. 1) makes it possible to separate an antenna base 
station from other components than a mm-wave front-end and therefore has been one of the most well known concept in 
mm-wave photonics [1]. 

w: 
baseband/IF 

circuit 

B         '""""        A 
mm-wave 
front-end 

IF                          'mmw 

~  4'L° mm-wave LO ,'w          ,.£/ 

Fig. 1   General architecture of a mm-wave wireless apparatus.    Connections A, B and C handle modulated mm-waves 
wireless signals, IF signals, and a mm-wave LO signal, respectively. 

One should note here that a fiber-optic link for the connection between the mixer and the signal source (denoted as 
Link-B in Fig. 1) offers an interesting possibility: seamless integration of a mm-wave wireless transmitter and/or receiver 
to an existing fiber optic network. Here, the considerable candidates for such networks are CATV, telephone, local area 
networks, and so on. The seamless integration is possible, especially in the cases of down links, since the optical IF band 
and/or baseband signals used in the fiber optic network can be fed directly to the mm-wave mixer in Fig. 1 without 
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employing any additional O/E or E/O conversions. 
Figure 2 shows schematically, as an example, a concept of coax-wireless-hybrid fiber optic CATV system. Here, the 

mm-wave wireless access functionality is attached to a conventional fiber-optic CATV network. The wireless 
accessibility thus provided is beneficial for some specific customers who are suffering from difficulties in construction of 
wired access or prefer mobile access. This architecture, however, could be improved in terms of complexity and cost of 
antenna base station hardware if another fiber-optic link (Link-C) were applied to the system [2,3]. Otherwise, the 
connection between the mixer and the LO are still electrical and a mm-wave local oscillator and a mm-wave mixer are 
required at each antenna base station, resulting in the complexity and high cost. 

coax CATV 

UHF (IF) 

optical feed ^"^ 

mm-wave 
Ja 

wireless CATV (mm-wave) 

coax CATV 

Fig. 2 A concept of coax-wireless-hybrid fiber optic CATV system where mm-wave wireless access capability is added to 
an ordinary fiber-optic CATV network. Thick solid lines indicate fiber optic links while think solid lines are coaxial 
cables. UHF and mm-wave LO signals are optically fed from a central office. One can make the system fiber- 
chromatic-dispersion-tolerant by taking advantages of the hybrid-type optical mm-wave link. 

coax BSl 

Fig. 3   Schematic diagram of a coax-wireless-hybrid fiber optic CATV system employing the nonlinear photo-detection 
scheme.    The tow color optical carriers are utilized to feed optical IF and mm-wave LO signals. 

Through Link-C the mm-wave LO signal is optically delivered from the central station. The two parallel links can be 
confined into a single optical fiber by taking advantage of the wavelength division multiplexing technique. The 
assembly of mm-wave local oscillators at the central station provides not only the simplification of antenna base station 
hardware but also flexibility of the system: the mm-wave carrier frequency can be re-allocated rather easily without any 
change in the antenna base station hardware, which would be difficult if a local oscillator were fixed at each antenna site. 

In addition, we would like to point out that the proposed system is fairly immune to the fiber chromatic dispersion 
penalty because of the following reasons. First, the mm-wave bandwidth limitation induced by the fiber chromatic 
dispersion effect is less serious for Link-C than for Link-A. This is because the bandwidth of LO signal is much smaller 
than those of mm-wave signals modulated by IF or baseband signals [4]. Second, the chromatic dispersion penalty can 
be even eliminated if one delivers the LO signal in the form of two-mode optical signal. Such optical two mode signals 
can be generated, for instance, by the optical suppressed carrier modulation method [5]. Third, regarding Link-B, the 
fiber chromatic dispersion has much less influence because the signal frequency (IF) is much lower. 
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In the most straightforward method for such dual-optical-feeding scheme, however, one needs two optical connections 
between two optical fiber outlets and two photo-detectors as well as two mm-wave connections between the photo- 
detectors and a mm-wave mixer. These many couplings cause much loss and keep an antenna base station still 
sophisticated and expensive. We have proposed and demonstrated previously [6,7] a method where a single photo-diode 
under low-bias conditions serves as an O/E converter and an optoelectronic mixer simultaneously. We have called it as 
nonlinear photo-detection (NLPD) scheme for the optoelectronic mm-wave mixing. One expects that by the NLPD 
scheme an antenna base station can be drastically simplified and therefore the whole system, too. Figure 3 shows a 
schematic diagram of a coax-wireless-hybrid fiber optic CATV system employing the NLPD scheme. 

A feasibility of such a hybrid fiber-wireless system was validated experimentally as follows. The setup for the 
experiments is shown in Fig. 4. The optical IF signal was generated by driving a distributed feedback laser diode (X = 
1552 nm) with an electrical 700 MHz IF signal modulated by a baseband signal encoded into 156 Mbit/s BPSK format. 
The mm-wave signal (58 GHz) was prepared by the optical suppressed carrier modulation method with conjunction of a 
cw laser diode (X = 1564 nm) and a LiNb03 Mach-Zehnder modulator. The two optical wavelengths were set apart to 
avoid beat noise generation. Those two optical signals were combined by an optical coupler, transmitted through a non- 
dispersion-shifted fiber link, and fed to a waveguide photo-diode. The photo-diode was biased so that the nonlinearity 
was enhanced while the high speed response was maintained properly [6,7]. The electrical mm-wave signal thus 
generated was amplified and emitted through a V-band horn antenna with a 25 dB gain into the free space. A mm-wave 
receiver was constructed by using another horn antenna and a homodyne demodulator. The baseband signal obtained by 
the receiver was coupled into a sampling oscilloscope for eye diagram measurement or into an error detector for bit error 
rate evaluation. 

optical IF source (700 MHz) 

Fig. 4   Experimental setup for fiber-optic / mm-wave wireless digital transmission. 

Figures 5 show eye diagrams obtained after transmission over (a) a 0-km link and (b) a 30-km fiber link, respectively, 
under a condition where the mm-wave path was back-to-back. Clear eye opening indicates that the data was transmitted 
with negligible error rate. It should be noted here that successful transmission over a 30-km non-dispersion-shifted fiber 
for mm-wave frequencies around 60 GHz has been achieved, which is rather difficult by a normal optical mm-wave 
photonic link configuration employing a double side band optical intensity modulator and an ordinary photo-detector 
because of the fiber chromatic dispersion effect. The transmission bandwidth was confirmed up to IF of 1.7 GHz, which 
was limited by the bandwidth of IF amplifier, indicating the broadband nature of the NL-PD scheme. 

Furthermore, an error-free operation was successfully demonstrated for a 3-m free-space wireless link. What is 
interesting here is that the error-free transmission was achieved for a photo-diode bias of 0 V where a bias source is not 
necessary. Although a power amplifier was used in the base station at the present stage as shown in Fig. 4, it would be 
possible to eliminate it and make the antenna base station passive [8], free from any electric supply in other words, if the 
nonlinear photodetector could be operated at higher power levels.   It would be a subject to be studied in the future. 

In summary, we have proposed a novel millimeter-wave wireless access scheme employing a millimeter-wave photonic 
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technique called nonlinear photo-detection scheme. In the framework of this method, the functionality of millimeter- 
wave wireless down link is easily attached to existing baseband or intermediate frequencies fiber optic networks. 
Furthermore, wireless feed of 156 Mbit/s BPSK data on 58 GHz carrier has been successfully demonstrated as a 
preliminary feasibility study of the concept of seamless attachment of mm-wave wireless accessibility. 

■■ ■   ■■ ■■■ ■■ 
gjttfe. .«dcie*: ■■äHjSe^.'j^uiOA.  ''<mn» .<*aaid- äa 
WJM WLTM WLFA mnii-1 
'jjm ■oi iwm IP 

(a) 

Fig. 5 Eye diagrams for 156 Mbps digital signals of BPSK format obtained after transmission over (a) 0-km optical link 
and (b) 30-km non-dispersion-shifted fiber link. Millimeter-wave path was back-to-back for the both cases. Optical 
power of mm-wave and IF signals were 1 and 0.5 mW, respectively. The bias voltage of photo-diode was 0 V. Vertical 
axis: 500 mV/div. 
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ABSTRACT: 
Data transmission in a mm-wave optical link incorporating optical SSB modulation via a dual-electrode 

modulator, has been modeled. Simulations of received eye-diagrams show that the SSB generator is tolerant to errors in 
phase and power level of the drive signals: ± 5 "and 3 dB respectively. 

I. Introduction 

Wireless systems operating at millimeter-wave (mm-wave) frequencies have attracted much interest as a means of 
providing broadband access for future multimedia applications. Optical fiber has emerged as the ideal medium for the 
distribution of the mm-wave radio signals, from a central exchange to the remote antenna base stations. The simplest 
technique for the transmission of data at mm-wave frequencies for such fiber radio systems is a direct-detection scheme 
incorporating an external modulator. However, the transportation of such a signal over optical fiber can lead to complete 
cancellation of the detected rf power after the fiber link. This occurs due to the optical modulation side-bands experiencing 
different amounts of phase delay as a result of fiber chromatic dispersion. The resulting degradation of the carrier-to-noise 
ratio (CNR) severely limits the achievable fiber link distance in mm-wave fiber radio systems [1,2]. 

Optical single side-band (OSSB) with carrier modulation can significantly reduce the effect of fiber dispersion [3]. We 
have demonstrated a simple technique for the generation of OSSB modulation which employs a dual-electrode Mach-' 
Zehnder modulator (MZM). When this modulator is biased at quadrature with two rf signals applied to the electrodes which 
are equal in power and 90° out of phase, we have shown that one optical side-band can be suppressed. The modulation 
scheme can be used to transport mm-wave optical signals over fiber lengths > 50 km [2]. 

In order to achieve very good suppression of the unwanted optical side-band in our OSSB generator, the power 
differences between the electrical drive signals or any phase shift away from the required 90°, should be minimized. When 
the unwanted side-band is only partially suppressed, the detected rf power will vary as a function of fiber length, causing a 
reduction in the achievable CNR. In this paper, we present a detailed investigation of the sensitivity of the OSSB generation 
scheme to variations in the drive conditions of the modulator. An optical mm-wave transmission link employing this 
modulation scheme has been modeled and the effect of phase and rf power level differences in the driving conditions of the 
modulator, is investigated. In particular we consider the effect of these errors on the recovered data after the fiber link. 

II. OSSB Generator Model and Simulations 

Fig. 1 shows a schematic of the OSSB generator employing a dual-electrode MZM. The transfer function of the MZM 
is given by Eqn. 1, where Ein is the optical input signal and Eout is the output optical signal from the MZM. The input 
voltages applied to the rf ports (V; and V2) are normalized with respect to VK, the switching voltage of the MZM. 

E0Jt) = Ein(t) 
.«V,(0          nV2(t) 
i         /  

e    2   -e   2 
(i) 
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A 155 Mb/s BPSK data signal was imposed on a 38 GHz rf carrier. The input signals to the MZM can be expressed as: 
1     A      i \ 

V,(t) = - +—cos[corft + d + A8 + m(t)) 
22 ...(2) 

V2(0 = -cos(o)^r + m(0) 

where m(t) corresponds to the BPSK data modulation. The data modulation is used to study the effect of variations in rf 
power and phase difference of the two MZM drive signals, on the recovered data eye-opening. In order to suppress the 
lower optical modulation side-band, the phase between the two mm-wave signals was set to 90°. To investigate possible 
phase differences between the applied drive signals, a phase deviation from this condition, A6 in Eqn. 2, was varied from - 
90° to +90°. To simulate possible differences in the power levels of the two applied signals, an attenuator was placed in one 
of the arms (A=] for equal amplitudes). 

Dual Electrode 
ator 

E     (t) n   ii   t  *    ' 

Attenuator     Phase Shifter 
Figure 1: Schematic of the OSSB generator 
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Figure 2: Contour plots of lower side-band suppression as a function of differences in rf power level and phase 
between the two signals applied to the MZM. 
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The effect of power level and phase variations on the suppression of the unwanted optical side-band was first 
investigated. The side-band suppression is defined as the ratio of optical power in the unwanted side-band relative to the 
optical carrier power level. At the ideal operating conditions of equal drive levels and 90° phase shift, the lower optical 
side-band is perfectly suppressed (> 250 dB). Fig. 2 shows the contours of the lower side-band suppression ratio from -30 
dB to -12 dB in steps of 2 dB, as a function of differences in power levels and phase shift of the MZM drive signals. The 
close-in view of the most sensitive region is shown below the main curve. When the phase and power levels deviate from 
the optimum conditions, the suppression reduces rapidly. However, it can be seen that good suppression ratios in excess of - 
30 dB, can be realized for phase errors of ± 5° and rf power level differences of ± 3 dB. The power in the required (upper) 
optical side-band is also affected by errors in phase and rf power levels, as shown in Fig. 3. In fact, when the power level 
difference is 3 dB, the upper side-band optical power is increased by 2.4 dB, while still sustaining good suppression (-40 
dB) of the lower side-band. However, the non-zero MZM chirp that results when the rf drive powers differ [2,4] must also 
be taken into account. It is envisaged that even with a finite MZM chirp, the 2.4 dB improvement in the wanted side-band 
may improve the power budget considerably. 

-60 -30 0 30 60 
Phase Difference,AG (Deg) 

Figure 3: Contour plots of upper side-band suppression as a function of differences in rf power level and phase 
between the two signals applied to the MZM. 
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Figure 4: Contour plots of eye-opening as a function of phase difference between the two MZM drive 
signals and fiber distance (rf power levels of MZM drive signals are equal). 

81 



m 

0) 
ü 
c 
0) 

Q) 
> 
a> 

a> 
5 o 

Q. 1 2 3 
Fiber Distance (km) 

Figure 5: Contour plots of eye-opening as function of rf power level difference between the two MZM 
drive signals and fiber distance (0 = 90°, A6 = 0°). 

The eye-diagram of the received signal was then analyzed as a function of optical fiber length and errors in the MZM 
drive signals' power levels and phase. Fig. 4 shows contours of the eye-opening (Volts) as a function of phase error and 
fiber length, when the rf power level difference in the drive signals was kept at zero. It can be seen that at a fixed length of 
fibre, changes in A6 of ± 4.5 cause only a + 5.2% change in the eye-opening of the received signal. Fig. 5 shows the same 
eye-opening contours but as a function of rf power level difference when the phase error was set at zero. For any fixed 
power level difference, the eye-opening of the received signal is improved for certain lengths of fiber, confirming the 
interplay between MZM chirp and increased optical power in the wanted side-band. It should be noted that for a fiber length 
of 2.5 km with dispersion parameter of D = 17ps/nm/km, a conventional intensity modulated link at 38 GHz (double side- 
band) will experience an rf power loss in excess of 40 dB [2]. The curves in Fig. 4 and 5 confirm that the OSSB technique 
successfully overcomes the dispersion induced penalty. 

III.  Conclusion 

We have investigated theoretically, the tolerance of an optical SSB signal generator incorporating a dual-electrode 
MZM, to errors in phase and power levels of the signals driving the MZM. Our simulations of a mm-wave optical link have 
shown that no appreciable eye-penalty occurs for errors in phase and power level of the drive signals: ± 5° and 3 dB 
respectively. 
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1.   Introduction 
Microwave   /  Millimeter   wave   radio   access 

systems using radio on fiber techniques have been 
extensively studied and developed[l].   These Fiber 
To The Air (FTTA) systems have many advantage 
such as the flexibility for radio air interfaces, mobile 
users accommodating capability, multicast capability 
and so on compared with conventional wired access 
systems, FTTH/ FTTC/ FTTB (Fig.l) [2,3].   In the 
FTTA system employing multiple-sector radio zone 
or constructed with some radio base stations (RBS) 
connected to one optic-fiber link, it is required to 
multiplex some radio signals with different / same 
frequencies in the fiber link.  So this paper proposes 
Fiber To The Air (FTTA) system using optical 
coherence coded multiplexing (CCM) scheme which 
is a kind of code division multiple access operated in 
optical frequency domain and applied to optical 
digital transmission system[4].     The scheme can 
provide the transparent capability for radio frequency 
and    needs    no    time    synchronization    between 
transmitter and receiver.   The theoretical analysis of 
received carrier to noise plus interference ratio shows 
the improvement on the number of accommodated 
RBS. 

Fig. 1 FTTA system. 

2.   System Configuration 
Figure 2 illustrates the configuration of the 

reverse link of the CCM-FTTA. A laser light is 
divided into the signal and the phase reference 
components, and the former is modulated by the 
received radio signal and frequency encoded (FE), 
that is coherence encoded. The phase reference 
component used at the coherent detector of the 
receiver, is transmitted over another fiber link, but the 
two components can be transmitted on a fiber link by 
use of polarization multiplexing, frequency 
multiplexing and so on. In the case of multiple sector 
system in a radio zone, multiple modulators and FEs 

are equipped at a RBS but needs only one laser. At 
the receiver of the control station, the signal light is 
decoded at the FD with its same code as the 
transmitter and detected together with the reference 
light by a balanced mixing photodetector (BMPD), 
then becomes the original radio signal at the output of 
the BPF. Other signals from other RBSs are also 
detected and contaminates the desired signal as an 
interference noise, but their power level are reduced 
by coherence decoding. 

Figure 2 also illustrates the principle and 
configuration of the FE and FD. The modulated light 
is divided into several frequency components at the 
frequency divider. Next the phase of each 
components is shifted randomly at the phase mask 
with its P.N. sequence pahse patern. At FE, the 
correlation between the signal light and the reference 
light is extremely reduced as the frequency resolution 
of the phase mask increases. These phase- 
randomized signal components are gathered again 
and transmitted to the receiver. The FE needs a 
broadbandness of the signal light, that is realized by 
FP-LD, SLD, or pre-moduling with high frequency 
signal. 

« 
Fig. 2 Configuration of the reverse link of the CCM- 

FTTA. 
3.   Non-uniform chip width phase mask 
To improve the carrier to interference power ratio at 
the receiver, we should increase the process gain of 
the CCM by increasing frequency resolution of the 
FE, but the non-uniform spectrum of the optical 
carrier  limits  the   sufficient  power  reduction  of 
interference noises at the output of the BMPD. So we 
propose the non-uniform chip width phase mask 
shown in Fig. 3. By use of the FE and FD using the 
proposed phase mask, all frequency components have 
the same power , hence those with their randomized 
phases each other are effectively smoothed out at the 
output of the BMPD, thereby the CIR is improved. 
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Fig. 3 Non-uniform chip width phase mask 

4.   Analysis of CINR and discussion 
We theoretically analyze the carrier to 

interference plus noise ratio (CINR). In the analysis, 
we consider two kinds of the interference noises, one 
is the interference noise generated from the signal and 
reference, and another is the cross-interference noise 
occurred by the interference among the signal of 
deferent RBSs. We also consider the shot noises, the 
relative intensity noise of laser and the receiver 
thermal noise. Figure 4 shows the relation ship 
between the code length and the CINR. The 
proposed phase mask improves the CINR compared 
with the use of the conventional equalized chip-width 
phase mask and its improvement is increased as the 
code length increases. Figure 5 shows the number of 
connectable RBS versus the chip bandwidth. The 
RBS number is improved as the chip bandwidths 
decrease, but in the case ofthat of less than 1GHz, the 
improvement is saturated because of the additive 
noise. When 3 sector radio zone ( L=3), the proposed 
phase mask relaxes the required chip bandwidth up to 
6 times. 

IEICE Trans, on comm., voI.E76«-B, no.9, 
ppl 128-1135, Sept.1993. 

[4] R. A. Griffin, D. D. Sampson, David A. Jackson, 
"Coherence Coding for Photonic Code-Division 
Multiple Access Networks", IEEE J.Lightwave 
Technol.,Vol.l3 No.9, pp. 1826-1837. Sep. 1995. 

5.     Conclusion 

Fiber To The Air (FTTA) system using optical 

coherence coded multiplexing (CCM) scheme with a 

new type of phase mask has been proposed. The 

theoretical analysis of CINR shows the improvement 

on the CINR and the number of accommodated RBS. 

Fig. 4 Relationship between code length and CINR. 

Fig. 5 Number of connectable RBS vs. chip bandwidth. 
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The extremely high bandwidth of optical signals that can be transported in small 

lightweight optical fibers and processed by integrated optics components make photonics well 
suited for distribution of "RF" radiation. It is logical and desirable to extend photonics to the 
generation of RF signals. For example, in the gigahertz or tens of gigahertz frequency regime Yao 
and Maleki have demonstrated an opto-electronic oscillator[l]. However, the frequency range of 
opto-electronic generation is limited by the response time of the photodetectors and electronic 
components which are difficult to push beyond few tens of GHz. Another opto-electronic 
approach better suited for generation of higher frequencies is based on heterodyne generation of 
RF radiation by beating two laser beams on a very fast photodetector[2]. It is also difficult to 
extend this approach, because high speed of the photodetectors dictates low efficiency and small 
size, i.e. low maximum power. Consequently for efficient generation of millimeter and sub- 
millimeter waves, which are useful for environmental monitoring, astrophysical observations, and 
secure communications, an all-optical method is highly desirable. 

We propose to use an extended electro-optic interaction between the two guided-wave IR 
beams in a nonlinear optical waveguide as the method for generation of polarization at the 
difference RF frequency. The electro-optic interaction is fast and the distributed waveguide 
interaction enables high efficiencies and higher total power. In addition, use of fiberoptics and 
integrated optics enables local generation of RF beams from the remotely located IR sources. 

The design of the proposed optical mixer (Figure 1) is based on a recently demonstrated 
LiNbOj wave-coupled electrooptic modulator[3]. Two infrared inputs separated by the sub-mm 
frequency are coupled into an electro-optic (EO) waveguide. Due to a second order   nonlinear 
interaction (x@)) a polarization wave at the difference frequency is induced in the medium. The 
medium polarization is sensed by the transmission line electrodes and coupled to an array of 
antennas which in turn radiate the sub-millimeter wave in the phase-matched direction. The 
radiation patterns of the dipole antennas deposited along the interface of two dielectric half-spaces 
are directed into the half-space with higher dielectric constant and therefore most of the power 
goes into the substrate. This precludes use of LiNbOß for generation of sub-millimeter waves 
because of its high loss (-60 cm" *)[4]. 

To solve the problem of efficient radiation of the generated waves, we propose to use a 
different material system: electrooptic thin film polymer waveguide deposited on top of a low 
loss substrate. In such a system, generation of the polarization is performed by one material, 
namely thin film electrooptic polymer, but the radiation and propagation of the RF wave are 
governed by the substrate material, which can now be tailored for low absorption at the RF 
frequency of interest. RF absorption of the polymer is less important because the RF wave sees 
only a very short distance(Ls) in the polymer before it is radiated away by the antennas. The 
geometry of Fig 1 assumes the polymer is poled perpendicular to the plane and therefore the 
generated polarization is correct to couple into the mode supported by transmission line that 
delivers power to antenna and rotates the polarization by 90° for more efficient radiation. 

Phase matching and terahertz loss(oc) are the key factors driving the design of the device. 
The maximum useful length of each transmission line electrode (Ls) is determined by the minimum 

of either the coherence length(Lc) or the loss length(l/a). The coherence length is determined by 
the velocity mismatch between the infrared waves propagating in the waveguide and the RF wave 
traveling along the electrodes; Lc= X.RF/(neff(IR) - neff(RF). The optical velocity is given by the 
effective index [nefr(IR)] of the mode in the optical waveguide, whereas the sub-mm velocity 
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Figure 1. Schematic view of terahertz wave generator, 
depends on the effective index [neff(RF)] of the transmission line mode. Limited data is available 
on the index of refraction of EO polymers in the sub-millimeter wavelength region but based on 
our data and extrapolations, we estimate Lc to be between 1mm to 2mm for 2.4 THz. From our 
measurements and published data we estimate the loss of relevant EO polymers to be in the range 
of 5 -7 cm"1 [5] 

Another important consideration is the spatial overlap between the optical waveguide mode 
and transmission line mode which determines how well the generated polarization will be picked 
up by the electrodes. Best overlap is achieved when the electrodes are placed as close to the 
waveguide as possible without introducing additional optical loss. We will present an analysis for 
the optimum design. 

The efficiency of the electrooptic interaction can be estimated by using a standard 
parametric amplification analysis[6]. Assuming a 200 mW "pump" from Nd:YAG at v0 and a 

tunable "signal" at v=v0+2.4THz coming from a tunable DFB laser, we can calculate the amount 
of "idler" generated at 2.4 THz. We base our estimate of the second order nonlinear optical 
coefficient from measurement of the EO coefficient, r„, since this measurement uses the 
approximately correct range of frequencies. Assuming rM=30 pm/V, a=5cm', Lc = 2 mm we 
calculate an efficiency of ri=l x 103 for a 2 cm long device. This is about three orders of 
magnitude better than photomixers which are severely input-power limited[2]. For every 10 mW of 
signal at 1.3 |im we generate 10 ^W at 2.4 THz. The overall efficiency also depends on how 
well the antennas radiate the generated power away and how much gets absorbed by the substrate. 
We will present measurements of relevant materials properties of candidate EO polymers and a 
detailed device design and performance estimate based on these properties. The fabrication issues 
will also be addressed 
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Abstract: A 100MHz distribution system is described with phase noise 1Hz from carrier around -130dBc rising slightly 
at 40°C. Far from carrier it saturates at -150dBc. Vibration at 0.24g generate noise spikes around -80dBc. 

I.     Introduction 
Many optical communication systems require the distribution 
of high fidelity local oscillator signals. Here we report a 
system to distribute a high quality signal at 60MHz to 
100MHz to 10 destinations and report on the basic close to 
carrier phase noise measurement made. It will be appreciated 
from the results presented that such links would not degrade 
even the most high fidelity oscillators. 

II.   System Design 

The system used is shown in figure 1. A 20mW 1550nm 
Nortel DFB laser with a RIN better than -160dBc/Hz is spliced 
onto a dual output lithium niobate modulator produced by 
UTP. The splicing was polarization-maintaining (pm) to pm 
fibre. Both outputs from the modulator were used, since the 
absolute phase of the rf signal was unimportant. Each output 
from the modulator went into a 1:6 splitter (single mode, no 
polarization control). The loss of each link and channel 
through the system was optimized by hand to get the best 
uniformity across all 10 outputs. The remaining 2 channels 
were used for housekeeping and calibration. 

Since the phase noise specification was one of the most 
important aspects of this system, care was taken to minimise 
noise at all stages of the design. Electrically, this meant 
ensuring low return loss into the preamplifier, into the 
modulator, at the receiver output and also providing low noise 
and stable power supplies. These issues were addressed at the 
design stage and considerable care was taken to assemble the 
precise combination of components reported. Optically, 
designing for low phase noise meant using low loss FC/APC 
connectors to minimize interface reflections. Care was also 
taken to select devices with bevelled or angle fibre coupling. 

III. Phase Noise and Environmental Measurements 

The phase noise measurements were performed using the 
HP3048A phase noise equipment. Figure 2 shows the 
transmitter and receiver units with 2.8km of fibre between 
them. Measurements have been taken at both 60MHz and 
100MHz. The effect beyond 1kHz is simply an artefact of the 
delay in one arm of the phase noise measuring kit. The spike 
at 4Hz was not reproducible, most of the rest appear to be 
mains pick-up. 
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Figure 1: Basic Link Layout 

The optical receiver (Epitaxx ERM 723) uses a high saturation 
photodiode, low noise linear amplifier followed by a 75C1 
matching transformer. The output of the receiver is matched 
to 50D and further amplified. The single-mode fibre cable 
was of the loose construction type (BRUGG Telcom) filled 
with gel which should reduce the effects of vibration on the 
link. 
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Figure 2: Phase Noise with 2.8km fibre length (60MHz) 
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Figure 3: Phase noise: fibre vibrated at 0.24g at 15Hz 

The link system with 600m of cable was put on a vibration 
table: firstly just the fibre was vibrated sinusoidally at 0.24g, 
then the transmitter assembly. The results at 100MHz are 
shown in figures 3 & 4 respectively for a 15Hz excitation 
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Figure 4: Phase noise: Transmitter vibrated at 0.24g at 
15Hz 

A rise of the noise floor in the environmental chamber used 
for these measurements was observed even without the 
vibration and this is attributed to a higher electrically noisy 
environment. This effect is shown in figure 5 (with the 
transmitter and receiver essentially back to back). 
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Figure 5: Phase noise measured in environmental 
chamber (room temperature, no vibration). 

When the 600m of fibre was vibrated, peaks were seen at the 
fundamental vibration frequency and its harmonics. Levels as 
high as 60dB with respect to the noise floor are observed. 
This result was extremal and the measurement was frequency 
dependent. At 25Hz, for instance, the spike was <40dB high 
and it may be that a degree of mechanical resonance is being 
observed here. These preliminary results are hard to interpret, 
especially since the mechanical transfer function of the 
vibration stage and the fibre coil have not been characterized. 
However, the encouraging news is that the phase noise 
remains below -80dBc under worst conditions, remaining 
generally better than -lOOdBc. Clearly, the results will 
improve with shorter link lengths. 

Figure 4 shows the transmitter alone being vibrated at 15Hz 
with a spike ~25dB high appearing (i.e. phase noise at - 
115dBc). This is an excellent result. 

The temperature of the fibre was also varied. The close-to- 
carrier noise floor generally rose with rising temperature. 
These measurements were quite difficult to take because the 
phase variation with expanding fibre made it hard to keep the 
measurement kit in lock for the duration of the measurements. 
Figure 6 shows a result taken at 40°. 
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Figure 6: Phase noise for fibre heated to 40°C 

Although the noise floor has risen by ~10dB in the 1Hz to 
10Hz interval, it is hard to know how much is due to locking 
instabilities in the noise kit. A fuller experiment with two sets 
of coils to take out the delay changes is needed to be precise. 
However, over a temperate range from -20° to +40°, the noise 
floor never rose above -125dBc at 10Hz from carrier. 

IV. Conclusions 

Very low close-to-carrier phase noise results have been 
obtained on a 2.6km fibre link operating from 60MHz to 
100MHz. This low noise has been obtained by using good 
electrical matching, low noise linear amplifiers and very low 
optical reflections at all interfaces. The gel-filled fibre cable 
design minimizes vibration induced noise. 

The quality of phase noise suppression achieved through 
careful electrical and optical design means that the link has a 
much better characteristic than most sources in this range and 
will certainly not be the limiting noise source in distributing 
high quality signals. 

The techniques used here are applicable to much higher 
frequencies and there is no reason why this level of phase 
noise should not be achieved in, for instance 10GHz systems, 
given careful design and selection of components. However, 
the CATV market which has produced such high quality 
components at low frequencies does not currently exist at 
higher frequencies and receivers, in particular, might have to 
be designed from scratch. 

The thermal and vibration results are both interesting and 
reassuring. The vibration levels are much higher than one 
would observe for any fixed infrastructure (barring 
earthquakes) and bode well for mobile and airborne systems. 
Clearly more measurements are needed in this area, but the 

quality of off-the-shelf equipment is  already  capable  of 
producing excellent results. 
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Abstract 
This paper concerns the development of a large area (8 mm diameter), high speed (3 

GHz) phototube with gain (170 Amps/watt) with applications in hybrid lidar-radar, free space 
optical communications and medical imaging. 
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Introduction 
This paper concerns the development of a large area, high speed, and high gain 

photodetector for use in the newly developing hybrid lidar-radar, free space optical 
communication, and medical imaging technologies. In particular, the lidar-radar system 
produces a blue-green optical pulse with a 3 GHz microwave envelope to significantly improve 
target contrast [1]. These technologies have clearly expressed a need for photodetectors that 
perform above and beyond those available today, such as avalanche photodiodes and 
photomultiplier tubes. Although these devices provide the needed large active area of cm2 and 
gain of > 100, they are limited to a bandwidth of less than 1 GHz. The most promising device, 
the intensified photodiode or EPD shown in Figure 1, provides the large area and gain, but is 
limited in bandwidth to 2 GHz by virtue of the anode which is a vertical structure Schottky diode 
[2]. To achieve proper focusing of the incident electron beam diameter of 200 urn, the anode 
device must also have a large active area. To overcome the speed limitations of the vertical 
structure, the Schottky diode anode was replaced with a lateral interdigital metal-semiconductor- 
metal (MSM) device that allows higher speed while maintaining the large area. In this 
application, the MSM is bombarded by a beam of energetic electrons, which is the first known 
use of an MSM as an electron detector. Analysis of the gain and bandwidth of the IPD is 
presented where both the GaAsP photocathode thickness and the GaAs interdigital metal- 
semiconductor-metal device anode dimensions are optimized to provide a gain of a > 1000 and 
bandwidth of several gigahertz. 

The commercially available IPD consists of an 8 mm diameter circular GaAsP 
photocathode, an electron focusing and accelerating assembly, and a GaAs Schottky diode as the 
anode as shown in Figure 1. Incident photons strike the surface of the GaAsP photocathode, the 
emitted beam of photoelectrons is accelerated by a kilovolt potential and focused to the anode by 
two electrostatic rings. An electron gain of greater than 10 is achieved via impact ionization of 
the semiconductor lattice of the anode. 

GaAsP Photocathode 

focusingelectrode rings /focusingelectrc 

photon 
stream 

Output 

Figure 1. Block Diagram of Intensified Photodiode (IPD) 

In considering the gain and bandwidth of the IPD, the thickness of the photocathode and 
the physical geometry of the MSM anode were optimized. The 8 mm diameter transmission 
mode photocathode exhibits quantum efficiencies greater than 40% and consists of a 0.6-1.0 urn 
GaAsn.7Po.3 active layer, a 500 angstrom AlGaAsP layer, and a S13N4 quarter-wave anti-reflection 
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coating optimized for peak transmission at 550 nm [3]. An optimized 0.6 um active layer 
maintains a quantum efficiency of > 35% while providing a bandwidth of approximately 10 GHz. 
The total area of the MSM was fixed at 300 um2 and the dimensions of the interdigital electrodes 
were optimized to achieve maximum bandwidth. It should be noted that for the MSM as an 
electron detector, carriers are generated not only in regions between the electrodes but also 
beneath them, which affects the gain and bandwidth. Therefore, a novel current transport model 
was developed to account for these additional carriers. For an MSM with an interdigital 
electrode thickness of 650 angstroms of titanium, electrode spacing of 5 urn and width of 4 urn, 
biased at 15 V, the model predicts an electron gain of 1150 for an incident electron beam energy 
of 8000 eV. The bandwidth of the MSM under the same conditions is simulated to be 3.1 GHz 
as shown in Figure 2, where the bandwidth is determined by the frequency at which the output 
current response has dropped to iNl (0.707) of the maximum. 

0.1 1 10 

Frequency (GHz) 

Figure 2. MSM Electron Detector Bandwidth 

100 

Conclusion 
A photocathode thickness of 0.6 um provides a quantum efficiency of > 35% while not 

limiting the IPD bandwidth. A bandwidth of 3.1 GHz and electron gain of 1150 can be achieved 
for an interdigital MSM with an electrode thickness of 650 angstroms of titanium, electrode 
spacing of 5 urn and width of 4 urn. The optimization of the photocathode and MSM anode 
predict an IPD responsivity of 170 A/W with a bandwidth of 3.1 GHz. The paper will discuss 
the design, fabrication, and evaluation of the large area, high speed and gain photodetector. 
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Introduction: Optical single-sideband (SSB) 
modulation has been demonstrated for the 
transport of millimeter-wave modulated signals in 
radio-over-fiber applications [1], [2]. Sideband 
suppression effectively eliminates carrier power 
fluctuations due to fiber chromatic dispersion, 
allowing operation over standard single mode fiber 
at 1550 ran. A remaining limitation for mm-wave 
links, however, is the generation of phase noise due 
to interaction between chromatic dispersion and 
laser phase noise [3]. Here we demonstrate an 
alternative SSB generation technique which allows 
delay pre-distortion, doubling the useable link 
length when phase noise limited. 

Modulation: Optical SSB modulation can been 
achieved by driving a dual-electrode Mach- 
Zehnder modulator (MZM) with phase shifted 
electrical signals [1],[2]. Spectral components are 

produced at the optical carrier frequency /0 and at 

/o + fmm / where fmm is the modulation frequency. 

Although optical SSB generation largely eliminates 
dispersion-induced power fluctuations, a further 
manifestation of chromatic dispersion which may 
limit link performance results from the interaction 
with laser phase noise. Dispersion generates a time 
delay between the carrier and sideband, causing a 
partial decorrelation of optical phase noise common 
to the two terms. The result for mm-wave 
modulation is an increase in the detected carrier 
phase noise for increasing span lengths. Since 
spectrally efficient digital modulation schemes are 
sensitive to carrier phase noise, dispersion-induced 
phase noise may impose a serious limitation on 
optical mm-wave transport [3]. 

An alternative approach to perform optical SSB 
generation employs two MZMs in parallel, as 
shown in Fig. 1. In this case, both modulators are 
biased at Vn, the point of minimum optical 

transmission. One modulator is driven with a mm- 

wave carrier at /„,„,, while the second modulator is 

driven with subcarrier data at f,F, generating 

spectral components at /0 ± fJF and /0 ± fmm with 

a suppressed optical carrier. A fiber Bragg grating 
(FBG) following the modulators is used as a band- 

stop  filter  to  eliminate  the  term  at   /0 + /„,„,, 

ensuring minimal dispersion-induced signal power 
variation. Photodetection generates an upconverted 

data signal at frequency fmm + fIF; the generated 

image signal at fnm — fIF may be removed by 

electrical filtering before the antenna. 

Figure  1:   Schematic   arrangement   for   SSB 
generation using two MZMs in parallel. 

Although the optical filter requirements may be 
relaxed by including the filter in the lower branch 
of Fig. 1 [4], locating the filter externally provides 
the potential for integration of the two modulators 
in LiNb03 or III-V semiconductors. Integration will 
allow polarization matching, and allow precise 
control of the differential time delay of the two 
branches. By incorporating a longer optical path 
length in the upper branch, a delay pre-distortion 
can be achieved to compensate for the effect of 
chromatic dispersion. 

Phase Noise: The phase variance for a mm-wave 
carrier generated by an optical time delay  T   is 

given by - 27tAvr2BW, where Av is the laser 
linewidth and BW is the electrical bandwidth [3]. 
The calculated power penalty due to generated 
phase noise is shown in Fig. 2 for a mm-wave link 
transporting 622Mb/s data encoded with 16-QAM 
at a 60 GHz carrier frequency, for a laser linewidth 
of 5 MHz. If the allowable power penalty due to 
phase noise generation is set at 0.1 dB, the link 
length is limited to 14 km. Delay pre-distortion of 
115 ps applied to the upper arm of the modulator 
structure compensates for fiber dispersion, 
providing minimum degradation around 15 km. As 
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shown in Fig. 2, pre-distortion allows a doubling of 
the fiber length within the 0.1 dB power penalty 
limit. 
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Figure 2: Power penalty for 16-QAM due to 
dispersion-induced phase noise. 

Experiment: Optical    SSB    generation    was 
performed by modulating a 1550 nm DFB laser with 
an 18 GHz carrier and an IF subcarrier around 1 
GHz. A FBG with peak reflectivity 99.9% and 
FWHM 60 GHz was used to filter the upper optical 
sideband. The measured optical spectrum is shown 
in Figure 3. When the laser temperature was tuned 
optimally, the upper sideband at f0 +18 GHz was 
suppressed by more than 20 dB, ensuring less than 
1 dB variation in detected carrier power due to fiber 
dispersion. For higher carrier frequencies the 
tolerance for laser wavelength control is relaxed. 
Using lasers and FBGs compatible with DWDM, 
stable operation can be anticipated without the 
need for feedback control. 

To demonstrate transparent upconversion of data, a 
28 Mb/s 16-QAM subcarrier signal at 1GHz was 
applied to MZM2. The spectrum of the detected 
upconverted signal at 19 GHz is shown in Fig. 4. 
The absence of 'spectral regrowth' confirms the 
linearity of the upconversion technique. 

Conclusion: We have demonstrated a flexible 
optical SSB generation technique which employs 
two MZMs and a fiber Bragg grating. The 
arrangement allows integration of delay pre- 
distortion, which can compensate for carrier phase 
noise generated by fiber chromatic dispersion. Pre- 
distortion doubles the maximum fiber length which 
can be employed to transport high-rate, high-order 
digitally modulated data for mm-wave radio-over- 
fiber applications. 
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Figure 3: Optical spectrum of SSB signal, 
demonstrating > 20 dB suppression of 
the upper sideband. 
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Figure 4: Electrical spectrum of 16-QAM 
subcarrier upconverted to 19 GHz. 
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Abstract 
For a sinusoidal modulation of the injection current we present optical and photocurrent spectra computed by a 
numerical large signal LD model, and compare the outcome to previous analytical and experimental results (2). 
We also treat successfully some cases of overmodulation, where temporarily the current falls below threshold. For 
lower modulation frequencies and below-threshold currents the optical power becomes significantly determined 
by spontaneous emission; in these cases our present deterministic model fails. 

I Introduction 
The commercial impact of extended subscriber services with higher transmission capacity seems to be tremendous, 
if cost-effective means of connecting to subscribers can be employed. A very promising way is to upgrade existing 
copper or optical fibre cables by hybrid fibre radio networks, where wireless transmission channels employing 
the microwave and mm-wave frequency range 20... 70 GHz bridge inexpensively the 'last mile' to a subscriber. 
The direct modulation of a laser diode (LD) has the potential to be very cost-effective, especially if harmonic 
upconversion by transmission over a fibre or any other suitable dispersive element is exploited [1] [2J. For an 
optimization of this technique a model of a chirping LD is needed, which we discuss in the following. 

II Laser diode spectrum 
The optical output field of a LD is represented by an analytic signal a(t) with complex amplitude A(t), phase <p(t), 
and total output power Pa(t) leaving the resonator (time t, angular optical frequency w0 = 2irf0, vacuum speed of 
light c, vacuum wavelength A0, frequency /0 = c/A0, elementary charge e, Planck's constant h, time constant TR 

from finite resonator mirror reflectivities, photon lifetime rP = 3ps, effective carrier lifetime reff = 3 ns, differential 
quantum efficiency rjd = TP/TR = 0.28, field confinement factor T = 0.2). Further, the normalized quantities Z(t) 
for the photon number NP(t), Y(t) for the carrier number NK(t) inside the active volume VK « 0.16 x 3 x 420/mi3, 
and n(t) for the injection current I(t) (threshold values indexed by S, threshold current Is = 41 mA, bias pumprate 
770 = 3 with corresponding approximate DC values Y0 « 1, Z0 ~ 2, Z0 ~ P«o = 18mW) are introduced, 

a = Ae><*>\    A = \A\e»     Pa = ^l=NP^,       77 = -^- ,    Y = ^* ,    Z = ^^ , 
2 TR Is/e Is/e Js/e 

EG =    Is/e  reG     C„(YZ)-    G(N">Np)        y-y'       * u - lo£Pao_ _ EGZo m 
G       VK/rP   £G'    °"(r'Z>     GS(NKS,NPS) -1-Ytl + EGZ'    "'~ ^WÖ " ~"        W 

Further parameters are the normalized gain GN with the normalized transparency carrier number Yt = 0.82, the 
normalized differential gain dGN/dY = GNd « 1/(1 - Yt) = 5.56, the threshold gain TGS « 1/TP, the gain 
saturation parameter eG = 10 x 10-17cm3, its normalized version EG = 0.075, the adiabatic angular frequency 
shift ws = 2n x 8.0 GHz, the Henry factor of amplitude-phase coupling a = 3.5, and the factor of spontaneous 
emission Q = 10~4. We adopt the notation X(t) =X0 + Xi(t) for any quantity X(t) dependent on time t around 
a constant operating point X0; this formulation does not necessarily imply a small signal approximation for Xi{t). 

The quasi-stationary resonance frequency u(t) = w0 + wi(t) of a single-mode field in a laser resonator with 
length L, effective modal refractive index ne and effective modal group index neg is written as [3, Eq. (3.107)] 

-ne-2L = 2TT9,        9 = 1,2,3,...,       neg=ne+u>^, 

,,      .       d (wne) ,        d (um„) ■ 
d(w"e) = -^—LAw+    \    " dne=negfidu>+uodne±0, (2) 

dw dne 
wo    , d<p          a>o 
 dne,    wi = —- = n£il nes,o dt        neg0 
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For all practical cases (even for large signal modulation) the frequency and index deviations dw = u\ and dne = ne>1 

from their stationary values remain small, wi/wo,neii/n£jo < 1. Introducing the effective "modal group velocity 
veg = c/neg, the gain G = vegg, and the ususal definition of the Henry factor a, we therefore have 

2u)0 dne/8NK   _     2wQ   dne/dNK  _     2aJ0   (dne/dNK)dNK  _     2o;0   n«,i 
a~    c rdg/dNK ~  negfirdG/dNK     negfi(rdG/dNK)dNK     negfirGi     ■       u 

From Eqs. (2) and (3), the normalizations (Eq. (1)), and with the gain threshold value rGs = 1/rp, we find a 
conceptually very simple variant of the well known relation for the phase of the optical field [4], 

tp(t)=27rjtf(t1)dt1,    If =Wl = |rG1 = ^GAr,i,    GW.i - ^^i + ^^i « GNd - (Y - Y0).   (4) 

With Eqs. (1) and (4), the normalized rate equations read: 

reff ^ = -GN(Y, Z)Z-Y + n, = | 

n(t) = n0 + (n0-i)msm(umt). 

Tpl-Yt 

\idz      (z     \    i Qy0 /. (5) 

The pumprate 77 is assumed to vary sinusoidally with a relative amplitude (modulation index) m > 0. For Q -C 1, 
high bias pumprate 77o 3> 1 and modulation index m < 1, the carrier lifetime is strongly reduced below reff by 
induced emission. Then, \A\ ~ \/Z and v? can be found analytically, 

Z(i) = Z0[l+msin(wmt)],        Z0 = #0 - 1,        Q<1, (6) 

V(*) — 7r[ln(l+msin(wmi)) + m—^ (1-cos(wmt))]. 

For the relative optical spectra we calculated the Fourier transform of y/2Z(t)eilf,W from either Eq. (5) for a period 
l//m where the stationary state was already reached, or we used directly the analytical relations of Eq. (6). In both 
cases we subtracted any residual linear phase variation, i. e., any residual frequency offset. This is required because 
the fast Fourier transform routine implicitly assumes a strict periodicity, so any frequency offset (even by numerical 
inaccuracies) would be equivalent to a phase step at the boundaries of the chosen l//m-interval leading to artefacts 
in the computed optical spectrum. As a result, we found the complex coefficients c„ (co, c±i, c±2, ..., C±N) of the 
causal optical line spectrum for frequencies / > 0, where \n\ < N denotes the 2N lines c„,6 (/ — /o — nfm) on both 
sides of the optical carrier CQ8 (f — /o) [2]. 

Ill    Experimental and computed spectra 
Detailed experimental data were previously reported in [2]. The measured current modulation indices m* differed 
from the actual injection current modulation index m depending on fm because of a bias-T. To illustrate the DFB 
laser data, Fig. 1 shows the DC characteristic in normalized coordinates; some measurement points (full circles) 
demonstrate the low influence of spontaneous emission. In Fig. 2, the computed small signal modulation response 
10log[Zi(/)//7i(/)] is graphed for various operating points; Xi(/) represents the Fourier transform of Xi(t). The 
parameters given above lead to a relaxation frequency of fr = 5.55 GHz. 

Small signal modulation m\ = 0.13 The experimental photodetector (PD) current spectra, and the analytically 
computed spectra [2] coincided well with the numerically computed spectra using Eq. (5) or Eq. (6), as it was to be 
expected. 

Large signal modulation m; = 0.66 We had measured formerly the product afs ss 30 GHz [2]. Experiments 
and numerically computed PD current spectra coincided best using a = 3.5 and fs = 8 GHz. For comparable model 
parameters, the results from the analytical evaluation of Eq. (6) [2] as well as the present numerical computation 
based on Eq. (5) or on Eq. (6) practically coincide. In Fig. 3a, the optical power for lines of weight P„Opt/dB0 = 
|c„/co| is displayed as a function of the frequency deviation Af — f0 + nfm from the optical carrier (marked 
by I) for m = 0.49 @ fm = 1.95 GHz. The corresponding Z(t), tp(t) for the stationary state are displayed in 
Fig. 4 during one period l//m (marked by m = 0.49, thin lines, left y-scale, i70 = 3, Z0 = 2). The dotted curves 
starting at Z = Z0 = 2 represent Z(t) from Eq. (6) for comparison; obviously, the full rate equations Eq. (5), for 

96 



m = 0.49 @ fm = 1.95 GHz, merely introduce a phase shift, but no significant distortion of the. photon number 
Z(t). Additionally, we computed numerically the PD current spectra [2] after a length L = 12.8km of a fibre 
with chromatic dispersion C = 18 ps/ (km nm) which converts FM into AM, see Table 1. It is to be seen that no 
significant difference exists between the analytically (- • •) and the numerically computed [• • ■] results. 

/m/GHz          Pi/dBo P2/dB0 Pa/dBo P4/dB0 Ps/dBo 

1.95      -6.9 (-6.4) -6.6 -24 (-22) -22 -40 (-36) [-34 -49 (-49) -44] -46 (-62) -53 
2.52     -6.2 (-4.3) -4.9 -22 (-16) -16 -35 (-26) [-25 -31 (-34) -32] -33 (-43) -40 
3.52      -10 (-6.5) -8.0 -25 (-17) -20 -29 (-26) [-30 -32 (-35) -40] -34 (-44) -50 

Table 1.. Measured (analytically computed, a = 3, f, = 10 GHz [2)) [presently computed, a = 3.5, /, = 8 GHz] PD current spectral 
powers for m; = 0.66; with PD current amplitudes |2/fc|, the spectral powers are Pfc/dB0 = 101g(P*/Po) = 201g(|2/jt|/|/o|) 

Overmodulation mi = 1.5 To increase the higher harmonics of the PD current after transmission through a 
dispersive fibre, the relative modulation current amplitude may be increased to mi = 1.5 (m — 1.11 @ fm = 
1.95 GHz), so that the LD is also driven below threshold, and the analytical technique [2] cannot be applied any 
more. The corresponding Z(t), tp(t) are shown in Fig. 4 (marked by m = 1.11, thick lines, right <p-scale, IIQ = 3, 
ZQ = 2). The photon number function becomes distorted. Due to the steeper slopes of Z, the transient (first) term 
in the phase equations dominates, and results in much larger phase changes during one period. As a consequence, 
we expect a wider optical spectrum as can be seen in Fig. 3b (optical carrier marked by j). In Table 2 the measured 
and the numerically computed [■ • •] results are compared. Measured and computed PD current spectra after a fibre 
length of L = 12.8km coincide very well for fm = 3.52 GHz, while for fm - 1.95; 2.52 GHz the deviations are rather 
large. 

/m/GHz Pi/dB0 P2/dB0 P3/dB0 P4/dB0 P5/dB0 P6/dB0 P7/dB0 Ps/dBo 

1.95 -25 [-0.3] -30 [-8.9] -33 -14 -35 [-17 -38 [-19 -40 [-22] -43 [-25] -48 [-29] 
2.52 -7.4 [-0.3] -20 [-7.2] -13 -11 -17 [-13 -21 [-16 -26 [-19] -28 [-23] [-29] 
3.52 -1.7 [-2.4] -6.2 [-8.6] -12 -13 -18 [-17 -21 [-21 [-24] [-26] [-28] 

Table 2.. Measured [presently computed, a = 3.5, /, = 8 GHz] PD current spectral powers for m* = 1.5; with PD current amplitudes 
|2/fc|, the spectral powers are Pfc/dB0 S 101g(Pfc/Po) = 201g(|2/fc|/|/0|) 

For explaining these discrepancies, we refer for fm = 1.95 GHz to Fig. 4 (marked m = 1.11). From the dotted 
curve giving the instantaneous photon number Eq. (6) it is seen that the laser is driven below threshold. The 
numerically computed curves (thick fines) show a strong distortion for the photon number, which comes near to 
zero when the current falls below threshold. As soon as the induced emission decreases, the laser field becomes 
strongly influenced or even dominated by spontaneous emission, its statistics change from that of a LD to that of a 
LED; the spectral width increases significantly, and the LD coherence time decreases. Therefore, the optical phase 
must not be treated deterministically, and the deterministically computed optical spectrum Fig. 3b is not correct. 
The same effect is to be observed in Fig. 5a and Fig. 6 (fm — 2.52 GHz, m = 1.44, thin lines; dotted curve for Z(t) 
from Eq. (6); upper and lower time axes differ in scale because of different fm). For a more appropriate description, 
the rate equations (5) should be supplemented with Langevin forces [5] [3] in this case. 

The situation is different for Z(t), ip(t) with fm = 3.52 GHz, m = 1.11 in Fig. 6 (thick lines, upper time scale). 
While the laser is still driven below threshold, the modulation frequency is much closer to the relaxation frequency 
/r = 5.55 GHz than before, and the delay between current and photon number inherent in the rate equations 
prevents that the photon number reaches or undershoots its threshold value. As a consequence, the statistics of 
the LD radiation do not change significantly, and the deterministic description Eq. (5) remains appropriate. The 
computed optical spectrum Fig. 5b (optical carrier marked by J.) is broadened in comparison to Fig. 3a, and the 
associated PD current spectrum after a 12.8-km fibre coincides well with measurements, see Table 2 last line. 

IV    Conclusion 
Above threshold and for low-frequency modulation fm •< fr with index m < 0.66 the evaluation of Eq. (6) is 
sufficient without regression to the rate equations. For larger fm and m, the numerical analysis of Eq. (5) becomes 
necessary. When using the LD as an efficient harmonic upconverter, the injection current should temporarily fall 
below threshold, m > 1. The validity of the LD model Eq. (5) is assured, as long as the photon number does not 
approach threshold, which has to be checked in each case. If the photon number is very near or even falls below 
threshold, the statistics of the LD field change significantly, the deterministic description fails, and Langevin forces 
should be added to the rate equations. 
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Abstract: The authors investigate the reduction of the dispersion-induced power penalty in harmonic up- 
converting millimeter-wave fiber-optic links by biasing appropriately the Mach-Zehnder electrooptical 
modulator. Experimental results on the carrier supression effect are provided for three different types of bias. 

Introduction 
The generation and transmission of 

microwave/millimeter-wave signals using optical 
techniques is required in current applications 
involving hybrid photonic-microwave systems such 
as local multipoint distribution systems (LMDS) 
remote antenna links and mobile communications 
picocelular systems [1-2]. However, the 
performance of these systems is severely limited by 
the chromatic dispersion of standard single-mode 
fiber (SSMF) [3], which sharply limits the 
frequency-length product of fiber-optic links. To 
overcome this limitation several optical techniques 
such as chirped fiber gratings [4] and single 
sideband optical modulators [5] have been 
proposed. 

On the other hand, several harmonic up- 
converting fiber-optic link schemes based on a 
single Mach-Zehnder electrooptical modulator 
(MZ-EOM) have been proposed to alleviate the 
frequency requirement on the local oscillator (LO) 
source [6]. The impact of biasing the MZ-EOM at 
the minimum transmission bias (MITB) point was 
theoretically outlined in [7], where it was shown 
that the dispersion-induced power penalty of the 
fiber-optic link may be sharply reduced when the 
second order harmonic of the LO source was 
considered to perform the harmonic upconversion 
with the MZ-EOM biased at the MITB point. 
Preliminary experimental results were reported in 
[8]. In this paper, we demonstrate that by biasing 
the MZ-EOM at the MITB point, the dispersion- 
induced power penalty is reduced, not only when 
considering upconversion through the second order 
harmonic of the LO source, but also for any other 
LO harmonic of a 2 + 4k order, with k = 0, 1,2, ... 
Additionally, we also investigate the impact of 
biasing the MZ-EOM at the maximum transmission 
bias (MATB) point on the dispersion-induced 
power penalty. In this case we demonstrate that the 
dispersion-induced power penalty is reduced when 

upconverting with harmonics of a 4 + 4k order, 
withk = 0, 1,2,... 

Theory 
Figure 1 shows the block diagram of two 

different implementations of an antenna remoting 
fiber-optic link: one based on a conventional radio 
frequency (RF) modulated scheme (figure la), and 
the other based on an up-converting scheme (figure 
lb). 

Control Station 

'■■   ,a>                   \ MZ-EOM 

'-«"rv-Fc^l- 
RF Signal 

Remote Antenna 

Antenna   f 
'■.OpticalLink \                         A - RF Signal 

|   MZ-EOM 
!  IFSignal -Tg4<>|- 

Laser    ~       Q 

_ .                      LO Source 

:                     \ Optical     Power 
\Receiver Amplifier 

Figure 1. Remoting antenna system block 
diagrams, (a) conventional modulating scheme, (b) 
harmonic upconverting scheme. 

In the conventional scheme, the RF signai 
to be radiated on the antenna is externally 
modulated onto the optical carrier .(figure la). 
Alternatively, in the up-converting system, an 
intermediate frequency (IF) signal directly 
modulates the optical source, and photonic up- 
conversion is achieved through the LO signal 
driving the external modulator (figure lb). In either 
case, the modulated or the up-converted RF signal 
is launched into the optical fiber and may be 
optically amplified if necessary. At the receiving 
end, the detected RF signal at the output of the 
photodetector is amplified by an RF power 
amplifier prior to be radiated. 

In the conventional link (figure la), fiber- 
optic chromatic dispersion affects the transmission 
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of millimeter-wave signals [3]. The detected RF 
current at the output of the photodetector is 
proportional to, 

Wxco ipl) 
where ß is, 

ß = 
TTDA

2
L 

(1) 

(2) 

where L and D are the length and the dispersion 
factor of the optical fibre, respectively, X is the 
optical wavelength and c is the speed of light in 

vacuum. The factor codßf^j in (1) results in a 

dispersion-induced power penalty that limits the 
frequency-length product of the fibre-optic link. 

Moreover, when harmonic upconversion is 
performed (figure lb), the MZ-EOM may be biased 
either at the quadrature bias (QB) point, which 
results   in   upconverted   signals   of   frequency 

fRF=(2k + \)fI0 + /,,., with k = 0,1,2,..., 
or at the MITB or at the MATB points, where the 
upconverted signal frequency is 

J RF ~ *-kf LO + J1F' with k = 0,1,2, 
Therefore, odd order harmonics of the LO source 
are employed for upconversion when the MZ-EOM 
is biased at the QB point, while even order 
harmonics are employed when the MZ-EOM is 
biased either at the MITB or at the MATB points. 
Selecting an appropriate power level for the LO 
signal powers the contribution of a particular 
harmonic. 

When performing direct upconversion with 
the fundamental frequency of the LO source with 
the MZ-EOM biased at the QB point, the 
photodetected RF current is proportional to, 

where m{ is the optical source modulating index, 
and a1F and aL0 are given by, 

*K„ nV. 

Wjjw) 
LO 

WXfw) 
(4) 

where V1F and VL0 are the voltages of the IF and 
LO signals, respectively, and V„(f,F) and V„(fL0) are 
the half-wave voltages of the IF and LO signals, 
respectively. From (3), it may be observed that the 
dispersion-induced power penalty is also present 
when direct upconversion is performed. Assuming 
that fßp » fIF, it may be stated that when fIF is 
very low, 

^P/W/RF) -* ™(ffIo) * <*>ißfh) (5) 

and fiber chromatic dispersion. affects similarly in 
the up-converting QB case as in the conventional 
modulating case. 

When the second order harmonic of the 
LO source is employed to perform the 
upconversion, the impact of fiber chromatic 
dispersion depends on the bias point of the MZ- 
EOM. If the modulator is biased at the MITB point, 
the photodetected RF current is proportional to, 

iph„, xmrf(<Xw)coi(2a>LO + ö»/f )') • 

■^ißfIFfRF) (6) 
The co^ßfIFfRF) term in (6) results in a 

less dramatic dispersion-induced power penalty, 
provided that the argument of the cosine function 

depends on  fRF   in the MITB case, instead of 

depending on fR
2
F as in the QB case. Therefore, 

when MITB is considered, the first notch of the 
power penalty degradation is shifted to higher 
frequencies. Figure 2 shows the normalized RF 
power level detected against the RF frequency, for 
the conventional modulated case (dotted line), the 
upconverting QB case (dashed line) and the 
upconverting MITB case (solid line). Figures 2a, 2b 
and 2c, correspond to three different cases 
employing IF signals of 2, 1.5 and I GHz, 
respectively. 

IffUPflllf 
^n]mmßw 

<<•> 

ß) 

(c) 

30 40 SO 
RF Frequency (GHz) 

Figure 2. Normalized RF power level against RF 
frequency, (a) f/f=2GHz, (b) fip=1.5GHz, (c) 
flF=lGHz. 

From figure 2 it may be observed that the 
performance of the upconverting QB case tends to 
that of the conventional case when IF decreases, 
while the chromatic dispersion effects tend to 
vanish for the upconverting MITB case. 

Moreover, considering upconversion 
through the second order harmonic of the LO 
source when the modulator is biased at the MATB 
point, the photodetector current is proportional to, 
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'LO+Ü)IF V„ KmJ^aL0)J2(aLO)cot((2co 

■™s(ßf,FfRF)cos(ßfLOfRF) (7) 
which results in a severe dispersion-induced power 
penalty factor, similar to that of the upconverting 
QB case. 

On the other hand, when upconversion 
through the fourth harmonic of the LO source is 
considered, the situation turns around. In this case, 
MATB is a better option than MITB regarding that 
the power penalty degradation factors are given by 

COS{ßfIFfRF)    for    the    MATB    case,    and 

cos{ßfIFfRF)cos{ßfU)fRF) for the MITB case. 
In general, it may be proved that the 

reduction of the chromatic dispersion effect in 
fiber-optic upconverting links is achieved by 
employing MITB when considering even 
harmonics of an order 2 + 4k (k = 0, 1,2,...), while 
MATB is the right option when considering even 
order harmonics of an order 4+ 4k (k = 0, 1, 2, ...). 
The explanation is given in figures 3 and 4. In both 
figures it is depicted the optical electric field 
spectra for both cases MITB and MATB against the 
normalized frequency. The LO and IF spectral 
components that contribute in each bias case to the 
generation of the RF frequency are remarked using 
arrows. The frequency of the RF signal is given by 

)')• 

W = 2fLO + fIF in figure 3, and by f^ : 

figure 4. 
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Figure 3. Simulated optical electric field spectra at 
the output of the MZ-EOMfor the MITB and MATB 
cases, as a function of the normalized frequency. 
(fRF = 2fLO+flF)- 

The factor cos^ßfIFfRF) is related to the 
cases in which the RF signal is produced by two 
beats of the LO and IF frequency components. This 
corresponds to the MITB case of figure 3 (LO 
second order harmonic) and the MATB case of 
figure 4 (LO fourth order harmonic). On the other 

hand, the factor co^ßf^f^co^ßf^f^) 
arises from the beat of four LO and IF frequency 

components, which corresponds to the .MATB case 
of figure 3 (LO second order harmonic) and the 
MITB case of figure 4 (LO fourth order harmonic). 
This explanation may be extended to higher even 
LO harmonics. MITB is best suited when using 
harmonics of a 2 + 4k order (k = 0, 1,2, ...), while 
MATB is the best election for harmonics of a 4 + 
4k order (k = 0, 1,2,...). 
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Figure 4. Simulated optical electric field spectra at 
the output of the MZ-EOMfor the MITB and MATB 
cases, as a function of the normalized frequency. 
(fRF = 4fLO +flF)- 

Experiment 
The setup of the antenna remoting fiber- 

optic link depicted in figure lb has been mounted in 
the laboratory in order to demonstrate the reduction 
of the dispersion-induced power penalty. 

2 4 6 8 10 12 

Upconverted Signal Frequency (GHz) 

Figure 5. Normalized RF power level against the 
RF frequency for the upconverting QB case (fnf = 
flO + fIF)- and for the upconverting MITB case 
(fRF = 2fLO+flFh 

Figure 5 shows the normalized RF signal 
power level detected at the output of a 50 km length 
fiber-optic link against the RF frequency, ranging 
from 1 to 12 GHz, when employing either the LO 
fundamental contribution to perform the up- 
conversion, or the second harmonic of the LO 
signal with the MZ-EOM biased at the MITB point. 
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Two IF signal frequencies (100 MHz and 1500 
MHz) have been considered in order to demonstrate 
the influence of the IF signal frequency election on 
the optical link bandwidth. From figure 2 it can be 
observed that the chromatic dispersion effects tend 
to vanish when employing the second order 
harmonic of the LO source with MITB biasing, as 
predicted by the theory. 

Figure 6 shows the normalized RF signal 
power level detected at the output of a 75 km length 
fiber-optic link against the RF frequency, ranging 
from 1 to 10 GHz, when employing either the LO 
fundamental contribution or the fourth harmonic of 
the LO signal with the MZ-EOM biased at the 
MATB point. From figure 6 it may be observed that 
the chromatic dispersion effects are also reduced in 
this case. 

L=75km 

Upconverted Signal Frequency (GHz) 

Figure 6. Normalized RF power level against the 
RF frequency for the upconverting QB case (fnp = 
fLO + /IF)-, and for the upconverting MATB case 
(fRF = 4fLO +flF)- 

Conclusion 
The reduction of chromatic dispersion 

effects in antenna remoting up-converting fiber- 
optic links has been experimentally demonstrated 
employing even order harmonics of the LO signal 
source. Biasing the up-converting MZ-EOM device 
at the MITB point is required when employing 
harmonics of a 2 + 4k order (k = 0, 1 ,2 ,...), while 
MATB is the best election for harmonics of a 4 + 
4k order (k = 0, 1,2 ,...). Moreover, the influence of 
the IF signal frequency on the overall optical link 
bandwidth has also been demonstrated. The 
transmission scheme proposed in this letter requires 
a LO signal of half, a fourth, a sixth, ... of the 
nominal frequency, and produces a notorious 
increase of the optical link bandwidth. Therefore, 
the MITB or MATB up-converting optical link is 
proposed as an alternative to the conventional 
modulating case for millimetre-wave transmission 
in antenna remoting systems. 
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We introduce a new optical approach to the problem of implementing true-time-delay (TDD) beam- 
forming for a large N-element adaptive array that requires only 2 tapped delay lines (TDLs) instead of 
the conventional N TDLs. This new algorithm, BEAMTAP (Broadband and Efficient Adaptive Method 
for TTD Array Processing) is capable of processing very large phased array radar systems with thousands 
of receiving elements with GHz of bandwidth [1]. The corresponding digital processing load that would 
be required to solve such large, broadband adaptive array problems exceeds 1015 multiply-accumulate 
operations per second; well beyond the capability of current electronic systems. 

Consider the BEAMTAP algorithm shown in Fig. 1. Each antenna element output .<.,(/) is multiplied 
at each resolved time step by a linear array of weights WtJ located along a given row of the weight matrix. 
Each product is then summed along the column with the corresponding products from the other array 
elements. The resulting sum is fed into a scrolling delay line with the overall output given by 

o(t) = Y /V - [t-jT))Y3(t')dt' = Y 
Y>v - ^ = EE^t-JT»vu (]) 

The Y,(t) are the partial sums incident on the tap-in delay line, and the scrolling detector continuously 
accumulates them. The weights in BEAMTAP are calculated using conventional LMS adaptation [2] [3] 
but with a reference signal applied to a tap-out delay line as shown. These weights are implemented as 
holographic gratings in a photorefractive crystal (PRC) volume, and each resolvable hologram acts as an 
interferometric time integrating multiplier in the form 

W*j(t)= f   s*{h)f(h + (j - M - l))r)dh (2)    . 

Hence, the resulting LMS output is 

o(t)   =   ££yV-[*-:MK(0/   s*(h)f(ti + (j - (M - l))TdUdt' 

= Y E *(« - ^ f »*& - J"T)/(*2 - (M - l)T)du- '(3) J-oo 
J    « 

This algorithm is nearly equivalent to the conventional time-delay-beam-forming (TDBF) except for the 
simple time shift T = (M - l)r in the reference signal f(t) which implies anticipation of the output o(t). 
This apparent causality problem can be overcome by delaying a copy of the antenna signals $i(t) by T 
and using them to write the weights while the undelayed version is used for beamforming. The number 
of delay lines in this case has been dramatically reduced from Ar as required by the TBDF to just 2. An 
optical implementation of the BEAMTAP processor using holographic gratings in a PRC as the adaptive 

weights is shown in Fig. 2. 

A low relative intensity noise (RIN) laser is required to feed an array of electrooptic modulators 
driven by the outputs of the antennas that convert an incident RF wavefront on each antenna into an 
optical field.   These optical fields are launched by the fiber feed through an optical system and into 
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Figure 1: BEAMTAP algorithm for broadband squint- Figure 2: Signal flow for an optical BEAMTAP system 
free true-time-delay beamforming using a single output utilizing 2 broadband adaptive beamformers that simul- 
tap-in delay line and a single feedback TDL for adaptive taneously form a main beam in the direction of any arriv- 
calculation of the weights within the array as integrated ing desired signal s(t) and then null out any narrowband 
correlations. Time delay is not required within the array jammers arriving on the sidelobes. 
of weights. 

a PRC. Because of fiber length mismatches, the optical phase front is not necessarily planar but the 
photorefractive hologram can adapt to compensate for this distortion. 

It is assumed that we have available a signal of similar correlation characteristics as the desired 
incident RF signals. The processor output is subtracted from this desired waveform d(t) and applied to 
the reference AOD. The interference of the spatio-temporally modulated optical field from the fiber bundle 
with the steering signal in the AOD builds up a dynamic grating throughout the crystal volume that is 
Bragg matched to the angle-of-arrival of the incident radar signal. In conventional dynamic holography, 
the diffracted wave is not separable from the write beam. We provide read-write multiplexing by angle 
and polarization encoding; details of which can be found in [1] and   [4]. 

Hence, any subsequently Bragg matched incident energy is diffracted toward the scrolling output 
detector where it is interferometrically detected using the undiffracted light from the AOD and time 
integrated in a traveling wave coordinate system. Hence, at each resolvable time instant, the scrolling 
detector is read out after a corresponding charge packet has traversed the length of the detector while 
accumulating charge and being delayed for each position. This scrolling delay line is implemented with 
a 1-dimensional CCD detector operating in time-delay-and-integrate (TDI) mode. In this mode, each 
photogenerated carrier is accumulated and shifted along at a constant velocity by the applied clock signal. 

Photonic processing of microwave signals is often limited by the conversion of optically modulated 
signals into high frequency photocurrent usually using high speed point detectors, however, we need a 
scrolling accumulating detector such as a TDI CCD. GaAs based CCDs promise speeds in excess of 1 GHz 
while silicon CCDs are still limited to 100 MHz. In addition, all CCDs are inherently prone to bias build 
up and are full well shot noise limited which may reduce the overall dynamic range of the system. Other 
promising technologies we are investigating involve replacing the CCD with a traveling fridge detector [5]. 
In contrast to CCD technology, these traveling wave detectors promise to simultaneously maintain a high 
saturation level owing to a large detection volume and a high operating frequency well in excess of 1 GHz. 
Although the instantaneous bandwidth of the AOD and the CCD devices are at best about 1-2 GHz, the 
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Figure 3:  Simulation of BEAMTAP adaptation in the   Figure 4:  K-space representation of the array incident 
presence of a near-field chirp signal and two jammers:   energy showing the spatio-temporal content of the linear 
one in the near-field and the other in the far-field. chirp and the two jammers. 

BEAMTAP optical system can operate at any 1 GHz bandwidth tunable throughout the bandwidth of 
the electrooptic modulators, which is typically 20-60 GHz using a single EO device as shown in Fig. 2, 
without the need for electronic mixers, which can be very lossy at such high frequencies 

A simulation of the BEAMTAP operation with jammer nulling is illustrated in Fig. 3. In this example 
the input consist of a chirp signal and two jammers. The desired signal is a repetitive near-field broadband 
spatio-temporal linear chirp spanning from 0.5 GHz to 1.5 GHz, and originating at a distance 5.2Z from 
the antenna array, where L is the total array length. The jammers were produced from filtered Gaussian 
white noise sequences. The first jammer spans the frequency range 1 GHz to 1.5 GHz, located at a 
distance L/2 from the antenna array while the second jammer spans from 1 GHz to 2 GHz, and it is 

located in the far-field. 
A k-space/frequency diagram representing the input signals is shown in Fig. 4. Notice that the chirp 

signal occupies a broad bandwidth both in time and space, as expected from a near-field source and 
since it is repetitive, it is sampled in frequency. The near-field jammer signal occupies a large spatial 
frequency bandwidth, while the far-field jammer occupies a broad time frequency range. Adaptation 
of our parameters (weights) should provide us detection of the desired output signal and nulling of the 
jammers for any combination of signal and multiple jammers, as long as their space/time spectra do not 
overlap and sufficient feedback gain is available. 

The graph in the far left of Fig. 3 illustrates the spatio-temporal sequence of the input array signals, 
linear chirp plus jammers, followed by the graph representing the weights of the adaptive array after 
1.02 fjis of adaptation. 128 antenna elements and 128 time delays on each delay line were used on this 
simulation, providing us with an array of 128x128 adaptive weights. Their intensity is proportional to the 
local variation in the index of refraction of the PRC which constitutes the grating. Notice that the time 
and phase delays caused by the curved wavefronts of the near-field signal are exactly compensated for by 
the diffraction off of the curved grating slice in the PRC in a fully adaptive fashion. Similar gratings would 
compensate for delays associated with arbitrary array configuration, such as a conformal or flexible array, 
or additional delays or phases from the fiber feed network. The thin slice below the weights represents 
the local variation in the index of refraction in the AOD, which implements the tap-out delay line. The 
thin slice above the weights represent the accumulated output in the TDI CCD, the tap-in delay line. 
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Figure 5: Receptivity pattern of array at the beginning Figure 6:   Receptivity pattern of array after 5.1 ßs of 
of adaptation. adaptation. 

Figure 5 shows the receptivity pattern at the beginning of adaptation, where the bright regions 
represent the combination of angles-of-arrival (AOA) and frequencies of signals to which the antenna 
array is sensitive. Notice that at first, the adaptive array responds to the presence of all signals. Figure 6 
shows the same graph after 5.12 /.is of adaptation. Notice that only the broadband near-field chirp is 
present, proving the presence of nulls in the space occupied by the jammers. Also notice the absence 
of beam-squint, indicated by the constant value of the AOA of the receptivity pattern due to the true 
time-delay signal representation. 

For an antenna array with N = 1000 elements, bandwidth B = 1GHz and of length L = NX/2 — 15m 
(requiring M = BL/c = 50 taps), this optical processor achieves a throughput of NMB = 1014 analog 
multiplications, which is well beyond the capabilities of electronic approaches, providing strong motivation 
for the development of these optical techniques. 

We wish to acknowledge the support by Dr. William Miceli of ONR. and the Office of the Secretary 
of Defense through the MURI program grant no. N00014-97-1-1006. Useful discussions we had with S. 
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Abstract 
Improved performance of InP-based long wavelength velocity-matched distributed photodetector (VMDP) with 

metal-semiconductor-metal photodiodes is experimentally demonstrated. A 3-dB bandwidth of 13 GHz and an 
external quantum efficiency of 0.57 A/W have been achieved. 

I.        Introduction 
High power, high frequency photodetector is a key component for high performance microwave fiber optic 

links [1-3]. High optical power in externally modulated links can greatly enhance the link gain, signal-to-noise ratio, 
and spurious-free dynamic range [4]. In conventional photodetectors, there is a trade-off between the saturation 
photocurrent and the device bandwidth. High power device requires a large absorption volume, thus the device is 
usually large, resulting in large RC time or long carrier transit time that limits the device bandwidth. In contrast, 
conventional high-speed photodetectors with small RC time and small transit time usually have low saturation 
photocurrents. The velocity-matched distributed photodetectors (VMDP) is a novel type of travelling wave 
photodetector which can achieve both high bandwidth and high saturation power. It was first proposed in 1993 [6], 
and has been successfully demonstrated experimentally [1,5]. The successful fabrication of long-wavelength VMDP 
for use in 1.3 or 1.55 ]xm RF Photonics systems was first reported in [5]. In this paper, we report on the performance 
of improved long wavelength VMDP with new design and fabrication procedures. A 3-dB bandwidth of 13 GHz and 
an external quantum efficiency of 0.57 A/W have been achieved. 

II.       Device Structure and Fabrication 
The schematic structure of the VMDP is illustrated in Figure 1. A passive (non-absorbing) optical waveguide 

is used to serially connect an array of periodically spaced metal-semiconductor-metal (MSM) photodiodes. Light in 
the optical waveguide is evanescently coupled to the MSM photodiodes. The photocurrents are added in phase and 
collected by a 50Q coplanar strips (CPS) microwave transmission line. The active photodiodes are designed to have 
small optical confinement factor to keep them bellow saturation under high optical illumination. The bandwidth of 
the VMDP is limited by that of the individual photodiode, and the residual velocity mismatch. Since photocurrents 
are collected from many photodiodes along the transmission line, the individual photodiode does not need to have 
high quantum efficiency and therefore can be made small and fast. The MSM photodiodes serve two functions: 
generating photocurrents as well as providing the periodic capacitance loading needed for velocity matching. The 
VMDP design allows the passive waveguide, the active photodiodes, and the microwave cophmar strips to be 

independently optimized. 
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The principle of the VMDP has been discussed in more detail in [1]. We have made three major changes: (1) 
mesa width reduction to reduce optical coupling loss from optical waveguide to active MSM photodiodes; (2) nitride 
passivation on mesa sidewall and underneath the large CPS electrodes to reduce dark current and improve device 
reliability; and (3) use of platinum in Schottky metal contacts to prevent gold diffusion at high power operation 
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Figure 1.  Schematic structure of long-wavelength 
velocity-matched distributed photodetector (VMDP) 

Figure 2. Contour plot of the fundamental mode profile 
in the photodiode region using BPM 

Beam propagation method (BPM) is used to design and simulate the optical performance of the VMDP. Large- 
core optical waveguide is employed to reduce the coupling loss between the passive waveguide and the photodiode 
region as well as to reduce the optical power density in the absorption region. Only fundamental mode exists in both 
the passive waveguide and the photodiode regions. Figure 2 shows the optical field distribution of VMDP in the 
photodiode. Most of the optical energy concentrates in the waveguide core. The optical absorption and the coupling 
loss per photodiode for the VMDP shown in Fig. 1 are estimated to be 8.3% and 1.6%, respectively, by the BPM 
simulation. 
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Figure 3. Cross section of VMDP wafer 
after mesa etching 

Figure 4. SEM picture of a single MSM photodiode 
of VMDP 

The active MSM photodiodes consists of InGaAs absorption layer; InGaAs/InAlAs graded superlattice layers; 
InAIAs Schottky-barrier enhancement layer; and interdigitated fingers. The fabrication process is as followed: first, 
metal alignment markers are patterned on the substrate for subsequent process. Next, active mesas for photodiodes 
are defined by wet etching down to the InAIAs Upper Cladding II. Then optical ridge waveguide with ridge height 

108 



of 0.1pm is formed by wet etching. After mesa and waveguide etching, a Si3N4 passivation layer is deposited to 
protect the mesa edges. The nitride directly on top of the active mesas are opened for Schottky contacts. 
Interdigitated Ti/Pt/Au fingers with ljom finger width and 1pm finger spacing are patterned in the open windows 
using optical lithography. Finally, the CPS microwave transmission line is fabricated using standard liftoff 
technique. The cross section of VMDP wafer after mesa etching is shown in Figure 3. Figure 4 shows the scanning 
electron micrograph (SEM) of a single MSM photodiode in the VMDP. 

III.     Device Characteristics 
All devices under test are mounted on copper heat sinks. The temperature is set at 19 °C using a temperature 

controller. The VMDP exhibits very low dark current: 8.3 nA at 10V bias for a 1-mm-long VMDP with 13 
photodiodes. The dark current has been reduced by 10 times compared to the VMDP in [5]. It is attributed to the 
nitride passivation which prevents the leakage currents through the sidewalls and the CPS electrodes. The external 
quantum efficiency is measured to be 0.4 A/W. With anti-reflection (AR) coating, it could reach 0.57 A/W. The 
dominant loss comes from the coupling from optical fiber to the VMDP. Figure 5 shows the DC responsivity of the 
new device. The responsivity of the VMDP in [5] is also shown for comparison. 
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Figure 5. DC responsivity of VMDP 
(without AR coating) 

Figure 6. Schematic of optical heterodyne system setup for 
frequency response characterization of VMDP 

The frequency response of the VMDP is characterized by optical heterodyne method [7,8]. The schematic of 
the experimental setup is shown in Figure 6. The system consists of two external cavity tunable lasers at 1.55(jm, the 
frequency of each laser can be tuned in 1GHz step. The optical signals are combined by a 3dB coupler, and coupled 
to the VMDP using a fiber pickup head. The microwave signal generated by optical mixing in the VMDP is 
collected at the output end of the CPS by a 50GHz picoprobe (GGB Industries), which is connected to an RF power 
sensor and monitored by an RF power meter. The calibrated frequency response of long wavelength VMDP is 
shown in Figure 7. At 10 Volt bias, a 3dB bandwidth frequency of 13GHz is measured. By scaling down the MSM 
to deep sub-micron scale, much higher bandwidth (> 100 GHz) is expected. 
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Figure 7. Measured frequency response of a long wavelength VMDP 
with 10 MSM photodiodes at different DC bias voltages 

IV.      Conclusion 
In summary, we have experimentally demonstrated the improved performance of the long wavelength velocity- 

matched distributed photodetector (VMDP). A 3dB bandwidth of 13 GHz and a responsivity of 0.57 AAV have been 
achieved. 

This project is supported by TRW, ONR MURI on RF Photonics, NRAO, Tracor and HRL under UC MICRO 
and JSEP. 
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Abstract - Genetic algorithms are successfully employed to synthesize all-optical microwave filtering 

topologies. Unlike previous techniques, this allows investigations of new structures, and the inclusion of 

design factors such as physical size, component count or preferred values. 

I. INTRODUCTION 

It is possible to implement signal processing 

functions on intensity modulated optical signals 

without transduction into the electrical domain, using 

optical waveguide structures. The structures 

considered here are composed of optical fiber 2x2 

directional couplers, interconnected by fiber delays, 

to implement filtering functions at microwave 

frequencies. The delays are designed to be sufficiently 

long compared to the source coherence length, to 

ensure that incoherent optical interference takes place 

within the structures. 

Techniques for the analysis of all-optical fiber 

structures for the processing of microwave frequency 

identical [4], and non-uniform [5], unbalanced Mäch- 

Zehnder sections was suggested, to generate a 

symmetrical window response in the time domain. 

These resulted in simple passive structures, but 

included no attempt to minimize their physical size, 

the order of the response, or the number of optical 

components used and relied on the a priori selection 

of the form of the basic topology. In contrast, the 

genetic algorithm approach presented here overcomes 

these limitations, allowing the exploration of new 

topologies as solutions, as well as enabling the 

designers to meet specifications in an optimal 

fashion. The following section describes the 

application of a genetic algorithm to all-optical 

microwave filter design. Results are then presented, 

II. THE GENETIC ALGORITHM 

modulating signals, based on z-transform and signal an(J ^ benefits and versatility of this approach 

flowgraph theory, are well known [1]. However the discussed 

significant problem of structure synthesis has been 

less exhaustively investigated. The assumption of 

incoherent  optical  interference  restricts  the  time Genetic algorithms [6] are computer based routines 

domain output to positive values, thus preventing the that mimic the process of 'survival of the fittest', 

reliable application of traditional digital filter design They are well-suited to the simultaneous optimization 

methods. Techniques have been proposed based on a of several features of multivariable problems having 

state-space matrix representation of the problem [2] complex solution spaces. As an illustration of the 

and on a modified Pade approximation [3], both application of genetic algorithms to all-optical filter 

leading to final designs which are relatively complex, design, the synthesis of an optimized Mach-Zehnder 

incorporating    several    couplers,    amplifiers    and lattice  (see  Fig.l),   to  perform   an   FIR   filtering 

attenuators.   The   concatenation   of  a   number   of function, is outlined. 
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Fig. 1. The All-OpticalFiber Mach-Zehnder Lattice. 

(i) Initialization: The problem is reduced to the individuals. Offspring can be produced in a variety of 

optimization of a string of parameters, a ways, the most common being single-point crossover 

chromosome, which uniquely identifies a particular [6]. Here a crossover point is randomly selected 

solution. This consists of N, the number of couplers within the chromosome, and the genes after this point 

in  the lattice,  a  list of the respective coupling     are exchanged. 

coefficients (ki,...,kN), and a list of the values of delay     ,. v w ,.   .       m .   . 
(IV) Mutation : This is applied to each gene of each 

length difference between each pair of paths between 
chromosome in the population, with every gene 

adjacent couplers {l,,...,lN.l) as multiples of the unit    .    . 
having an equal chance of being modified. If a gene 

delay  length.   The  coupling   coefficients  can  be 
is selected to undergo mutation, its value is randomly 

represented by floating point decimal values, and the 
altered. This is to ensure that no region of the 

delays by an integer multiple of the unit delay, which        ,   . 
solution space becomes inaccessible to the algorithm, 

is dictated by the frequency of operation of the filter. 
(v) Evolution : After mutation has been applied, the 

offspring constitute the new generation. Steps (ii) to 

(iv) are repeated, until a predetermined number of 

generations has been generated and tested. 

By having a population of solutions instead of a 

single one, several promising areas of the solution 

space can be simultaneously explored, and exploited 

with a view to finding a global maximum. This 

means that if they exist, families of solutions can be 

identified. 

ni. RESULTS AND DISCUSSION 

An algorithm capable of working with FIR structures 

of any order was written in C, and run on a sun 

workstation. A population size of 1000 was chosen. 

The algorithm was applied to the design of a 

(iii) Selection and breeding : The best solution in bandpass filter, with the specification (passband: 3.5- 

the current generation is preserved (elitist selection), 4.5 GHz, intensity (-3dBo)-(-5dBo); stopbands: 2.0- 

and chromosome pairs are selected to be parents by a 2.6 GHz, 5.4-6.0 GHz, intensiy <-25dBo) which is 

process that is random but biased towards fitter     shown by the broken line in Fig.2. The genetic 

An initial population of these chromosomes is 

generated using random values within predetermined 

limits, 1 < N < NMAX, 0 < *, <1, 0 < /, < lMAX. 

(ii) Fitness Function : The fitness of each of these 

chromosomes is calculated; a measure of their 

suitability as solutions. This is done using an ideal 

filter specification [7]. The frequency response of 

each of the proposed filters is evaluated, and at 

equally spaced points in the passband and stopband, 

the response is compared to the specification. The 

fitness is enhanced for each point which meets the 

specification. For structures that meet the 

specification at all points, the fitness is further 

increased, and structures incorporating fewer 

couplers and shorter delays are awarded higher 

fitness ratings. 
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algorithm generated a solution which included five 

couplers and four unit delays (Fig. 3 (a)). The 

simulated response is shown in Fig. 2 (solid line). 

This structure represents the set of most efficient FIR 

solutions to the problem in terms of number of 

couplers and delays used. 

IN     0.465 0.463 0.465 0.456 •   0.546    lour 

0-6    , Inirr 

Fig.3.(a) Minimal and (b) preferred value structures. 

3.5 4 4.5 
Frequency (GHz) 

Fig. 2. Response of first structure produced by the 
algorithm. 

A great advantage of the genetic algorithm solution 

to filter synthesis is the control that is possible over 

potential topologies. For example, in some cases the 

components to be used are restricted to a fixed set of 

preferred values. It is difficult to manufacture fused 

optical directional couplers to a prescribed coupling 

ratio, but the algorithm can be employed to ascertain 

the best combination and permutation of a set of 

couplers whose behaviors are already known, with a 

view to finding the solution to a particular design 

problem. This requires some modification of the 

breeding and mutation stages of the algorithm, to 

ensure that new solutions are acceptable. Fig. 3(b) 

shows an alternative solution to the previous design 

problem,  using  preferred  coupler  values   :   0.1, 

0.2...0.8, 0.9. To accommodate this restriction the 

structure requires an extra unit delay length. 

3.5 4 4.5 
Frequency (GHz) 

Fig. 4. Response of structure built using preferred 
component values. 

Control over the delay lengths included in potential 

solutions is also useful. The assumption of incoherent 

operation within a structure is usually considered to 

be justified when the shortest delay length in the 

structure is less than the coherence length of the 

source. For sources with greater coherence lengths 

however, the assumption that incoherent interference 

takes place becomes increasingly unreliable [8]. It is 

possible, moreover, to construct a filter in which each 

individual delay length is comfortably greater than 

the coherence length of the  source,  but which 

contains two or more paths which are equal in length. 

This problem can be overcome by carefully selecting 

the delays in the structure, so that each one is at least 

a unit delay longer than  the  sum of all those 

preceding it. Fig. 5 shows a four coupler solution 

generated under these conditions, and its response 

and the specification (pass: 3.5-4.5 GHz, intensity 

(-3dBo)-(-6dBo); stop: 2.0-2.6 GHz, 5.4-6.0 GHz, 

intensiy<-20dBo) are shown in Fig.6. 
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Fig. 5. Filter structure avoiding equal path lengths. 

Fig.6 Response of structure shown in Fig.5. 

Perhaps the most powerful aspect of these algorithms 

is their ability to optimize simultaneously several 

different attributes of a filter. Compromise between 

size, number of components and filter response can 

be easily worked into the fitness evaluation 

algorithm, and a weighting can be applied to each of 

them according to their relative importance. Physical 

size, for example, is especially of interest in problems 

where space is at a premium, such as integrated 

optics realizations. 

In the examples presented in this summary the 

general form, if not the order, of the structure has 

been predetermined, hence like structures compete 

against one another. However, more sophisticated 

schemes may also subject the topology itself to 

optimization, rather than assuming a standard 

network. 

IV. CONCLUSIONS 

A new approach to the synthesis problem for all- 

optical microwave frequency filters has been 

suggested, which uses a genetic algorithm to generate 

the  filter structure.  The  advantages  of such  an 

approach have been discussed. The algorithm has 

been implemented and tested on microwave bandpass 

filter specifications. The application of genetic 

algorithms has been demonstrated to be a viable 

approach for the synthesis of all-optical filter 

networks. The algorithm has been shown to have 

some advantages over previous suggested methods 

[2]-[5], producing sets of minimal solutions, and 

overcoming restrictions such as limited or fixed 

component values, and unwanted coherent 

interference effects. The method also benefits from 

being free of initial assumptions about the order or 

form of the filter structure, so that the topology itself 

can be subject to optimization. 
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Abstract: We have demonstrated two-dimensional free space phase conjugation at \0.24GHz 
using an one-dimensional optically controlled phased array with a simple one-stage-mixing 
technique. Preliminary results are also obtained for an improved two-stage-mixing 
configuration. 

Introduction 

Since its first demonstration, phase conjugation has been studied intensively and has been well 
developed in the optical regime. In general, this technique utilizes the nonlinear susceptibility of 
a medium to reverse the phase factor of an incoming wave. The phase-conjugate wave 
propagates backward and has the same wavefronts as that of the incoming wave. This unique 
property is useful in many novel applications including automatic pointing and tracking, phase 
aberration corrections, and phase-conjugate resonators. Efforts to extend this technique to 
microwave and millimeter wave frequencies have encountered severe difficulties due to the 
small nonlinearity of natural materials and the low power density of sources in this regime. In 
the search for alternative media suitable for microwave and millimeter wave phase conjugation, 
artificial media were found to have much larger nonlinearities than that of natural materials. 
Using shaped microparticle suspensions [1] and MEMS structures [2], volume grating formation 
for microwave phase conjugation has been demonstrated with degenerate four-wave mixing 
techniques. However, these media intrinsically suffer from slow response time and are sensitive 
to surrounding conditions. Therefore, they are not suitable for any practical systems and 
applications. In this study, we have developed a new technique to achieve microwave phase 
conjugation using arrays of optically controlled antenna-coupled mixers as artificial nonlinear 
media. An 8-element array has been assembled using a simple one-stage-mixing configuration 
to demonstrate two-dimensional free space phase conjugation at \0.24GHz. The results have 
clearly shown the retro-directivity and automatic phase correction characteristics of phase 
conjugation. Also in the study, a superior two-stage-mixing approach has been developed and its 
single element performance has been tested. These experiments have shown amplified 
conjugate-wave power up to 10 times of that of the incoming wave. This amplifying ability 
demonstrates the potential of such arrays to be used in novel communications applications. 
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Concept 

In this study, microwave circuits that combine antennas and microwave mixers effectively 
replace the nonlinear dipoles of a medium. The idea is to "sample" the incident wave at different 
positions of the wavefront and then generate phase-conjugate currents using microwave mixers. 
These currents will then excite a phase-conjugate field at each sampling point. The combined 
field of all elements will be the phase-conjugate wave of the incident beam. This sampling 
concept was proposed and examined in the 60's [3], but due to the lack of modern semiconductor 
[4] and photonic technologies, researchers did not have a practical way to realize the concept. 
To understand how the conjugate signal can be generated at each element using microwave 
circuitry, let's consider the incident electric field at the/h element: 

E = A(iv )e'(<af~^) + C.C., where (pj = k • ry + <p(rj) 

The signal detected by the antenna and then sent to the RF port of the mixer can be written as: 

Vnoc Air^-^+cc. 
Now consider a 2a signal delivered to the LO port of the mixer given by: 

Vj2=Ce2i0*+c.c. 

This 2a pump signal has to be delivered to all elements at the same amplitude and phase; 
otherwise the mixed output will contain a term other than V-, that depends on j. If this happens, 

the sum of the excited field at each element will be distorted and will not form the conjugate 
beam. Optical control is the crucial technology implemented to carry this 2a microwave pump 
signal in phase to all mixing elements because of its low loss, light weight, and small size 
compared to the microwave counterpart. Using difference frequency generation in a mixer, the 
IF output current can be written as: 

/   oc eVl(* ■ e-ii0*-(pi) = e"-e*+<Pj> 

This current component has the conjugate phase + q> j instead of the input phase - <pr Therefore 

when it is delivered to the antenna, it will excite the conjugate field at r.: 

ECj(rj)oc A(ry^+cc. 
When the sampling spacing is less than A/2, the combined field Ec =XEc/(r) forms tne 

j 

phase-conjugate wave on the sampling surface and therefore everywhere.  Computer simulation 
has shown that the quality of the conjugate wave is limited by the size of the conjugation surface, 
not the element spacing, as long as the inter-element spacing is less than A/2. 

In the previous discussion, there is no way to separate the unwanted V., leakage in the 

mixer from the desired conjugate signal because both are at the same frequency a. A two- 
stage-mixing technique has been developed to solve this problem. In this scheme, V-, is first 

mixed with an LO at 2a - A through different frequency generation: 
/'   oc g'(2<a-A)/       -H<u-<Pj) _    i[(0)-A)i+<pj] 

c 

Since the desired signal is at a - A, a bandpass filter can be used to block the leakage at a. 
This intermediate signal is then mixed with an LO at A through sum frequency generation: 

J     ~- aibd        ''K<a-A)<+«';]  _     Hcat+Qj) 
1 Q oc C       * c- — c 
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This signal now carries the desired conjugate phase +0y. at the desired frequency (ü. A second 

bandpass filter can be used to block the leakage at cc - A. Notice that by choosing A close to 
co, no high frequency 2co devices are required. 

Demonstration 

To demonstrate the above-mentioned concepts, we have built an optically controlled 8-element 
one-dimensional array using the one-stage-mixing technique. Figure 1 shows the configuration 
of each element. In this demonstration, the RF frequency is set at \0.24GHz . A diode-pumped 
Nd: YAG laser is used as the light source. The optical wavelength is at 1319nm, with a linewidth 
< 5KHz. The laser light is directed into a Mach-Zehnder optical modular and is modulated by 
the 2ca (20ASGHz) signal. The 2a pump signal is delivered to each element using optical 
fibers. It is then extracted by a photodetector to be used as the LO signal for mixing. The 
amplitudes of all phase-conjugate elements are matched to within + 2%. The phases are 
matched to within ±0.2ps (0.2%). 

To measure conjugate electric field distribution, a computer controls a receiving horn to 
scan the desired area. The detected signal is sent to a digital sampling oscilloscope and is 
compared to a fixed reference signal for both 
amplitude and phase measurements. Figure 2 
shows the results of two illuminating sources. 
The first plot, marked as "Without Distortion", is 
obtained without anything in the microwave 
paths and it clearly demonstrates retro-directivity 
for each source. However, due to the diffraction 
effects of the small array, the wavefronts do not 
focus back to the sources. Note that the fainter 
fringes are caused by mixer leakage and can be 
eliminated by using a two-stage mixing 
technique.     To demonstrate  automatic phase 
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Figure 1. The configuration of the one-stage- 
mixing phase-conjugate element used in this 
study. 

Figure 2. The contour plots of the phase- 
conjugate electric field of two sources marked 
by the black dots. The conjugator is located 
on the left of each plot. Brightness represents 
electrical field magnitude. The wavefronts 
(fringes) travels from left to right. They 
demonstrate retro-directivity and automatic 
phase correction when a distorting medium is 
inserted in front of the conjugator. Leakage 
signals, down by about 10 dB, also appear 
adjacent to the conjugate signals and are 
distorted by the distorting medium. 
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correction, a distorting material is placed in front of the conjugator and the conjugate field is 
shown in the second plot, marked as "With Distortion". By comparing the fringes of the two 
plots, automatic phase correction is clearly demonstrated in the phase conjugate beams while the 
phase information is destroyed in the leakage signals. 

As mentioned earlier, a two-stage-mixing technique has been developed to solve the 
mixer leakage problem [5]. The configuration is shown in Figure 3. In the preliminary test we 
have chosen: a) = l.XGHz and A = 3AGHz. The measured output phase (y) vs. input phase (x) 
is shown in Figure 4. It exhibits excellent agreement with the desired function y = —x for phase 
conjugation. Figure 5 shows the measured output amplitude vs. input phase. It demonstrates the 
output amplitude is virtually independent of the input phase. 
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Figure 3. The configuration of the two-stage- 
mixing phase-conjugate element tested in this 
study. 

Conclusion 

We have demonstrated two-dimensional phase 
conjugation at \0.24GHz with diffraction 
limited results using an optically controlled one- 
stage-mixing phased array. Preliminary results 
are also obtained for an improved two-stage- 
mixing configuration. By extending one- 
dimensional arrays into two-dimensional 
surfaces, complete three-dimensional wavefront 
reconstruction can be realized at microwave and 
millimeter wave frequencies. 

and 
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Figure 4. The measured output phase vs. 
input phase for the two-stage-mixing element. 
The straight line represents the desired 
function y = -x. 
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Figure 5. The measured output amplitude vs. 
input phase for the two-stage-mixing element. 
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Abstract—The use of fiberoptic techniques for 
distributing reference signals to a digital 
beamforming antenna has been investigated. 
An optical calibration network has been 
implemented and evaluated. The results are 
compared to other calibration methods. 

I.  INTRODUCTION 

With digital beamforming, DBF, very accurate beam 
control can be obtained and various array signal processing 
methods can be applied. This include multiple beams with 
very low sidelobes and adaptive pattern control, direction 
of arrival estimation, etc. 
The different parts of a receiving DBF antenna are 

illustrated in Fig. 1. It consists of an array of antenna 
elements, a calibration network, receiver modules, AD- 
converters, digital down converters, channel equalizers, a 
digital beamformer and a control processor. 
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Fig. 1. Architecture of a DBF antenna system [1]. 

The internal calibration network is placed between the 
antenna elements and the receiver modules. The calibration 
signal must be stable in both phase and amplitude if low 
sidelobe levels should be achieved. Furthermore the 
reveiver module must be stable between two calibrations. 
Any relative phase errors A0 (RMS) and relative 
amplitude errors AA (RMS) that remains after a 
calibration give rise to a relative sidelobe level (in dB). 

( 
Relative sidelobe = 10 • log 

(AA)2+(A0)2> 

N-77A 
(1) 

Where N is the number of antenna element (here N=12) 
and r]A is the antenna aperture efficiency (T]A ~ 0.5-1). 

Equation (1) shows that the optical calibration signal must 
be very stable in both phase and amplitude. If the sidelobe 
level should be less than -50 dB it requires that the relative 
amplitude variation (AA) is less than 0.1 dB (when 
A0=O) or that the relative phase variation AÖ is less than 
0.7° (when AA =0). To obtain this, the optical calibration 
network must have a good amplitude and phase stability 
over a long period of time. 
The fiberoptical calibration network studied consists of a 
direct modulated semiconductor laser, fiber, optical coupler 
(lxN) and PIN diodes as detectors. Fig. 2 shows the 
optical calibration network and how the calibration 
signals (electrical and optical) are connected to the receiver 
module that should be calibrated. 

l> 

Btfip 

IHPotnäfrQRi 

BIA8- 

NO.'1-tS 

PPTIv-rU COUPLER 

&-CB- 
BIAS-VOLTAGE 

X 

CONVERTER; 
hO'2 

^[RECEIVER:.: 
::;! MODULE ::; 

NO 12 

jirSM 

ecHjrtfRNCMu 

I ELECTWCAL 
ii CALIBRATION ::: 

■i i^NETWORK    ;;: 

N01. 

NO 2. 

NO 3. 

NO 4. 

NOS. 

NOB. 

NOT. 

NOB. 

NO 9. 

N010. 

N011. 

COUPUNfrMdB 

*-rS DBECnpHALCOUPLER NKliLl:: 

Fig. 2. Implementation of optical calibration network. 

The calibration signal from the optical distribution 
network is fed to the receiver via a separate 20 dB 
directional coupler. Therefore it is made possible to 
compare optical and electrical calibration methods. The 
antenna operating frequency is 2.8-3.3 GHz, but the 
optical calibration network has a good performance from 
almost DC to around 5 GHz. If the frequency of the 
calibration signal is higher than 5 GHz, external 
modulators can be used instead of the direct modulated 
laser. To evaluate the optical calibration network it's 
temperature dependence has been experimentally evaluated 
in detail. 
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II. TEMPERATURE DEPENDENCE OF PIN 
DIODES AND OPTICAL COUPLERS 

The temperature dependence for the components in the 
optical calibration network in Fig. 2, for example the 
PIN-diode, laser, optical coupler, fiber, bias-T and 
directional coupler, has been evaluated separately. 

The main temperature dependence for the PIN diode 
detector is due to the variation in the optical coupling 
efficiency between fiber and diode. The PIN diode (chip) 
itself has a very small temperature dependence that 
normally can be neglected. 
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Fig. 3. Change in electrical power S21 as a function of 
temperature. 

Fig. 3 shows the change in microwave transmission 
(S21) at 3 GHz for four PEN diodes of type B. The 
microwave power decrease with about 0.06 dB per 10°C. 
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Fig. 4. Change in responsivity R as a function of bias 
voltage. 

The responsivity R [AAV] for the PIN diode has a small 
bias voltage dependence. Figure 4 shows that the change 
in R is about 0.1 % per volt for a diode of type B 
(corresponding to a change in power of 0.0086 dB). 

The temperature dependence for a singel mode fiberoptical 
coupler from ETEK has been evaluated. This coupler (see 
Fig. 5) is built of cascaded 2x2 couplers, to a total of 16 
outputs. The coupler is manufactured with a "fused 
biconical taper" technique. During the measurement of the 
optical variation at the output of the coupler, the optical 
input polarisation has been held constant. The optical 

output variation with input polarisation has also been 
evaluated. 

Fig. 5. The single mode optical coupler from ETEK. 

The results from the temperature measurement on the 
optical coupler from ETEK can be seen in Fig. 6. The 
maximum change in the optical output power is less than 
4% over a 90 °C temperature change, corresponding to a 
change in the electrical output power of 0.34 dB. 

25 50 

Temperature [°C1 

Fig. 6. Change in optical output power [%] as function 
of temperature for the optical coupler. 

If smaller amplitude and polarisation variations is 
required, other types of optical couplers must be considered 
[2]. 

III. OPTICAL CALIBRATION NETWORK 

The optical coupler, laserdiode module and the bias 
module was mounted in a "transmitter" box that can be 
seen in Fig. 7. The optical fiber between the laser diode 
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and optical coupler has been made as short as possible. 
This is because the optical polarisation variations at the 
input of the optical coupler must be minimised. Before the 
optical calibration network shown in Fig. 7 was mounted 
in the antenna, additional temperature measurements where 
carried out on the total system. 

Fig. 7. The optical calibration network before it was 
mounted into the antenna. 

The transmitter module shown in Fig. 8 was built 
around a laser diode module from Fujitsu (FLD3F7CX). 
This laser diode has extremely high slope efficiency 
(0.3 W/A in to fiber) and low relative intensity noise (- 
170 dB/Hz at 600 MHz). The module has a built-in series 
resistor of 20 ohm. This resistor gives the module a 
broadband microwave matching at the cost of additional 
link loss. 

The measured link gain for the laser diode module is 
around -17 dB for frequencies below 4 GHz at 10 mW 
optical output power [3]. The 1x16 optical coupler gives 
an additional loss of 24 dB. Therefore the total link gain 
for the optical calibration network is around -41 dB, 
excluding the 20 dB directional coupler. 

Control and power Microwave 

Laserdiode 

Fig. 8. The laser diode module. 

IV. CALIBRATION EXPERIMENT 

Figure 9 illustrates the alternatives that can used to 
calibrate the antenna. The three alternatives are: external 
calibration using a separate illuminating antenna, and 
internal electrical and optical calibration networks 
respectively. During a calibration only one signal is 
applied to the antenna. 

CALIBRATION SIGNAL AT 3 OKI 

Fig. 9. The three calibration alternatives. 

Once the optical calibration network is mounted into the 
antenna (see Fig. 10) it is difficult to verify the stability 
of the network because of the big temperature dependence 
in the receiver modules. One method to evaluate the 
performance of the optical calibration network is to 
compare the optical calibration results with the results 
from an internal electrical or external calibration. 

Fig. 10. S-band digital beamforming antenna. 

Figure 11 shows calibration results for the optical 
calibration network, normalised to the results from an 
external calibration. During these measurements the room 
temperature varied between 18 °C and 22 °C. Each trace 
correspond to a measurement that is repeated once every 
hour. The variation between the seven traces is a quality 
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indicator of the optical calibration network, but the 
temperature variations of the striplines from the antenna 
elements to the directional coupler are also included in 
this variation. 
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Fig. 11. Measured change in amplitude in dB (top) and 
phase in degree (bottom), using the optical 
calibration network. 

The calibration results shown in Fig. 11 using the 
optical calibration network, during 7 hours and with 4°C 
room temperature variation, gave an accuracy of 
approximately 0.01 dB in amplitude and 0.2° in phase. 
The calibration network can thus be used to obtain very 
low sidelobes. 

V.   CONCLUSION 

Calibration measurements on the antenna shows that both 
the electrical and optical calibration network fulfils the 
amplitude   and   phase   requirements.   Both   calibration 

networks can be used to obtain a sidelobe level lower than 
-50 dB for a 12 element array. 

The advantages with an fiberoptical calibration network 
compared to an electrical one are: 

• Reference signals over a wide frequency range can be 
distributed (0-20 GHz). 

• The optical fiber is flexible and temperature stable. 
This is of great importance in large antenna and if the 
antenna unit is separated. 

• The calibration network studied can easily be extended 
to a larger number of elements. With a direct modulated 
laser the upper limit is some hundred antenna elements. 

• No electromagnetic interference inside the antenna. 

One disadvantage with an optical calibration network is 
the optical polarisation variation in the fibers, which is 
due to mechanical stress or temperature variations. 
Different types of normalisation techniques can be applied 
to minimise the corresponding amplitude and phase 
variations. One technique is to measure the PIN diode 
current and use this to compensate for the amplitude 
variations [4]. 
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Abstract: Volumetric phased arrays offer full spherical coverage with phase-only control. To overcome 
problems of feed obstruction limitations, we report an array in which transmit power and signal are delivered to 
each element on fibre. 

I.    Introduction 

Phased array antennas offer the opportunity for 
versatile power management and the potential for 
multiple beams, factors which are of continuing and 
increasing importance to systems applications such as 
radar, comms and EW. MRC has recently completed a 
study of conformal and volume arrays and the role of 
optics in feeding a signal and power to the latter is 
described. Conformal array elements are distributed 
over a curved, possibly spherical, surface while volume 
array elements are distributed randomly within a 3-D 
region. The various configurations offer the following 
benefits: 

Volume Array 
Pros 

Full spherical coverage 

Phase-only control. 

Higher EIRP because all 
elements contribute. 

Low sidelobe levels with 
amplitude control, or 
density tapering for large 
arrays. 

Bandwidth not limited by 
grating lobes. 

Cons 
Requires control of 
three orthogonal 
polarizations for 
spherical coverage with 
low cross-polar. 

May require amplitude 
and phase control for 
very low sidelobes (less 
significant for larger 
arrays). 

Planar Array 
Pros 

Established technology. 

Fixed amplitude 
distribution. 

Phase only scan. 

Single polarization 
elements can be used. 

Cons 
Limited scan range. 

Inefficient use of 
elements in multi-faceted 
array. 

Gain falls with scan. 

Bandwidth limited by 
grating lobes. 

Conformal Array 
Pros 

Full    cover    (spherical 
array). 

Mounts   on   non-planar 
surface. 

Low sidelobes possible. 

Cross-polar    achievable 
with control of 
orthogonal polarizations. 

Cons 
Must change amplitude 
and phase distributions 
when scanning beam. 

Must switch elements to 
cover wide angles. This 
limits EIRP. 

Bandwidth limited by 
grating lobes. 

II.   Implementation Of Volume Array 

Volume arrays have been demonstrated experimentally 
with elements fed and supported by vertical coaxial 
cables. The elemental designs have included single- 
plane log periodic dipoles [1] and microstrip loop 
structures [2]. The presence of the metallic feeds 
introduces significant performance limitations since 
they restrict the possible radiation polarisation to be 
perpendicular to the feed axis thus precluding the use 
of full polarisation diversity and spherical field of scan. 
In addition the feed metallisation also causes some 
scattering of the perpendicular polarisation, it can 
constitute a large component of the array mass and can 
limit the minimum lateral element spacing. The 
replacement of metal feeds by dielectric glass fibre 
carrying RF modulated optical power offers a 
promising route to address these limiting factors and 
allow the full potential of volume arrays to be realised. 
The remainder of the paper describes a prototype 
dipole array, developed and demonstrated at Marconi 
Research Centre, which employs such fibre feeds to 
provide both RF signal and DC power to each element. 
The principle has been demonstrated so far for an array 
of single axis dipoles operating in transmit mode but 
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possible routes to full polarisation and duplex operation 
will also be summarised. 

III. Configuration of optically fed array - dipole 

The demonstrator array comprises 16 dipole elements 
placed randomly within a volume of approximately 34 
cm3. The elements are mounted on top of varying 
length quartz rods. Each dipole consists of two metal 
arms separated by a quartz block which incorporates a 
high speed photodiode, photocell, capacitor, inductor 
and fibre interfacing. The RF intensity modulated 
optical signal (X=1550nm) is delivered to each element 
via a standard singlemode fibre with a 45° mirrored 
end to reflect light up into the planar mounted 
photodiode. The purpose of the photocell is to provide 
a reverse bias of a few volts to the photodiode to 
achieve high speed operation. Each photocell is 
illuminated via a multimode (62.5/125 urn) fibre with 
power provided by an array of semiconductor diodes, 
one for each element. Uniform illumination of the full 
photocell area is essential for optimum operation and 
this is achieved by using an appropriate length glass 
block also with a 45° mirrored face to direct the beam 
down onto the planar mounted device. The maximum 
load current which can be supported by the photocell 
sets the limit for the mean photocurrent and hence 
optical power which is acceptable to fall on the 
photodiode and therefore the electrical power which 
can be radiated. Two other components are included on 
each dipole; a very small coil inductor to isolate the 
photocell from the photodiode at RF and a chip 
capacitor. Figure 1 shows a picture of the completed 
array. 

Phasing of the elements was implemented by inserting 
appropriate length fibre patchcords selected from a set 
which covered a range in excess of a microwave 
wavelength in 0.5 mm increments (6.8° in electrical 
phase at the operating frequency). The phase was 
determined and adjusted relative to a reference by 
performing an RF/optical measurement on each 
element in an identical isolated environment. A 
modelled result for a 16 element array is shown in 
figure 2. Figure 3 compares the experimentally 
measured pattern with 11 of the 16 elements driven 
with the corresponding prediction. The limitation on 
number of driven elements was imposed by the 
availability of HeNe powering lasers and not by 
element functionality. 

Figure 1: Photograph of 16 element volume array 

Elavotion for-flald pottarn of volume array 

DlrteHvlty (dB!) 

Outar ring     15.0000 dB 

Scola / dtv   5.00000 dB 

Cantra point -15.0000 dB 

Figure 2: Predicted pattern for 16 element array 

Figure 3: Comparison of modeled and measured 
patterns, 16 element array with 11 elements driven. 
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IV. Conclusions And Future Directions Acknowledgements 

Volume arrays may offer significant benefits for 
certain applications including the potential for full 
spherical coverage with phase only control, high EIRP 
and a wide bandwidth not limited by grating lobes. A 
16 element prototype volume array has been 
demonstrated in transmit mode, in which both power 
and modulated signal are delivered to each element 
optically, thus overcoming one of their principal 
limitations in terms of feed obstruction. 

The authors would like to acknowledge the support 
given to this work by DERA Malvern, and Mr A Fray's 
original proposals for this concept. We also 
acknowledge some early results obtained at MRC by 
Mr A J Aitken. 

Several areas of further development can be identified 
for the optically fed volume array. Practical 
applications will require higher radiated power per 
element. As discussed above this is primarily limited 
by the mean optical signal power at the photodiode 
which can be supported by the photocell. 
Enhancements to this could be achieved by increasing 
the visible source power, using several photocells in 
parallel or higher efficiency devices. Optically pulsed 
operation would also increase the peak radiated powers 
for some applications. Polarisation diversity may be 
implemented by appropriate choice of element design, 
for example a 3-D arrangement of crossed dipoles or a 
more novel structure such as a pyramidal log-periodic 
arrangement. 

Duplex operation would require a signal modulator at 
each element which would therefore need to be 
compact, optically fed, capable of operating at 
microwave frequencies and ideally have a low drive 
voltage to obtain significant modulation depth without 
requiring electrical pre-amplification. Scanned 
operation would need to be addressed but here the 
optically fed nature would be directly compatible with 
advanced optical True Time Delay approaches to 
wideband beamforming. 
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INTRODUCTION 
The fiber optic Rotman lens (FORL) is a lightwave analog of the well-known Rotman-Turner [1] 

microwave lens that has found extensive application in shipboard and airborne radar warning receiver 
systems operating over ultra-wide frequency bands. The lightwave embodiment first demonstrated by 
Cardone [2] implements true-time-delay beamforming using optical couplers and delay lines to achieve 
the appropriate amplitudes and phase shifts for a signal driving a linear array antenna. A similar scheme 
was described by Pappert [3],[4] for RF direction finding applications, and Curtis [5] subsequently 
demonstrated a holographic Rotman lens using diffractive optic elements in free space. 

On transmit, the FORL system steers the beam in M-discrete directions by dividing the optical 
signal to fiber paths with appropriate time delay to N-antenna elements. On receive, the FORL behaves 
in a reciprocal manner, and since the beamforming process is linear, multiple simultaneous beams can be 
formed, one at each beam port corresponding to the angle of arrival of a wavefront incident on the 
aperture array elements. 

SYSTEM DESCRIPTION 
The FORL can be demonstrated in either the transmit or receive mode. For the transmit mode, 

the signal from a single laser is equally divided among the array elements, while in the receive mode 
each element requires a laser. A block diagram of the test system architecture is shown in Figure 1. The 
hardware was configured to operate in the transmit mode for cost considerations. Therefore, a single 
Fabry-Perot, directly modulated, laser transmitter provided the 1300 nm light source for the four pointing 
directions by sequentially connecting it to each beam port. The four array ports were terminated in 
packaged InGaAs photodiode optical converters specifically sized for a 30 cm overall length including 
pigtail, FC/APC and SMA connectors. The use of in-line bias tees with internal blocking capacitors 
enabled the reverse bias voltage to be established at each detector. RF amplifiers in all four channels 
provided signal gain over the 2.0 to 4.0 GHz frequency range. Mechanical line stretchers and fixed 
attenuators were inserted prior to the antenna to compensate for channel-to-channel phase and 
amplitude variations. Four equal length, flexible RF cables were used to feed the four columns of the 
antenna array. 

The passive FORL beamformer, shown within the dashed lines of Figure 1, consists of eight 
commercially available 1x4 single mode, fused biconic couplers and sixteen precision lengths of single 
mode fiber optic delay cables. The couplers were packaged in standard panel mount containers with all 
pigtails internal, connected by FC/APC's to bulkhead adapters. The delay line patchcords were specified 
with 900 urn diameter plastic jackets, FC/APC connectors and an overall length tolerance of +/-1 mm for 
beam pointing directions of +/- 45° and +/- 22.5°. The eight couplers were mounted in an L-shaped 
bracket with all beam ports, array ports and interconnections labeled. Each patchcord was uniquely 
identified with respect to its origin and termination. A photograph of the assembled beamformer is shown 
in Figure 2, and a view of the integrated system test hardware, including all power supplies, mounted in 
the antenna support housing is illustrated in Figure 3. Only the central four columns of the four-row, 
sixteen-column array antenna are connected to the beamformer. All other elements were terminated in 
matched loads. 

* This work was sponsored by DARPA under Phase II SBIR Contract No. DAAH01-96-C-R085. ** This work was sponsored under 
Air Force Contract F19628-95-C-0002. Opinions, interpretations, conclusions, and recommendations are those of the authors and 
are not necessarily endorsed by the United States Air Force. 
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MEASUREMENT AND TEST RESULTS 
Ten couplers were purchased and evaluated for optical insertion loss and differential delay. Eight 

were selected for the beamformer based on their insertion loss uniformity which ranged from 6.3 +/- 0.1 
dB to 7.0 +/- 0.5 dB. The delay variation for the best coupler was +/- 2 mm, and the worst coupler was +/- 
8 mm. By subsequently measuring the absolute delay length for each coupler path, final corrections were 
made to the specified lengths of the interconnecting patchcords. In the four sets of precision delay cables 
the variation from the ideal lengths ranged from 0.7 mm to 2.7 mm. All delay measurements were carried 
out using the HP 8504 Precision Reflectometer including the optional reference extension kit and a 
special reference reflector fabricated for this application. The photonic beamformer was integrated as 
shown in Figure 2, and the optical insertion loss and delay of the assembled unit remeasured. 

The responsivity of the optical converters was measured over a 5 GHz swept frequency range, 
and their differential optical lengths measured with the HP 8504. The three-stage RF amplifiers in each of 
the four channels, including line stretchers and antenna cables, were measured individually for amplitude 
and phase tracking over the 2.0 to 4.0 GHz frequency band. When subsequently integrated with the 
detector/bias tee combinations, the line stretchers were adjusted to equalize the delays for each channel 
using an RF network analyzer. 

Following completion of all optical and RF tests at MIT Lincoln Laboratory, the test system was 
shipped to an outdoor antenna test range and mounted on the elevation-over-azimuth positioner for 
pattern testing. Figure 4 is a photograph of the front face of the four-row, sixteen-column planar antenna 
array [6] that had been provided under a CRDA with the Rome Photonics System Branch, Griffiss AFB, 
New York. Azimuthal patterns were recorded for each of the four (+/- 22.5° and +/- 45°) off-broadside 
beam pointing directions, and at 500 MHz frequency increments over the 2.5 - 4.0 GHz frequency range. 
The composite plots are presented in Figure 5. System noise, and more significantly, ground reflections, 
are evident in some of the patterns attributable to the outdoor antenna test range. 

In subsequent tests the periphery of the antenna was wrapped with absorber and more 
accurately aligned with the positioner and the far field test horn. The resulting plots, compared with the 
computed patterns, were in excellent agreement with respect to main beam shape, sidelobes, null depths 
and null directions. 

CONCLUSIONS 
A breadboard demonstration of a four-beam port, four-array port fiber optic Rotman lens 

fabricated from commercially available optical components has been described. The photonic 
beamformer was tested with a 2.0 to 4.0 GHz array antenna and pattern results presented. The basic 
approach can be implemented for larger arrays [7], but more compact component packaging techniques 
are recommended. An eight-beam port prototype lens using planar waveguide optical couplers is 
currently under construction. 
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FIGURE 1  BLOCK DIAGRAM OF ASSEMBLED ROTMAN BEAMFORMER 
TEST SYSTEM 

Figure 2 Four-Beam Port Fiber Optic Rotman Lens 

Figure 3 Photonic Rotman Beamformer System Test Hardware 
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Figure 4 Four-Row, Sixteen Column Linear Array Test Antenna 
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Scan angle of 445 deg Scan angle of +22.5 deg 

Figure 5 Composite Pattern Plots of Rotman Beamformer-Antenna 
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Feasibility of an extremely compact Photonic Integrated Circuit for controlling phase 
and amplitude of a 16-element phased-array microwave antenna has been demonstrated 
experimentally. 

I. Introduction 
Phased array antennas have been used since the beginning of the 70's and are now becoming increasingly 

important in satellite and mobile communications. A drawback for broad application of phased-array antennas is 
the large volume and weight of the RF electronic beamforming network. Photonics holds a great promise for 
reducing both weight and volume of these networks. Many experiments have been reported based on discrete 
optical components [1-3]. In this paper we report first experiments on an extremely compact (8.5x8mm) 
integrated beam-forming network for controlling phase and amplitude of a 16-element RF phased-array antenna. 

SBIISSLPME... 
Distribution Amplitude,,,,,,,,}118 c°St 
SSSs phase modulator modulator» 

Amplifier 
Detector      /\ Antenna 
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km 

'■■\v 

X 
Electric 

Figurel: Schematic view of the optical control of a phased array antenna. 

II. Operation principle 
Using a coherent detection scheme phase and amplitude of an optical signal can be directly transferred to a 

microwave signal by mixing this signal with an optical local oscillator signal. In this way modulation of phase 
and amplitude of a microwave signal can be performed using optical phase and amplitude modulators, which 
provides the module with an almost unlimited bandwidth; the frequency of the generated microwave signal can 
be chosen anywhere from a couple of MHz up to many GHz (only limited by the photodetector). Figure 1 
illustrates the schematic of the photonic beam control network, which has been realized. The optical chip is 
shown within the dotted box. The chip has two inputs for two optical signals, one of which is modulated with the 
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radar pulse. The two inputs are fed to a 2x16 power splitting network, the outputs of which are sorted in pairs. 
Each pair is connected to a phase and amplitude modulation section, after which the two signals are fed to a 3- 
dB-coupler. The RF-signals are obtained by coupling the signals coming out of the sixteen 3 dB couplers to a 
series of 16 balanced detector pairs. In the following we will shortly discuss the design and performance of the 
different elements. 

III. Design and Experiments 
We developed our circuit in a MO-VPE grown InP/InGaAsP/InP Double-Heterostructure as usual for 

operation in the long wavelength window (1550 nm) for optical communication. Ridge-type waveguides are 
etched with an optimized CH4/H2 Reactive-Ion-Etching process. For interconnection we use 2 |iin wide 
waveguides, see figure 2A. 
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wimmmm^SgmSMmmm ■ 
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Waveguide 
Electrical 
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Electrode 32 
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Figure 2: A) A MMI power splitter. B) Mask layout of chip. C) Dummy crossing to equalize output powers. 

A. Passive waveguides 
The chip was designed for use with TE polarized light, this does not impose any problems because the input 

lasers provide linearly polarized light. The total on chip loss was around 28 dB with a spread of 1.0 dB measured 
for input one to all outputs and input 2 to all outputs. Dummy waveguide crossings, see figure 2C, were 
introduced to eliminate loss differences between different paths. 

Power splitters and 3 dB couplers have been realized by applying Multi-Mode Interference couplers [4]. 
These couplers consist of a wide multi-mode waveguide section as shown in figure 2A, which exhibits self- 
imaging properties. 

The average on chip-loss is composed as follows. The theoretical splitting loss of a 1x16 splitter is 12 dB and 
the losses at a MMI mixer are 3 dB, leaving an excess loss of 13.1 dB. Test structures were included to measure 
the losses for straight waveguides, bends and waveguide crossings. Straight waveguides, of 2 pun width have a 
loss of 1.4 dB/cm. Measurements showed a maximum loss of 0.15 dB/90° for bend waveguides with radius of 
250 Jim. The loss was 0.15 dB for a crossing of waveguides under an angle of 60°. Combining the results of the 
test structures with the layout of the chip we expect the excess loss to be 4.1 dB. Part of the additional 9 dB is 
caused by a problem in the processing. Based on previous experiments on 1x16 splitters [5] we expect that the 
total excess loss can be below 6 dB. 

B. Phase-modulation sections 
Phase shifting is accomplished by utilizing refractive index changes due to the electro-optic effect. The 

doping profile of the chip is chosen in such a way that the InGaAsP waveguiding layer gets depleted when a 
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reverse bias is applied to the waveguide. This way the overlap between the electrical field and the optic field is 
maximal, for further details see [6]. 

In figure 3 it can be seen that 720 degrees of phase shift can be realized with a 4.9 mm long electrode by 
applying a negative voltage smaller then 20V (the losses get very high at such voltages see next section). The 
insertion loss, (without applied voltage) for a phase shifting section including the electrical isolation sections is 
about 1 dB. Taking into account the length of 4.9 mm of the phase shifting section it follows that the efficiency is 
8.2 7(V mm). 
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Figure 3: Phase shift as function of applied voltage. 
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C. Amplitude modulators 
An advantage of the pin-type waveguide phase-modulator is that, with a proper design, it can be used also as 

an amplitude modulator using the electro-absorption effect which occurs at higher voltages due to the electrical- 
field induced shift of the band-edge. Figure 4 shows the attenuation as a function of the voltage, it is seen that an 
attenuation of over 15 dB can be achieved with an applied voltage of-20V. 
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Figure 4: Attenuation as function of applied voltage 
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A predefined value for amplitude and phase can be reached as follows. First the attenuation in both interfering 
arms has to be set by applying the same voltage to the phase/attenuation sections in both arms. Next the phase can 
be adjusted by changing the voltage on both arms relative to each other with a small amount. 
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IV. RF-Operation 
Light from two different lasers was coupled into the two input waveguides. This was done by positioning two 

lensed fibers in front of the two input waveguides. The two external cavity lasers were tuned about 250 MHz 
apart and the output level of 0 dBm was boosted to 13 dBm using EDFAs. At one of the ouputs the light was 
coupled into a lensed fiber and guided to the detector. At the detector the light intensity level was about -60 dBm. 
After the detector a 40 dB electrical amplifier was used. 
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Figure 5: Measurement setup for light mixing. 

The frequency generated by the mixing of the two optical signals can be chosen at any frequency between a 
few MHz and hundreds of GHz (only limited by the detector). A lower bound to the obtainable frequencies is set 
by the line width of the laser source. In our case the laser line width is 100 kHz. In our experimental setup the 
upper frequency was limited by our FFT-analyzer to 0.5 GHz. In this range the output level appeared to be 
virtually frequency independent. Figure 5 shows a recorded spectrum demonstrating the potential of our 
approach. The SNR is rather low since the intensity of the optical signal at the detector is so low that the signal is 
almost lost in the noise from the amplifier. We are presently working on reducing the fiber to chip loss and the on 
chip losses in order to reduce this problem. 

V. Conclusion 
We have realized a 2x32 distribution network integrated with phase shifting sections on an InP chip with 

record small dimensions (8.5x8mm). The on-chip loss is 28.1±1.0 dB. The phase/attenuation sections have a 
phase dynamic range of more than 360° and an attenuation dynamic range of almost 20 dB. 
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Abstract 
A seven-channel adaptive nuller using optics achieved 40-dB nulls, which is -15 dB better than state-of-the-art 

microwave technology. The optics provided remoting and processing of signals in a 2-GHz band centered at 44.5 GHz. 

Future satellite communications will require increased data rates and lower cost. Lower cost must be implemented 
in the satellite through less weight and lower power of the communications payload. The higher data rates will make the 
communication system more susceptible to jamming. To overcome the jamming threat, better anti-jam protection through 
such measures as stronger nulling capability should be designed into future satellite communications. 

The optical nuller can achieve ~15 dB more jammer suppression than a nuller using current millimeter-wave 
technology. This achievement is a consequence of the design advantages available with the use of photonics, namely, 
inherent channel tracking after microwave-to-optical conversion. The improved channel tracking is a consequence of the 
very small fractional frequency width of the 2-GHz communication band relative to the 200 THz optical carrier. As a 
result, nulls of 40 dB across the 2 GHz EHF band are routinely obtained instead of -25 dB nulls using microwave 
processing. 

Optics also helps to reduce the weight and power requirements. Fiber optics is used to connect electronics protected 
within the satellite body to the antenna, which is exposed to the space environment. Because the microwave signal carried 
on optical fiber is only weakly affected by changes in the fiber environment, this remoting function is robust. In addition, 
the optical fiber is nearly lossless for typical intrasatellite distances under 100 m. 

MIT Lincoln Laboratory has developed optical nuller technology that processes the signal to form a spatial null in 
the direction of a jammer (see Fig.l). The outputs of a multi-port receive antenna emulator provide one signal to each 
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Figure 1. Optical nuller schematic. In the laboratory demonstration, an antenna emulator was used in place of 
the antenna and the correlator was not fully implemented. 

channel of the optical nuller. Each channel has a low-noise amplifier followed by a Mach-Zehnder electro-optic 
modulator to upconvert the millimeter-wave signals to optical frequencies. Each channel has a second modulator to weight 
the signals in amplitude and phase to suppress interference. Phase is controlled with ferrite phase shifters for a 37-GHz 
tone. Amplitude is controlled with the bias voltage on the electro-optic modulator. Fiber combining with polarization 
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combiners and 3-dB couplers acts to sum the signals prior to conversion from the optical to the microwave domain in a 
photodetector. 

The only components that need to frequency track are the LNAs and the electro-optic modulators. Both of these 
components were commercially procured and no selection among components was required to achieve the required 
frequency tracking. After upconversion to optical frequencies the tiny fractional bandwidth means that frequency tracking 
is not a worry. 

After characterizing the performance of the optical nuller, several nulling scenarios have been demonstrated with 
40-dB suppression of a simulated jamming signal. With this setup an interfering source is simulated with the antenna 
emulator. The weighting is adaptively adjusted to suppress the interference. The suppression of the interference over the 
43.5-45.5 GHz band is shown in Fig. 2 for one of the scenarios. 
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Figure 2. Optical nuller demonstration results. A broadband interfering source was suppressed by 
more than 40 dB over the 2-GHz band. 
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Abstract:  We present the first results of a 4-channel remotable optical downconverter used for phase detection of 
incoming signals up to 18 GHz. The phase information is related to angle of arrival detection. 

I. Introduction 

Fiber optic links maintain an advantage over traditional microwave transmit and receive systems in terms 
of multi-octave operation and RF isolation, and the ability to remote microwave signals great distances. For the 
first time, a 4-channel optical downconverter capable of detecting the relative microwave phase of incoming 
microwave signals up to 18 GHz is tested. The phase information can be related to angle of arrival detection. An 
optical downconverting link using cascaded modulators allows reduced weight at the antenna site since only a 
modulator (and possibly a microwave pre-amplifier) is needed at the sensor location while the LO drive and 
modulator, detectors, and any other signal processing components can be located elsewhere. 

II. Optical Downconverting System 

The 4-channel system is shown in Fig. 1. A 50 mW 1550 nm laser is amplitude modulated by a +24 dBm 
LO microwave source input to a Mach Zehnder modulator (MZM) biased at quadrature (V„ =20V). After passing 
through a polarization maintaining erbium-doped fiber amplifier (EDFA) capable of producing 500 mW of optical 
power, the LO modulated optical signal is split 4 ways providing a common feed for the four RF input signal 

Channel 1 RF 
Input 

Trombones 
160 MHz Limiting 
Amplifier/Filters 
IF 

Solid 
State 
Laser 

LO     c I Channel 2 RF 
Input |-j=j^ 

MZM 

Channel 3 RF 
Input 

Channel 4 RF 
Input 

Figure 1. 4-channel configuration of the optical-microwave downconverter 
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Channels. Microwave-optical mixing of the LO signal with each separate RF channel results in a downconverted IF 
signal containing the phase of the original RF signal. Balanced p-i-n detectors with a bandwidth of 2 GHz are used 
to allow current addition of the IF photocurrent signal, and to cancel unwanted RIN and EDFA noise [1-2]. The IF 
signals are then amplified, filtered and processed to provide information on the phase of the original microwave 
signal. RF variable phase shifters (trombones) are used on three of the four RF input signals to provide arbitrary 
time delayed inputs. 

III. Results and Discussion 

To evaluate our system as a viable means for relative phase detection of incoming RF signals, the relative 
microwave-optical time delays through the system must be known. For example, in all 4 channels the relative 
microwave-optical time delay from the LO MZM signal input to the RF MZM is needed as well as the relative time 
delays from the RF MZM to the detector output. These time delays need to be known to provide a reference phase 
delay in each channel so that accurate phase information of the incoming RF signals can be measured. 

The cascaded series modulator configuration gives an IF signal for each channel proportional to [3]: 

IF ~ 2Jl(XRF)J1(XLO)cos[(aLO-coRF)t 

+ e(<»LOCH»)-0{G>RFCH{i))l (1) 

y _ n*RFILO 
ARFILO--        —        - 

vdRF/LOW RFILO' 

where J, is the Bessel Function of order 1, V is the signal amplitude voltage, VSHFILO) is the frequency dependent 
half wave voltage, co L0 - co RJ= is the downconverted IF signal (160 ± 15 MHz), and eLOch(ire RFCM» is the LO - RF 
phase difference in any channel (i). Assuming the time delay from the LO MZM input to the RF MZM input is 
identical in all 4 channels, the relative RF phase difference between two channels can be expressed as: 

A(f> = 6{(0Rnrif)) - e(Q)RFCh(x) ). (2) 

Therefore, the phase of any of the RF signals can be determined relative to any of the other channels. The I/Q (in 
phase, quadrature phase) phase detectors provide functional phase measurements of the incoming RF signals 
compared to a reference incoming signal [4]. 

Array Element 

Wavefront 

Figure 2. Wavefront incident on a linear array at an angle 0^. 

It is important to note that, as in traditional downconverted balanced detection, sufficient path length 
matching needs to be done only for the IF frequency (160 MHz). In our system the time delay from the LO input to 
the RF MZM was = 244 ns (the EDFA provided 40 m of the fiber delay) and the time delays from the RF MZMs to 
detectors were = 53 ns (10.6m). The trombones provided the necessary flexibility needed in testing our system. 

An example application of this 4-channel phase detection system is determination of a signal's angle of 
arrival (AOA) to an antenna array [4]. The angle of arrival of an incoming plane wave can be determined by 
measuring the phase delay among the channels of the optical downconverter, as shown by Eq. (3), 

<t>n = 2imd sin 0p / X (3) 
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where <pn is the phase delay of the n* channel (far field conditions), d is the antenna element spacing (assuming a 
linear array), A is the wavelength of the incoming plane wave, and 6 p is the angle of arrival of the free space 
traveling RF wave (Fig. 2). Assuming that the linear array elements are placed optimally (d = Vi A), the electrical 
phase shift is given by Eq. (4), 

</>„ = nnsin 0P (4) 

In the characterization of the optical downconverter, we used an RF synthesizer and trombones to introduce 
appropriate phase delays (<j>„) at the input port of each channel to simulate the arrival of a plane wave at an angle 
op to our array. For AOA applications, electrical phase error limits the angular resolution of the optical 
downconverter. Additionally, broad band operation will require more sophisticated antenna spacing. 

Taking the differential of Eq. 4, the angular resolution is given by Eq. (5), 

<*e = o* (ß a cos 6p)~' (5) 

where ag is the angular resolution, o^is the electrical phase error, ß = 2x/X, and 'a' is the distance between the first 
Figure 3. 160 MHz downconverted phase detection in 4-channels for an 18 GHz input RF signal. 

5 10 
Time (ns) 

and last element in the linear array (in this case a = 2d =A). Figure 3 shows the four channel downconverted signals 
at an IF of 160 MHz amplified by the limiting amplifiers. Channel 1 is used as the reference channel and the other 

0.4 0.6 
Time ((is) 

Figure 4. Simultaneous frequency modulation detection of the 18 GHz RF carrier at a rate of 3,4, and 5 MHz in 
three of the downconverted channels. 
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three channels have their RF phase shifted by about 45°, 90°, and 135° at 18 GHz relative to channel one. These 
values would correspond to an angle of arrival of 14.5°, 27.5°, and 48.6° respectively. A RF power of-5 dBm was 
fed into each of the 4 channel MZM RF ports. With these power levels a phase stability of approximately 2° was 
measured using an oscilloscope. 

For our simulated antenna conditions, using this RF signal at 18 GHz and an IF signal at 160 MHz, the 
optical downconverter has a calculated minimum resolution (at broadside) of oe = 0.5° for our measured value of 
<fy= 2. 0° . Previously we have demonstrated input RF sensitivity of -66 dBm for a measured phase error of 2 0° 

(rms) [5]. 
Of particular interest is the ability of this system to also provide simultaneous phase or frequency detection 

between any of the 4 channels. This is useful for characterization of the sensitivity of such a system since it is 
generally easy to introduce FM modulation. In Fig. 4, three of the channels have their 18 GHz carrier frequency 
modulated at 3, 4, and 5 MHz relative to the reference channel. The I/Q video phase detectors see this frequency 
modulation as phase modulation providing a stable signal of the modulation wave. 

IV. Conclusion 

In conclusion, a 4-channel optical downconverter capable of detecting AOA has been tested. With a 
measured RF phase error of 2° (at 18 GHz) the phase error in AOA (at broadside) would only be 0.5°. This system 
shows promise as a viable alternative to traditional microwave systems since it has the ability to remote the input RF 
sensor location great distances from all other system components. Great flexibility is also shown by this system in 
its ability to also simultaneously detect RF phase or frequency in its independent channels. 
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Coherent optical beamforming [1] is particularly advantageous in multi-beam mobile phased array communications. 
Systems of this type employ a pair of phase locked optical carriers with a difference frequency equal to the required 
microwave signal. In this work a packaged diode-laser OPLL sub-system has been constructed for evaluation in a 
proof-of-concept optical beamforming system. The loop has been implemented with laser diodes, micro-optics and 
wide bandwidth electronics to give optimum phase noise performance. The laser diodes are designed for narrow 
linewidth, wide bandwidth and high FM-efficiency, whilst the main challenge in the construction of the packaged 
OPLL is the realisation of a high gain loop, with a small propagation delay. 

OPLLs are of interest because of their potential to significantly reduce the relative phase noise of a pair of 
frequency-locked lasers, resulting in the optical generation of high spectral purity microwave signals. A schematic 
diagram of an OPLL is shown in figure 1. The system is similar in design to a conventional electronic phase locked 
loop. The optical microwave carrier output is generated from the beat signal formed between the two lasers, which is 
detected by the photodiode acting as an optical mixer. The resulting microwave signal is amplified and its phase is 
compared to the reference signal from the local oscillator. This process is performed using a microwave mixer, 
resulting in the loop phase error signal which is used to tune the frequency of the slave laser, forcing it to track the 
master laser with a frequency offset equal to the desired microwave frequency, therefore ensuring that the relative 
phase noise of the lasers is significantly reduced. 
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Figure 1: Schematic representation of an optical 
phase locked loop (OPLL) 
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Figure 2: Schematic representation of the module 

Several laboratory systems have been built using narrow-linewidth Nd:YAG lasers [e.g. [2]) but these devices are not 
well suited to communications equipment due to their large size and poor electrical efficiency. OPLLs based on 
semiconductor diode lasers can be much smaller, more rugged and more efficient. On the other hand, a diode-laser 
OPLL [3,4] requires much wider loop bandwidth and special attention is needed to the tuning characteristics and 
linewidth of the laser diodes. We have constructed a packaged diode-laser OPLL subsystem for evaluation in a 
proof-of-concept beamforming system. This involves optimization of the loop design, and development of custom 
single-frequency laser diodes with the necessary linewidth, frequency modulation and tuning characteristics. An 
important design parameter for the OPLL is the loop propagation delay, which must be minimised to give the 
necessary phase noise improvements. Consequently the physical dimensions of the OPLL must be reduced as much 
as possible. Therefore the optical parts of the OPLL consist of a micro-optic assembly, and the wideband loop 
feedback electronics have been implemented using discrete microwave components. Each laser has a miniature 
collimating lens and optical isolator. Other miniature lenses are used to focus the optical signals into the fibre and 
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photodiode. A 20 GHz photodiode and a GaAs HEMT travelling wave amplifier MMIC are used in the front-end. 
A 4-14 GHz mixer is used to generate the phase error signal and the loop filter is a simple phase-lead low-pass RC 
design. 

In order to achieve the subsequent optical phase-shift processing for antenna beamforming, the two optical signals 
must be arranged with orthogonal polarisation states. Semiconductor lasers emit light in the TE polarisation only, so 
X/2 plates are used to rotate the polarisation of the laser beams. A polarisation beamsplitter is then utilised to divert 
a small proportion of the light onto the photodiode and generate the phase error signal. The larger proportion of the 
two beams is coupled into PM fibre for use in a coherent optical beamforming system. Efficient wavefront overlap 
of the two beams is required to give a strong microwave signal from the optical mixing in the photodiode. The 
resulting OPLL design has been implemented in a custom opto-electronic package suitable for use in an optically 
controlled phased array communications antenna system. The OPLL module implementation is represented in 
figure 2. 

Key design parameters and the measured performance of the 
loop have been summarised in table 1. The use of micro- 
optics has enabled a compact loop to be implemented, having 
a loop propagation delay of 400 ps. The locked OPLL 
output signal is shown in figure 3 for an LO frequency of 9 
GHz. At this frequency the acquisition range is 400 MHz. 
The total measured phase noise variance is 0.05 rad2 and that 
within the 15 MHz system bandwidth is 0.001 rad2. The 
CNR is 95 dBc. Figure 4 shows the acquisition range for 
various LO frequencies indicating that the loop will operate 
from 7 to 14 GHz. 

Loop propagation delay 400 ps 
Loop gain 0.5 GHz 
Loop bandwidth 70 MHz 
Summed laser linewidth 6 MHz 
Laser FM efficiency 2GHz/mA 
Total phase variance 0.05 rad2 

Phase variance (15 MHz bandwidth) 0.001 rad2 

CNR (1 Hz bandwidth) 95 dBc 

Table 1: Key OPLL module parameters 
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Figure 4: Acquisition range v. LO frequency 
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Introduction  

A previous paper [1] has described an optical beam-former which used a liquid crystal spatial light 
modulator (SLM) to impose the required microwave phase shifts on the output from one laser. This 
was subsequently combined with the output from a second laser, in a conventional beam-splitter 
arrangement, before being split into individual signals by a lenslet array for transmission by optical 
fibres. Optical detectors then recovered the laser difference frequency and phase, and microwave 
amplifiers raised the signal level before application to the elements of a phased array antenna. 
A minor complication was the need to incorporate imaging optics between the SLM and lenslet array 
to avoid cross-talk through diffraction of the individual beamlets. 
This free-space optical arrangement [1] which has been used to verify the principles of the beam- 
former, is quite compact, and has proved very reliable and stable in the laboratory, requiring no 
adjustments whatsoever over periods of many months. However, this paper describes a refinement 
which offers further advantages over the first implementation. By combining the two lasers with 
orthogonal polarisations in a commercial polarising beam splitter, the need for mechanical alignment 
stages was eliminated and the system made more compact and rugged. The combined laser outputs 
are passed over a common path through an SLM, which modifies the phase of only one polarisation 
component. The use of a polariser with axes at 45° to each polarisation vector allows the two 
components to be combined with a common polarisation component, as is necessary to recover the 
difference frequency on the subsequent photo-detectors. This configuration allows the output of the 
SLM to be fed directly into the lenslet array, minimising diffraction and eliminating the need for the 
imaging stage used in the original beam-former. The net result is a very compact and stable assembly 
with improved performance over the original beam-former because it uses fewer components and has 
a shorter and common optical path. 
Measurements of the SLM phase control characteristic with varying polarisation are given, together 
with measurements of the overall performance. 
As the liquid crystal SLM has a very slow response an alternative faster approach is also described, 
which uses a micro-machined silicon transducer to provide the control of phase. 

Beam-former configuration 

The new beam-former reported here makes use of a particular characteristic of a linear nematic liquid 
crystal phase control SLM, in that it only produces a phase shift of vertically polarised light while 
horizontally polarised components pass through the SLM unaffected. 
Measurements were made on the SLM, which had been used in the previous beam-former [1] to 
determine the effect of angle of polarisation on the phase control characteristic. The results confirmed 
that the full range of phase control was available at 0° polarisation and there was a minimal effect on 
the orthogonal polarisation. 
Figure 1 is a schematic of the new beam-former. Lasers 1 and 2 were Lightwave Electronics Model 
125 units, each operating at a wavelength of 1.3 microns and providing an output power of 200mW 
into single mode optical fibre. The laser outputs are combined in a polarisation combiner 
manufactured by Optics For Research, (type number PFS-3-1310-Y-Z), with polarisations set such 
that Laser 1 is horizontally polarised at the SLM and Laser 2 vertically polarised. A single lens 
collimates the combined laser signals to produce a circular beam having a diameter of approximately 
4mm. A standard anamorphic prism assembly, manufactured by Melles Griot, with a beam 
compression ratio of six to one, was used to reduce the beam height to 0.67mm to improve coupling 
to the linear fibre optic output array. A polariser was mounted at 45°at the output of the SLM so that 
the optical detectors could recover the laser difference frequency. 
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As the beam-splitter of ref. [1] is absent in the new beam-former, it was possible to mount the lenslet 
array sufficiently close to the SLM so that there was negligible cross talk between channels due to 
diffraction. The actual dimension was 14mm, at which position there was negligible diffraction as 
expected from the 250-micron diameter beamlets. 
The output from one of the microwave detectors was used to stabilise the laser difference frequency 
against a stable microwave reference. 
The phase control characteristic of the SLM was measured at a frequency of 1GHz and the results 
are shown in Figure 2 compared with those for the original beam-former. There is a very small 
difference between the two sets of results, confirming that the SLM does not influence the phase of 
the horizontally polarised laser signal. 
Microwave output power levels from individual photodetectors were measured at 10GHz and a 
maximum of-16dBm was recorded, using 200mW lasers, compared with an equivalent figure of 
-39dBm, using 40mW lasers, for the original beam-former [1]. Allowing 14dB for the difference in 
laser powers, the new beam-former gave an increase in output power of 9dB over the original system. 

Micro-machined silicon SLM 

The liquid crystal SLM used in the above experiment is   slow in operation, taking a fraction of a 
second to settle after a phase change. This may be acceptable in phased arrays used in 
telecommunications, but would be unsuitable for most phased array radars. 
Micro-machined mirror arrays [2] provide a viable alternative to the liquid crystal device as an SLM 
Already systems using thousands of bi-stable amplitude modulating mirrors are in production for 
display applications [3]. 
Consisting of a flat mirror suspended by flexure beams, as shown in Figure 3, and manufactured 
using micro-machining techniques, this form of SLM is highly efficient and directly applicable to the 
optical beam-former. The displacement of the mirror is controlled by an electrostatic charge, which is 
produced by an applied voltage of up to 20volts. A range of devices has been produced within DERA 
e.g. using polysilicon and aluminium on nitride processes, having mirror sizes from 0.1mm to 1mm 
square. A typical sensitivity for a 0.1mm square polysilicon device is 18nm/volt, with a frequency 
response, which is shown in Figure 4, in excess of 50kHz. 
The micro-machined SLM can be fabricated to match the single row of pixels and spacing of 
250microns used in the original beam-former. Equally well, two-dimensional arrays can be made to 
meet larger antenna array requirements. 

Optical beam-former using micro-machined SLM 

One possible configuration incorporating the reflective micro-machined SLM is shown in Figure 5. The 
combining of the two orthogonal beams from Lasers 1 and 2 and subsequent beam shaping, is 
identical to the liquid crystal SLM beam-former described above. 
The combined beam is applied to a polarising beam-splitter, which separates the two beams, one 
passing to a plane mirror, the other to the reflective SLM. Each beam also passes through a quarter- 
wave plate which rotates the polarisation through 90° in a double pass. The pixels of the SLM have 
their relative positions set by control voltages, which vary the path length of each section of the beam, 
in this case every 250microns, to give a corresponding phase shift to each section of the beam. The 
two reflected beams are combined at the face of the beam-splitter, from which point they pass out 
through the lenslet array as in the beamformer of Figure 1. 

Conclusions 

The experimental compact beam-former has demonstrated that an improved performance, over the 
original system, can be obtained with a much simpler and more compact optical arrangement. Output 
power has improved by 9dB through the use of fewer optical components and alignment adjustments. 
The SLM phase control range has been maintained without any degradation caused by passing both 
laser beams through the SLM. 
The method of combining the two laser signals using the fibre polarising combiner, allows much more 
flexibility in shaping the beam before it is applied to the SLM, as the resulting optical format is 
common to both laser components. 
The reflective micro-machined SLM provides a much higher speed of operation than the liquid crystal 
device and is readily incorporated into the optical beamformer.   It will have many more applications 
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than just that of photonic beamforming, e.g. in pattern recognition and adaptive optical phase 
compensation. 
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Abstract 

We propose a novel, prism-like optical device using a Gires-Tournois resonator (GTR) whose front surface 
mirror is coated with a pre-defined reflectivity profile. It can function as variable linearly increasing phase 
shift array (LIPSA) for single-control microwave phased array antenna (PAA) using heterodyne 
configuration. One important feature of this device is that it requires only one parameter to automatically 
adjust the respective phase shift of the rest of the elements in the array. This feature can drastically reduce 
the number of components in PAA system. Numerical results showing the coating profile and phase 
response are discussed. The associated set-up for microwave phase array transmitter is also presented. 

I. Introduction 
With the rapid progress and development in 

mobile, wireless and satellite communication 
technologies, there is an increasing demand for new 
photonic-based variable phase shift or true time- 
delay mechanism that can make the phased array 
antenna (PAA) system simple, compact and 
lightweight. 

Many optically-controlled microwave phased 
array antennas have been proposed using different 
schemes [1-2] that has improved many aspects of 
conventional antenna. Unfortunately, these 
optically-controlled antennas are still constraint by 
size, weight and volume due to (now!) numerous 
supporting optical and electronic devices necessary 
to control individually the N-delay lines or N-phase 
shifters in PAA. In general, an electronic control 
unit (ECU) per phase shifter, or a switch per 
delay-line is required for individual phase/time delay 
adjustment. Furthermore, a master computer, 
sophisticated algorithms, interface devices, and 
other supporting elements are required to assemble 
the beam forming network (BFN) which controls 
all ECUs or switches in PAA. This BFN becomes 
complex, huge and slow as the number of elements 
increases. 

The main goal of this work is to propose anew 
photonic device which can function as variable 
linearly increasing phase shifter array (LIPSA) for 

PAA application. One important feature of this 
device is that it requires ONLY one parameter (as 
opposed to N parameters) to automatically adjust 
the respective phase shift of the rest of the 
elements in the array. Using this single device under 
an optical heterodyne arrangement, the phase- 
steerable PAA system can be made simple, compact, 
and lightweight. Some additional feature of this 
method are (1) absence of sophisticated computer 
and complicated beam forming control algorithms, 
and (2) possibility of a nanosecond steering speed. 

H. Principle of the Proposed Device 
Our proposed device is a modified Gires- 

Tournois resonator (GTR) [3] whose front surface 
is coated with pre-defined reflectivity profile. A 
conventional GTR[4] is basically an asymmetric 
Fabry-Perot resonator with partially reflecting 
front surface Ml and 100% reflecting back surface 
M2. Schematics of the proposed device where Ml 
of GTR is replaced by a graded-reflectivity mirror 
(GRM) R„ is shown in Fig. 1. For explanation and 
clarity purposes only, abeam splitter BS is included 
in Fig. 1 in order to spatially separate the incident 
electric field, Einc from the reflected electric field 
Eref (or reflected beamlets BrB^). Heren stands for 
the position along a coordinate (1-D for simplicity) 
in the surface of the coated mirror. Furthermore, 
the resonator length is chosen to be much smaller 
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than the effective GRM's radii [5] so that plane 
wave approximation model can be employed. 

Einc(^o) I 

I 

M1(=GRM) M2 
(Graded Reflectivity Mirror) 

( ^     Ö 

>s l '*■ 1 

-X 

Fig. 1. Schematics of the proposed device—LIPSA using GT resonator 
with suitable graded or discrete reflectivity profile coated onto mirror 
Ml. By simply changing the resonator length d, the output phase 
profile of the incident beam £/« can be steered. 

The complex reflection coefficient and the 
reflected phase shift 0„ of the n-channel in the 
proposed device are given as [3] 

&e ie„  _ Eref 

E,. 
= eJV„ Pn+e .KV„-20„> 

[1 + P.e 
KV„-26J ,A=i(i) 

0„ = -7ian' 
ftanjk d){eos(yn) +VR;}-Cos(y„) tan(Va)\2) 

v{Cos(y„)-^} + Cos{yf„)tan(y/a) tan{k d)> 

where ßn (=1) is the amplitude reflection 
coefficient, p„(=-R„'/2) is the reflectance, 6„= 
2itr]d/X- kr\d, d is the resonator length, X is the 
wavelength, r\ is the refractive index (=1 for 
simplicity) of the material inside the GTR, and \jf„ is 
phase angle of the n-channel due to coating in the 
array. 

Given a well collimated monochromatic plane 
wave X0 incident normal to the proposed device, the 
uniform phase distribution of the incident wave can 
be transformed into specific phase shift pattern if 
the reflectivity across the front surface Ml is 
coated with suitable spatially varying reflectance R„. 
In order to generate a linearly increasingly phase 
shift across the different channels, we impose five 
conditions. First, we assumed that incident beam 
and all the components are perfectly aligned to 
avoid beam walk-out during multiple reflections 
inside the resonator. Secondly, we used Xn/4 
multiple coating fabrication or technology on Ml 
so that \j/„= 2im. This leads to Tan[y/„]=0 and 
Cos[yn]=l f°r a'l "> and simplifies the reflected 
phase shift 0n into 

0„ = -2 tan -i 
1 + . 

=tan(k d) (3) 

Thirdly, we required that the coating profile R„ to 
be given by 

f(Tan[k0nAl/2]-Tan[k0d])]" 
R„ = <l(4) 

[ (Tan[k 0 nAl/2] + Tan[k 0 d]) 

with Al being the parameter that need to be chosen 
to set the minimum phase shift andk0=27t/ho with 
X0 being the wavelength value used in the coating 
fabrication. For a given fixed Al and k0, there are 
many profiles R„ that can be generated depending 
on the initial choice of the resonator spacing d=z0. 
Some of these profiles R„ are shown in Fig. 2. 
Coating profile may be continuous or discrete 
depending on the requirements of the application. 
A proper choice of the value of d is necessary to 
obtained a physically meaningful result in which the 
resultant R„ must be less than or equal to 1. 
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Fig. 2. The various reflectivity profiles R„ that can be coated onto Ml 
to obtain an increasing phase shift values for the reflected beamlets 
(B,-B„) for different resonator spacing z0 (q is integer). 

By substituting (4) into (3), the resultant 
reflected phase shifts across the different channels 
can be expressed as 

(5) (tan (k0 n Al/2)     ,     ^ 
0n(Alo,zo,Ao,d,n) = -2ten- 

^    ta/i(k0 z0) 

where z0 is again the initial resonator spacing used in 
the calculation of reflectance R„ arvAk=27t/X with X 
being the wavelength of the actual incident beam. 
Fourthly, we assumed that value of AL is very small 
in order that tan"'(A:0 nmaxAL/2) ~ k0 nmax AL/2. 
Lastly, we imposed that the parameters AL, z0 d and 
n are chosen properly such that 

^0 nmax Al/2 
tan(kQ z0) 

tan(k d) <w„ (6) 

where w0 defines the overall accuracy of the 
linearity and the maximum channel nmaxfor a given 
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z0, d and AL. The value of w0 is usually less than 0.5 
so that 0„ ~ tan"'(w0) ~ w0 for all n < nmax. With 
these assumptions, 0„ can now be written as 

en(Al0,zo,A0>d,n)«-^M^k0Aln   (7) 
v tan(k0 z0) 

which shows clearly the linear dependence of 0„ on 
the channel number n. We will refer to this 
proposed device as LIPSA since it can function as 
variable linearly increasing phase shift array. 

ffl. Properties of LIPSA 
We can observe the following important 

features of LIPSA. First, LIPSA is functionally 
similar to a tillable prism-like optical device. It 
requires only one parameter to automatically adjust 
the respective phases of the rest of the elements in 
the array. By simply changing doi LIPSA within a 
specified range Ad (<Xo), the slope or tilt of the 
wavefront can be changed An excellent linearity 
between 0„ and channel n could be obtained up to 
certain maximum nmm. as shown in Fig. 3. 
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Fig. 3. Reflected phase shift of LIPSA as a function of channel n for 
different resonator spacing d. These curves are obtained using (5) that 
gives A0 ~ Jtfö when z0= X<,/8 (a) and A9 ~ 27^9 when z0 = V10 (b) 
(q is integer). 

With regards to the angular deflection 
coverage of LIPSA, the maximum angular tilt 
AQmax is a function of the choice of the coating 

profile due to z0 and channel number nmax. There is 
a trade-off between AQmax and nmax which is 
contained in (6). As shown in Fig. 3, the AQmax is 
equal to 7t/6 (=30 deg.) at nmax= 40 when z<,= XJ8 (a), 
and is equal to 2rc/9 (=40 deg.) at nmax=30 whenz0 = 
XJ10 (b) given the same w0 = 0.47 criterion. 

The coating profile calculated with spacing z0 

is periodic with respect to a multiple ofko/2. This 
means that a profile generated with an initial 
spacing z0 can be reproduced if a new spacing z is 
equal to z0plus qX0/2. Here q is an integer. Lastly, 
for a given fixed value of qXg/2 the choice of z0 

affects the effective channel number that can be 
used The shorter the length z0 the lower the 
number of channel before R approaches zero. This 
is clearly seen in the case of curve (a) compared 
with curve (e) found in Fig. 2. 

Note that in the above discussion, we assumed 
that the incident Ais equal to wavelength used in the 
coating process (X=Xo or AX=0). If the incident A- is 
detuned from Ao (AX^-XQ), then the nmax will be 
lower and A0max will be narrower. 

IV. Proposed Phased Array Transmitter 
Our prpposed phased array transmitter is 

based on phased-steering method using coherent 
optical heterodyning[6]. The set-up is made up of 
two parts; (1) the heterodyne module, and (2) the 
transmitter module. The heterodyne module 
consists of a modified Michelson interferometer 
(MI) in which one of the typical reflecting mirror is 
replaced by LIPSA, and a microwave or RF 
modulator (FM) is inserted in one arm of MI as 
shown in Fig. 4. Furthermore, abeam expander and 
lenses are used for collimation of the laser beam 
operating at X0. 

As shown in Fig. 4, an incident light is beam 
expanded, collimated before it is split into two 
beam#l and beam#2 of equal intensity by 
beamsplitter BS. Beam#l propagates through arm 
LI, frequency shifted by an amount Q by FM, 
reflected by M3, and frequency shifted Q again as it 
travel back toward BS. While beam #2 propagates 
through arms L2, phase shifted by LIPSA and 
subsequently reflected back toward BS. Then both 
beams are coherently added, and detected by an 
array of PD that give an output normalized current 
signal in 
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i„ <* Const   Sin2 '2Qt + 0n(d) 
(8) 

This heterodyne module performs three 
generic tasks: (1) to introduce or superimpose the 
microwave or RF signal into the carrier wavelength 
(k0) using a modulator (FM), (2) to generate an 
optical linearly increasing phase shift difference 
inside MI using LIPSA and, (3) to convert these 
phase differences into microwave phase shifts at 
the detector output as given by (8). 

These detected current signals i„ are then 
passed to transmitter module consisting of array of 
(i) photodetectors (PD), (2) receiver / transmitter 
(R/T) modules, and (iii) antenna for beam steering. 
Note again that under this arrangement, the optical 
phase shift 0„ due to LIPSA functions as a spatially, 
linearly increasing microwave phase shifter array at 
the detector's output. In our derivation we assumed 
the whole system to be lossless, and the MI arm 
length difference is zero. 

LIPSA 

V     '  V      ' ^   Antenna 

Fig. 4. Set-up for microwave phase array transmitter in which LIPSA 
is used as microwave phase shifters in Michelson interferometer 
arrangement for coherent optical heterodyning. By simply changing 
the resonator length of GTR, the microwave phased array antenna can 
be steered. 

V. Conclusion 
There are many advantageous properties of 

the proposed LIPSA-based phased array antenna / 
transmitter. Fist, one unique characteristic of this 
scheme is the absence of numerous phase shifters 
and its associated controllers. By simply increasing 
or decreasing the GTR length, it automatically 
adjusts the respective phase shift of other elements 
which subsequently steers the microwave phase 

array antenna. Furthermore, no sophisticated 
computer and advanced beam forming control 
algorithms are needed All these features can 
drastically reduce the needed components, size and 
weight of PAA system. 

Secondly, if GTR is assembled using E/O 
material, steering speed at nanosecond range is also 
possible. Thirdly, the effective microwave 
frequency shift will be doubled because of the 
double-pass propagation of the laser beam in MI. 
This arrangement allows the typically low 
frequency (~ 800MHz) acousto-optic (AO) 
modulator to be used for higher microwave 
(~1.6GHz) signal applications. In principle, the 
maximum scanning range A0max with good linearity 
is limited by coating profile, and maximum channel 
number. However, by cascading two or more LIPSA 
devices, it is possible to increase the range of A0maK. 
Construction of the device and its 2-D version using 
bulk, planar waveguide circuit, and MEMS 
technologies are straightforward Lastly, we note 
that the device can also function as true-time delay 
element[7]. 
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ABSTRACT 
We propose and experimentally demonstrate an optical architecture, performing processing of the trans- 

mit/receive modes of a phased array antenna. It is based on the optical generation and distribution of a 
microwave local oscillator, matched in frequency and direction, to the received signal. 

1    INTRODUCTION 
For optically time-delay controlled antennas, opto-electronic elements must be able to handle high power 

microwave signals. On the other hand, they have to be able to detect very low target signals. Such two 
antagonist characteristics are difficult to attain over large bandwidth with currently available opto-electronic 
components. In order to overcome the dynamic range limitation, we have developped the matched local 
oscillator architecture (MLOA), in which an optically carried microwave LO is used for mixing with the 
received microwave signals.1 The operating principle is shown on figure 1. In the transmit mode, two cross- 
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polarized optical beams are excited by two microwave signals at frequencies fe and JLO respectively. These 
carriers travel through a 2D time delay network, similar to the one of reference.2 It is a set of spatial light 
modulators (SLM), polarizing beam splitters (PBS) and prisms. The pixels of the SLMs act as polarization 
switches, the PBSs swith the beam along one of the possible paths towards or not the prisms. The delay is 
determined by the position of the prism. The delay law applied by this network controls the scan angle of 
the transmitted signal and the antenna far-field pattern. The delay law experienced by the LO is chosen to 
be complementary to the transmitted signal, so that wether one of the two beams (carrier of frequency fe or 
JLO) is delayed by r* along channel k, the other (cross-polarized) is delayed by TM -Tk, TM is the maximum 
time delay. At the output of the 2D time delay network, all the carriers are splitted in two paths. One will 
provide the signal to transmit, the other one the microwave LO signal to be mixed with the received signal. 
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2    THE CASCADED DOUBLE-MIXING    • 
In radar applications, because of jamming, the LO frequency must, stand out of the radar bandwidth A/. 

Unlike the ideal homodyne detection, there is, in the receive mode, a phase difference between channels, 
which disables all the channels to be added in phase. An original approach to minimize this phase difference 
is to use a cascaded double mixing. This leads to a lower intermediate frequency than this of the single 
mixing.   We propose to generate the LO in two successive steps (Figure 2).   The first step will provide 

the channelized LOs with fio = fe- Then, these signals are mixed with in-phase microwave signals at an 
intermediate frequency ft > A /. It provides on channel k a resulting LO of phase: 

4>tu(t)  =  2*(fe-ft)t - 2*fe(TM-n) (1) 

which is mixed, in the second step, to the corresponding component of the received signal. The result of this 
double mixing is a signal of phase: 

(2) 4>k(t)  =   -2ir(fD + fi)t  - 2nfe(rM-2T)  + 2irfD(2T-rk) 

The phase difference between two channels j and k is now reduced to: 

&<t>ik   =  2nfD(Tk-Tj) (3) 

with fD the Doppler frequency due to the target velocity (fD of the order of 10 kHz). Thus, the phase 
difference remains smaller than 1 mrad, to be compared to a prohibitive maximum phase error of 47r, in case 
of a single mixing with a 32 x 32 elements antenna at central frequency f0= 3 GHz, bandwidth A/// of 
30% and scan angle of ±30 degrees. 

3    EXPERIMENTAL RESULTS 
We have implemented an experimental setup equivalent to an antenna which consists of two trans- 

mit/receive modules and two delay blocks (giving four different delay values). On each channel, a single 
frequency laser beam is modulated at the appropriate RF frequency by an acousto-optic Bragg cell. The 
beating signals are detected by fiber pigtailed photodiodes, amplified and displayed onto an digital oscillo- 
scope. The received signals were directly generated using time delays that simulate propagation towards the 
target and reflection towards the antenna. The phase difference between the longest and the shortest paths 
is smaller than 10 ps (limit of range of the oscilloscope) and so, permits in-phase addition of the received 
signals. 
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Introduction 

The ultra-wideband and low loss transmission capabilities of optical fibers has led to 
rapid progress in the area of optical interconnections for microwave and millimeterwave systems, 
such as optically fed antenna systems, millimeterwave wireless communication, distribution of 
CATV or multimedia services, high-speed LANs and computer networks [1,2]. 
In this paper we discuss advanced microwave photonic devices to be used as optical/electrical or 
electrical/optical power converters. Special emphasis is laid upon high-speed and high-efficiency 
components providing optical link gain, as well as upon multifunctional and SEED devices 
leading to a largely simplified link design. 

Broadband optical links 

The fundamental concept of a unidirectional millimeterwave optical link system is 
sketched in Fig. 1. The basic building blocks are the electrooptical (E/O) modulator and the 

optoelectronic        (O/E) 
(~~) | . detector   both   used   as 

power converters. A key 
idea of this system is the 

^/f/" use of two laserdiodes 
' (LD), LD1 to provide the 

optical carrier for the 
signal transfer and LD2 
to provide dc power 
transfer for the amplifier 
(A) and the O/E 
converter via the 
photovoltaic cell (PVC). 

LD 1 

Signal < 

MOD 5 D. 

LD 2 

central station base station 

Fig. 1: Optical millimeterwave downlink 

Defining the slope efficiencies of the converters of an IMDD link according to Cox et al. [3] by 

SEIO = (AP / M)in and S0/E = (A/ / AP)oul (1) 

where AP and AI are the change of optical power and electrical current, respectively, we obtain 

0-7803-4936-9/98/$10.00 © 1998 IEEE 153 



the link gain from 

s - —      (SE/0S0/E) 
KMOD (2) 

with the resistance of the detector, RDET, and the modulator, RMOD- It has further been pointed 
out, that in case of an MZI modulator link gain can be achieved because SE/O ~ Popt, the optical 
input power. Using an EA modulator instead, we obtain 

SE/0 = M'RMOD-Popt 

with 

M = tM exp(-aL) 
djccL) 

dV 

(3) 

(4) 

where tM is the fiber-to-fiber coupling efficiency, a the absorption coefficient and L the device 
length. 

Microwave photonic devices 

Because of their inherent capabilities of high input powers and high power conversion 
efficiencies in an ultra-broadband frequency range at a tunable characteristic impedance we have 
studied especially the behavior of traveling wave (TW) devices as shown in Fig. 2. 
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Fig 2: Traveling-wave photonic devices for high-speed ultra-broadband operation: 
(a) waveguide and (b) vertical structure 

Optically, two concepts have been studied, the optical waveguide and the vertical structure 
incorporating a microcavity between two Bragg mirrors [4]. A TW-MOD has been realized with 
cut-off frequencies > 60 GHz [5]. This device exhibits a value of M=0,5 V"1 at Popt=10mW. 
Vertical electroabsorption TW-MOD have shown cut-off frequencies >40 GHz and a pronounced 
linearity with M=0,05 V"1 in eq. (3), [6]. Additionally, TW-DET have been developed exhibiting 
a value of S0/E > 0,3 A/W in the range 20-60 GHz [7]. 
Using a TW-Photoconductor as a DET element, the dc power can also be converted into 
millimeterwave power and the devices behave as an optically controlled electrical modulator. In 
this case we calculate 
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>0/E *D. V- 
R 

(5) 
DET 

with 

D = tDexp(aML) d{au
L) 

dP 
(6) 

opt 

Here tD=exp(-aML) are the microwave losses and OCM the microwave absorption. In the above 
mentioned TW-DET we have D=0.1 mW1 at Vdc=10V. The overall link gain would be g=25 for 
RMOD=RDET=50 Q. 

Multifunctional and SEED devices 

JL 
=» 

(a)     transmit mode    <W 

When the optical link of Fig. 1 is to be used as a bidirectional system, four different 
element functions are are used: Two E/O and 
two O/E converters each for the transmit and 
receive mode. The situation is sketched in Fig. 3. 
For the transmit mode as described above the 
elemtents of Figs. 3 (a) and (b) are required, 
whereas in the receive mode the elements of 
Figs. 3 (c) and (d) are needed. Note that all 
elements of Fig. 3 are „hybrid" transistor 
structures, e.g. (a) optical modulator in 
transmission with optical bias and electrical 
control, (b) electrical modulator with electrical 
bias   and  optical   control,   (c)   optoelectronic 

JL 

Bias voltage In V 

(c)     receive mode     W 
Fig. 3:      Multifunctional      devices      for 
bidirectional   links   with   optical/electrical detector ^th optical bias and control, and (d) 
input and output ports electrooptic modualtor with electrical bias and 

control. Note further that the above mentioned 
EA modulator, waveguide or vertical, behaves simultaneously as a photodetector here as a 

photoconductor. A measured characteristic 
of a device is shown in Fig. 4 where SO/E 

has been determined from the photocurrent 
arising from the optical absorption. Such a 
multifunctional device can be used as a 
transceiver in the basestation [8]. 
Moreover, as a result of this self- 
interaction process a device with a positive 
internal feeedback results leading to a clear 
nonlinearity, of the physical mechanism in 
a transistor. Such a device is sketched in 
Fig. 5 where Pjn and Pout are two optical 
ports   and   V    and    I   two   electrical 

-1 -2 -3 

Bias voltage In V 

Fig. 4: EA modulator used as a detector 
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i Pout 

parameters. Such a device is well known 
from nonlinear optics and called „SEED" 
(=self electrooptic effect device) [9].Such 
a device can provide high internal gain 
when used as an O/E or E/O converter 
(Figs. 5 (a) and (b) or even as an „optical 
transistor". Corresponding experiment 
have been published over 10 years ago 
[10]. We propose here to use the TW EA 
modulator from Fig. 2 as a TW-SEED for 
all   functions   of   Fig.   3   leading   to 

Fig. 5: Multifunctional devices based upon an EA jS^S*      *?*? r ?"*%     *" 
MOD with internal feedback. O/E (a) and E/O (b) ^^f   T       Ma  ^  gaUL 

characteristics and optical/electrical bistability in (c).    t    ^    J' ^     °f    ****** 
bistabihty found m those devices, of Fig. 
5 (c), such a TW-SEED may become a 

key element in digital links. 

Conclusion 

In summary, advanced microwave photonic devices for optical links have been studied in 
this paper. A key device is the EA modulator which can provide multiple functions in a 
transceiver. Additionally it can lead to high gain similarly to a hybrid transistor, where both 
analog and digital applications are foreseen. 
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Abstract 
We report the concept and first demonstration of a broadband amplifierless, directly modulated analog fiber- 

optic link with an intrinsic gain of+3.8 dB, based on a series connection of diode lasers and a pin photodiode 

I. Introduction 
The RF gain of a fiber-optic link is an important parameter, not only for its own sake, but also because it 

has been shown to set a lower limit on the noise figure of the link [1]. One approach to increasing the gain is to 

reduce the bandwidth. Tuned or bandpass links with positive intrinsic gain have been demonstrated using either 

external [2] or direct [3] modulation. External modulation also offers the option of increasing the gain without a 

gain-bandwidth trade; consequently broadband external modulation links with positive intrinsic gain have been 

demonstrated [4], [5]. However, to date the limit on diode laser slope efficiency imposed by energy conservation has 

limited the intrinsic gain of directly modulated links to be negative, i.e. to have loss. 

A previous attempt to increase the diode laser slope efficiency was the gain lever laser [6]. However, 

device difficulties prevented demonstration of a directly modulated link with positive intrinsic gain; further the 

highly non-linear nature of the gain lever's light-current curve would have limited the dynamic range to unusable 

levels for analog links. More recently the cascade laser has been proposed as a laser with increased slope efficiency 

[7], [8]. In this paper we report the first link measurements on a series connection of commercially available, fiber 

coupled diode lasers. The results confirm that the series connection of lasers, which duplicates the cascade lasers, 

does indeed increase the intrinsic link gain. Here we demonstrate that this technique permits a broadband, directly 

modulated link with positive intrinsic gain. In additional, by biasing the laser cascade near but above threshold the 

correlation among the RIN of the lasers can be reduced, thereby reducing then noise figure. 

II. Theory 

Consider the link shown in Fig. 1. We assume that the laser resistance, RLi, and the number of lasers, N, are 

chosen such that Y R   =R ',e-tnere *s a resistive match with the modulation source. The modulated optical 
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output from each laser, poi, is related to the current flowing through all lasers, i,, by the slope efficiency of that laser, 

s„;   p.ps/i,.      The   optical   outputs   from   all   the   lasers   falls   on   a  common   photodiode;   consequently 

n   = Y p = i V s • The photodiode current, id, is related to the photodiode optical power by the photodiode slope 

efficiency, sd; ia=sd* p,,,. Combining these equations we obtain an expression for the ratio of the photodiode current 
to the laser modulation current: h_ _ s y s ■ When the photodiode load resistance, RL0AD, is equal to the modulation 

source resistance, the intrinsic gain, g.t, is simply equal to the square of the laser and photodiode slope efficiencies: 

8, (1) 

Fig. 1 Directly-modulated analog link with series-connected lasers 

III. Experiment 

To test the above model, six commercially available, fiber-coupled distributed feedback (DFB) diode lasers 

were purchased, mounted and electrically isolated from one another on a common metal plate. The lasers contained 

an internal, 25 ß series resistor, which was shorted out for these measurements. The resulting resistance of each 

laser was measured and found to be about 5 fl. A match to the 50 Q. source resistance was achieved by terminating 

the laser with a 20 Q chip resistor to ground. The fiber outputs of all six lasers were arranged to fall on a common, 

large area photodiode, i.e. no fiber coupler was used. 

The link gain and frequency response were measured using a network analyzer connected to the lasers and 

photodiode. For link measurements with only a subset of the lasers, the fibers of the unused lasers were bent to 

reduce the contribution of those lasers by at least 20 dB. 

The data plotted in Fig. 2 show the gain vs. frequency with the number of lasers as the parameter. As predicted 

the microwave gain increases, i.e. the loss decreases, as the number of lasers increases. Transparency, i.e. g;=l, is 

reached with 4 lasers and positive intrinsic gain is achieved with all six lasers. 

To compare these measured results with theory, we need the laser and photodiode slope efficiencies. The laser 

slope efficiency was provided by the manufacturer.   The photodiode slope efficiency contained the uncertainty 
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caused by the unknown fiber coupling efficiency from the fiber bundle to the photodiode. We elected to select a 

photodiode slope efficiency that matched the measured link gain with a particular laser, then use that same slope 

efficiency for all the remaining calculations. The approach permitted us to confirm the relative improvement of 

adding additional lasers in series. The results of calculations base on this approach are listed in Table 1. The 

agreement between the measured and calculated gains is very good. 

The 3-dB bandwidth of the individual lasers was greater than 3 GHz; the bandwidth of the photodiode was 

greater than 1 GHz. However, the measured link bandwidth was about 60 MHz. The limited bandwidth of the 

measurement is due to the parasitics of the series connected lasers, which were in commercial butterfly packages. In 

principle the bandwidth of a monolithically integrated version would not suffer from these limitations and hence 

have a bandwidth much closer to the bandwidth of the individual components. 
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Fig. 2 Intrinsic gain vs. frequency to lasers listed in Table 1 

Table 1 Measured Link Parameters 

# of Lasers Slope efficiency 
(W/A) 

Intrinsic gain 
(dB) 

Noise Figure 
(dB) 

Measured Predicted 
1 .360 -10.52 -10.52 23.80 
2 .667 -4.98 -5.16 21.23 
3 .980 -1.50 -1.82 19.70 
4 1.315 +0.86 +0.73 18.75 
5 1.633 +2.46 +2.61 18.48 
6 1.892 +3.78 +3.89 17.81 

The noise figure of the link as a function of the number of lasers was also measured and is listed in Table 1. It 

is known that the RIN of multiple lasers is less than the RIN of an individual laser [9]. Applying this result to the 

present case implies that in RIN-dominated links such as these, the noise figure should decrease as the number of 

lasers is increased, which is confirmed by the noise figure data in Table 1. The basis for this effect is the fact that 

since the RIN of each laser is uncorrelated from the others, the combined RIN adds incoherently, while the signal 

adds coherently. 
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IV. Conclusion 

We have demonstrated a directly modulated link with positive intrinsic gain. The bandwidth limitation of the 

present experimental setup can be avoided by a monolithically integrated version of the series connected laser. 
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ABSTRACT 

Fibre-optic analogue links and optically coupled transistors are inherently lossy unless narrow band 
matched. We demonstrate two novel laser devices with enhanced quantum efficiency to overcome 

these losses and produce links and transistors with RF gain. 

I. INTRODUCTION 

In directly modulated opto-microwave links the RF transmission efficiency is dependent upon the quantum efficiency 

of the laser (TJ ) and photodetector (rjpD), and the collection and transmission efficiency of the optics C?7opP plus some 

additional RF matching factors. The current transfer from laser (Ij to photodiode (loJ is 

tourfauyVFO-lpJ-'ln .       CO- 
While much effort has been expended upon increasing the efficiency of the optics and photodiodes the laser efficiency has 
been largely constrained by the need for a high modulation frequency. Systems based upon the alternative architecture of a 
CW laser sources with external optical modulator can show superior performance to directly modulated laser systems but 
require high power laser sources and are more complex to implement [1, 2]. The RF loss in a simple fibre optic link is 
typically 20dB which is dominated by the optical coupling losses, which are difficult to reduce without using lens ended 
fibres or bulk optics which may not be physically robust and are more costly to implement. 

Where 50 Ohm impedance is important narrow band matching of the laser can compensate for the optical losses. 
However, this is unsuitable for broad band systems, for example receivers for broad band antennas. For broad band 
applications lasers are normally matched by using a series resistance which results in considerably reduced RF laser 
currents with most of the RF power being dissipated within the matching load. A related problem is found in high power 
electronic transistor amplifiers. To achieve high frequencies the transistor gate has to be small to reduce thermal and 
capacitance effects. This reduces the current handling capability and hence the maximum power output. To recover power 
many gates are used and combined in parallel in a common base configuration. This has the result of reducing the input 
impedance of the transistor which makes wide band matching difficult. In addition common base transistors do not allow 
current gain, only power gain through impedance transformation which is not be possible if constrained to have a 50 Ohm 
input impedance. 

We describe here two novel series laser configurations which increase the laser quantum efficiency by factors of 10 and 
4. The configuration also results in lasers with approximately 50 Ohm impedances which enable simplified broad band 
matching for fibre optic links or optically coupled with current gain in 50 Ohms configurations. 

II. SERIES ARRAY LASER 

An array of AlGaAs laser diodes were fabricated on a semi-insulting GaAs substrate as shown in Fig. 1 with each device 
electrically isolated from its neighbour. The devices are then connected in series by means of patterned and plated gold 
contact such that the n-side of one laser is connected to the p-side of its neighbour. The threshold of the array was 21mA, 
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an 

/, 

individual     device.     The     RF     transmission     efficiency     is     now     given     by the     same     as     for 

'our^-^LD-^opt^PD- 'in (2) 
where N is the number of lasers connected in series. The resultant laser array has an impedance and forward voltage that is 
the sum of the individual device characteristics. For 500um long lasers, which have a typical resistance of 5 Ohms, 10 
lasers are required for matching to 50 Ohms. The array was tested with a large area Si photodiode as shown in the circuit 
diagram Fig. 2 which is equivalent to an RF fibre optic link or an optically coupled transistor. 
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Figure 1 Series array laser. Each laser is electrically 
isolated on a semi-insulting GaAs substrate but 
connected to its neighbours via plated metal contacts. 

Figure 2 Series array laser with a single large area 
photodiode as an RF optical link and optically coupled 
common base transistor. 

An RF current gain of 3dB was measured in a 50 Ohms load for this transistor type configuration, Fig. 3. A current gain 
of 6 dB would be possible if light from both facets were collected or if a high reflection facet coating was applied to one 

end of the laser array (i.e. r,
0pf= 50% in this demonstration). 
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Figure 3. Current transfer results 
showing how the current gain depends 
upon the laser bias. A current gain of 
3 dB was measured which corresponds 
to a 6 dB power gain in this 50 Ohm 
environment. 

35 

Laser Bias Current (m A) 

The device required no additional heatsinking as the heat generated is the same as for a single laser with a 45 Ohm 
matching resistor. The only requirement was for a high voltage bias supply (20 Volts instead of 2V) rather than a high 
current supply (35mA instead of 350mA for a parallel connected array). The 20dB additional power is 'free' because the 
laser array is 10 times more efficient at converting the RF power into optical modulation than in a traditional resistive 
matching technique where most of the DC and RF power are dissipated as heat within the matching resistor. The array 
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modulation efficiency and impedance were found to flat over the bandwidth of the test equipment (DC to 400 MHz), Fig. 
4. This is the first time that an optically coupled common base transistor has been demonstrated with both power and 
current gain in a 50 Ohm circuit. 

For fibre optic links a fibre ribbon is required to connect each laser to a remote photodiode. Using individual 
photodiodes is preferred as these will have a higher response frequency and will avoid mode noise that would result from 
the lasers beating against each other. Such a laser array would have applications in short haul microwave links that are 
required to deliver moderate RF power. Because the link can supply RF power this removes the need for an microwave 
power amplifier to be attached to the antenna. This make the antenna smaller, lighter, more robust, easier to maintain and 
cheaper to construct due to the weight and component savings. In phased array and conformal antennas where fibre optics 
are being considered for LO distribution the laser array removes the need to pre-amplify the optical LO before distribution 
as this can now be done without loss. This can bring about significant reductions in the total power requires for such 
antenna systems. 

High Frequency Characteristics 

r 140 

10 100 

Frequency (MHz) 

Figure 4. High frequency 
measurements using a 15 element 
750 urn long laser array. The fall in 
the current gain is thought to be due 
to the roll off of the photodiode and 
the oscilloscope used to make the 
measurements. The impedance 
resonance at 300 MHz is an artefact 
of the current probe and not the 
laser array. 

III. SERIES IN-LINE LASER 

In this alternative configuration a single laser is subdivided into many sections all sharing one common waveguide, 
Fig. 5. The n-side of one section is connected to the p-side of the neighbouring section and so on down the laser. When the 
laser is subdivided the impedance increases as the square of the number of sections. The current can be thought of as being 
recycled in the laser sections so the threshold should decrease in proportion to the number of sections while the quantum 
efficiency and forward voltage should increase in proportion. The subsections were designed to have good optical coupling 
which lead to a high leakage between sections. 
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N-contact 
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Figure 5   Series in-line laser. The n-side of one section is   Figure 6   Series in-line laser with a photodiode as an RF 
connected to the p-side of the next and so on down the laser    optical     link     and     a     common     base     transistor 
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Number 
of Sub- 
sections 

Threshold 
Current 

Ith(mA) 

External Slope 
Efficiency 

TI (W/A) 

Forward 
Voltage 

Vf(V) 

Dynamic 
Series 
Resistance(Q) 

1 27 0.34 1.8 4 

2 30 0.78 3 17 

3 32 0.94 4.5 25 

4 21 1.17 5.6 51 

5 32 0.83 7.9 57 

Table 1. Preliminary results for the 
in-line lasers showing the expected 
increase in slope efficiency, forward 
voltage and dynamic resistance. The 
threshold current does not reduce as 
expected because of leakage 
currents between the different 
sections. 

Table 1 shows the preliminary results for the series in-line connected laser. The threshold current and resistance do not 
follow the expect variation due to a leakage current between the sections and a variable probe resistance during testing. The 
leakage current has subsequently be shown to be completely eliminated by proton isolation in the connecting waveguide 
bridge between sections. 

This device has the advantage of requiring only a single optical fibre connection for RF fibre optic links. As such it is a 
direct replacement for current lasers and has the advantages of a high slope efficiency and low threshold current combined 
with a broad band 50 Ohm impedance for simple RF matching. Unlike an integrated laser and semiconductor amplifier this 
device does not suffer from low frequency gain modulation and so is suitable for CATV applications and low power 
receivers. 

IV. CONCLUSIONS 

We have demonstrated two novel laser devices suitable for high efficiency RF transmission on fibre or for integrated 
optical transistors. These devices enable fibre optic links and optical transistors to be made with broad band gain for the 
first time. 
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Abstract 
We report the first post-growth band-gap engineered, quantum-confined Stark effect (QCSE) tuned tw-section 

ridge waveguide laser, having the widest and most uniform frequency modulation bandwidth (30kHz to 6GHz ±3dB) 

yet reported for field effect tuned lasers. 

I. Introduction 

Tunable semiconductor lasers with uniform frequency modulation (FM) response are key components in 
microwave over fibre analogue links using optical frequency modulated transmitters [1,2]. They are also key 
components in optical phase lock loops (OPLL) for high spectral purity microwave signal generation [3,4]. 
Conventional tunable semiconductor lasers employ current injection to achieve tuning by the carrier induced effect 
(CIE)[5]. Whilst this is a convenient method, it suffers from the intrinsic limitation that thermal tuning mechanisms 
which are dominant at low modulation frequencies (<10 MHz) have the opposite sign from plasma and band filling 
tuning mechanisms which pre-dominate at higher frequencies, leading to an highly non-uniform FM response [6]. 
Although very flat FM response over the modulation frequency range 10kHz to 20GHz has been achieved by a CIE 
tuned complex coupled DFB laser [7], precise adjustment of the bias current is required and the FM response 
uniformity and sensitivity are bias current dependent. In contrast, an intrinsically uniform FM response can be 
obtained by using the electro-optic (EO) effect in the tuning section, as the EO effect involves no carriers, thereby 
eliminating thermal effects. However, the EO effect in bulk semiconductor materials gives a small refractive index 
change relative to CIE. Quantum confined Stark effect (QCSE) in an MQW structure [8] provides a comparable 
refractive index change to CIE [9], even for wavelength detunings of 10-40nm to the red side of the el-hhl 
absorption exciton peak. Field effects in significantly reverse biased multiple quantum well (MQW) structures can 
offer response times in the picosecond region [10]. In earlier work, we demonstrated for the first time the use of 
QCSE as a semiconductor laser tuning method, using an external cavity configuration [11,12]. More recently, a twin 
guide structure laser using QCSE tuning [13] (FM response uniform within 15dB from 300kHz to 4GHz) and a butt- 
jointed DBR structure laser tuned by the related Wannier-Stark effect [14] (no uniformity data, cut-off frequency 
less than 4GHz) have been reported, both with very complicated fabrication requirements. Using a simple two- 
section integrated ridge waveguide laser structure, we have demonstrated the highly uniform FM response capability 
of a QCSE tuned laser (±0.7dB from 10kHz to 100MHz), free from thermal effect [15]. We now report results on 
QCSE tuned lasers fabricated on a semi-insulating (SI) GaAs substrate with post-growth band-gap detuning and low 
parasitic capacitance air-bridged contacts, offering simple fabrication requirements, highly uniform FM response, 
high cut-off frequency, independent control of output power, and suitability for applications where an uniform FM 
response over a limited tuning range is required. 

II. Device fabrication and assessment 

Fig.l shows the schematic cross section of the device. The GaAs/AlGaAs MQW active layer is grown on a (100) 
SI GaAs substrate by MOVPE in a single epitaxy step and contains 5 quantum wells, a number being chosen to 
optimise the relation between the modal gain, the threshold current of the gain section and the refractive index 
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change of the tuning section. Gain and tuning sections share a single cavity optically, but are isolated from each 
other electrically by a 30 \im wide etched isolation gap in the contact and cladding layers between them. 

In order to reduce cavity loss, the impurity-free vacancy diffusion technique [16] was used to blue-shift the 
exciton peak of the tuning section by about 10 nm. This was implemented by coating the tuning section with 

~200nm thick Si02 and treating the uncapped gain section in 
an argon plasma chamber for 5 minutes, before annealing at 
940°C for 60 seconds. Wafers were then processed into metal- 
clad ridge guide laser on a 24um wide mesa, with one-side 
etched to access the n+ GaAs contact layer, and the other side 
etched in a lOum wide channel surrounding the bonding pads 
down to the SI substrate. Air-bridges were fabricated to 
connect the ridge to the bonding pads. The laser was mounted 
on a microwave sub-mount. The threshold current for a laser 
having a gain section length of 400um and a tuning section 
length of 200 urn was 35mA, with only the gain section 
pumped. The measured tuning section capacitance was lpF at 
0V bias. The mode suppression ratio (MSR) was better than 
20dB at pumping currents greater than 2It)v Continuous tuning 

of 22.5 GHz (red shift) was obtained for a change in tuning 
section reverse bias from 0V to 1.8V, corresponding to a tuning sensitivity of 12.5GHz/V. The linewidth changed 
only slightly with tuning section reverse bias, from 8MHz at 0V to 12MHz at 1.8V, due to the low loss of the band- 
gap shifted tuning section. 

P-contact bridge 

' 0.2nm p+ GaAs  
1.5ump-AlGaAs.AI=0.45 

0.15 urn i-AlGaAs. Al=0.25 
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Fig.l Structure of two-section QCSE tuned laser. 
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III. Dynamic response measurement and discussion 

The FM response [6] was obtained using a Michelson interferometer combined with an 18GHz bandwidth GaAs 
photodiode and an HP8753D network analyser. A 50Q. shunt resistance was used to terminate the microstrip line 
feeding the tuning section. Sinusoidal RF drive at -5dBm power level was fed to the tuning section via a bias-tee. 
The tuning section was operated at 0.4V reverse bias, to ensure that it is remained reverse biased throughout the 
modulation cycle. Fig.2 shows the FM sensitivity and FM phase of the laser as a function of modulation frequency 

from 30kHz to 6GHz at two different gain section 
pumping currents. It is seen that the FM response is 
uniform within ±3dB up to 6GHz, and the FM phase 
response is uniform and in phase with the RF signal 
showing that red-shift tuning mechanisms are dominant. 
Due to the band gap detuning, the lasing wavelength is 
located at the red side of the exciton peak of the tuning 
section. Consequently, the refractive index change at the 
lasing wavelength increases with increasing electric 
field, resulting in a red shift with increasing, reverse 
bias, in agreement with the measured results. To 
compare this QCSE tuning with CIE tuning, the CIE 
tuned FM response of the same laser was measured by 
applying an RF signal (-15dBm power level) to the gain 
section through a bias-tee, as shown in Fig.3. Here, due 
to the carrier injection effects, thermal tuning (red shift 

with increasing current) dominates at low frequencies, while plasma and band filling effects which produce blue 
shift with increasing current dominate at higher frequencies [6], thus an highly non-uniform FM response (> ±10dB 

-50 a 
CD 

•100 

10*        10"        10'        10°       10" 
Modulation Frequency (Hz) 

10" 

Fig.2 FM responses (magnitude and phase) of QCSE 
tuned laser at gain section pumping currents 73mA 
and 85mA. 
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from 30kHz to 6GHz) is obtained. The corresponding FM phase varies from anti-phase at low frequencies to in- 
phase at high frequencies, confirming the presence of opposite sign tuning mechanisms in the CIE tuned laser. 

The residual intensity modulation (IM) for both tuning methods has also been measured. For QCSE tuning, a 
4.5GHz peak frequency deviation gives a residual IM index of 0.05, while for CIE tuning, a 3.8GHz peak frequency 
deviation gives an IM index of 0.09, both at a modulation frequency of 100kHz. The IM response in both cases is 
uniform within ±2dB over the modulation frequency range 30kHz to 6GHz, with a photon-electron resonance peak 

at about 3GHz. 
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Comparing these results with our earlier work [15], where the band gap of the tuning section was not shifted, the FM 
sensitivity was 20GHz/V (500um laser with 200um tuning 
section length) and 4GHz peak frequency deviation gave 
an IM index of 0.05, the residual IM index per unit bias 
applied is improved by a factor of 1.8 (from 0.25/V to 
0.14/V), indicating the success of band-gap engineering in 
reducing the tuning section absorption loss. However, the 
residual IM index improvement per unit frequency 
deviation is smaller, from 0.013/GHz to 0.011/GHz, or by 
a factor of 1.13. This is expected as although absorption 
change, Aa, in the tuning section decreases with increasing 
bandgap blue-shift, it increases with increasing electric 
field change [9,17]. The refractive index change per unit 
electric field change, An, decreases with increasing 
bandgap blue-shift, resulting in lower FM sensitivity. 
Larger electric field change is therefore needed to produce 
the same frequency deviation. 
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Fig.3 FM response for laser of Fig.2 using CIE tuning. 

The uniform FM response of the QCSE tuned laser is almost independent of gain section pumping current, as 
shown in Fig.2. It is therefore possible to control the laser output power independently. All lasers characterised 
displayed FM response uniformity within ±3dB over the frequency range 30kHz to 6GHz, illustrating the 
intrinsically uniform FM response and the high reproducibility obtainable from the QCSE tuning mechanism. 

The present laser has a junction width of 24um and lpF tuning element capacitance, leading to a calculated -3dB 
cut-off frequency of 6.4GHz in a 50Ü. system. Using special low parasitic capacitance fabrication techniques, an RC 
limited bandwidth of -40 GHz can be achieved [18]. The ultimate limit to tuning speed arises from the round trip 
delay effect in the laser cavity [12]. For a laser having a tuning section optical length Lf and total cavity optical 

length L, the relative frequency deviation response at modulation frequency co due to the round trip effect is given by 

A/(coJ      sincfcal^/c) 

Af(0)       sinc(a>L/c) 

where c is the velocity of light in vacuo, giving a +3dB modulation frequency limit of 20 GHz for our 600 urn long 
laser with 200um tuning section length. 

IV. Conclusion 

We have shown the successful use of a QCSE tuning section integrated in an MQW ridge guide laser to give an 
intrinsically highly uniform FM response over a wide modulation frequency range (±3dB from 30kHz to 6GHz). 
The response is independent of gain section pumping current and reproducible from laser to laser. The use of post- 
growth band gap blue-shift on the tuning section reduces the residual absorption loss. It should be a straight-forward 
matter to extend the QCSE tuning technique described here to lasers based on InP material system for operation in 
the second and the third optical communication windows. 
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abstract 
Reference clock-limited low jitter of 0.14 ps, 197 GHz signal generation is successfully 

demonstrated from a harmonic colliding pulse mode-locked laser diode controlled by a PLL with 
photonic down-conversion using high order modulation side bands. 

I. Introduction 

The generation of a low-jitter high repetition rate 
optical pulse train, whose repetition frequency is over 
100 GHz, is important for realizing both ultra-high 
speed optical communication networks [1] and 
microwave photonics transmission networks [2]. To 
generate an ultra-high repetition optical pulse train, 
passively mode-locked laser diodes (PML-LD), 
especially colliding pulse mode-locked laser diodes 
(CPM-LD), are very attractive because they can 
generate pulses beyond the subterahertz region without 
high-frequency electric circuits [3]. However, the pulses 
phase of a free-running PML-LD disperse and have no 
carrier component, so the pulses are not synchronized to 
the electrical reference clock. 

A phase-lock loop (PLL) technique was adopted to 
synchronize the optical pulses from a PML-LD to a 
reference signal [4-5]. Photonic downconversion [6] has 
also been incorporated with the PLL controlling a PML- 
LD to expand the operation frequency beyond the 
frequency band limitation due to the optical detector 
and electrical frequency-down converter [7]. We 
recently demonstrated the synchronization of 192 GHz 
optical pulses from a harmonic CPM-LD by a photonic 
down-conversion PLL using the 10th-order harmonic 

modulation sidebands generated by an electroabsorption 
modulator (EAM) [8]. However, the timing jitter was 
relatively large (0.6 ps) and the factor limiting the 
suppression of the timing jitter was not clarified. 

In this paper, we achieve clock source limited, 
timing jitter as low as 0.14 ps from 197 GHz signal by 
improving the PLL configuration and report detailed 
characteristics of phase noise power spectrum. 

n. Timing jitter and SSB phase noise spectrum in 
photonic downconversion PLL using harmonic 

modulation side bands of a high order 

The diagram of the PLL with photonic 
downconversion using high-order modulation side 
bands is shown in Fig. 1. The loop consists of a phase 
comparator (PC), a loop filter (LF), a high frequency 
voltage controlled oscillator (VCO: CPM-LD in this 

Reference 
source f, 

Phase 
comparator)-» 

(PC) 

1 

Loop filter 

(LF) VCO £1 

Modulation 
source *xM 

Modulator 

Output 

Fig. 1   Diagram of photonic down-conversion PLL 
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case), and an optical modulator. The part of VCO output 
with frequency of fg is modulated by the optical 

modulator which has nonlinear response against the 

applied signal. When the modulator is driven with a 

sinusoidal signal with frequency of fm , side bands are 

generated at the optical frequency of v = v0 ± M/m (v0: 

original optical frequency, M : natural number). The 
detected signal output by the optical detector then 
includes the frequency of fd (= ]f0 - M fm\ ) allowing 

electrical control to be easily processed. The phase of 

downconverted signal with frequency of fd is compared 

with that of the reference clock source frequency fr at 

the phase comparator. The filtered output is put into the 

VCO to decrease the phase error. The phase of output 

signal with frequency/,, of the VCO is thus stabilized to 

the phase decided by both of the reference and 

modulation sources. 
When the PLL is closed, spectral frequency noise 

power density N0 of the VCO is given by 

of the filter, respectively. Because thermal noises from 

the PC and filter are assumed to be small compared to 
the phase noise of Nr and Nm around the carrier 

frequency, these noise components are neglected. 

Within the PLL cut-off frequency, the conditions 

<?0a>) 

1+G(jfl>) 
"1    and 

1+G(ja>) 
.0    (3) 

are considered to stand. Thus the phase noise of output 
VCO approaches 

N=N+M2N„ (4) 

N0=(Nr+M'Nm) G(;o>) 
l + G(j(o) 

+ N, 
1+GUco) 

(1) 

where, Nr, Nm and Nv are the phase noise associated with 
reference clock, modulation clock source, and the VCO, 
respectively. G(jaj) is the open loop gain given by 

G(j<o) = KdK, (2) 

Coefficients Kd , Kv and F(j(o) are the response of the 

PC, the response of VCO, and the transmission function 

When the phase noise of the reference and modulation 

clock source are nearly the same and the order of 

harmonics is large (>10), N0 becomes M2Nm. This 

means that the limit value of absolute timing jitter of the 

VCO is the same as that of the modulation source used, 
assuming that the noise power density is proportional to 
the square of the carrier frequency because /„« Mfm. 

At this limit condition, the phase noise density of 
the output signal from the optical modulator used inside 

the PLL falls far below the level of M2Nm and 
approaches the noise density of the reference clock 
because the VCO output signal has the nearly equal 

phase noise power density as M?Nm and its phase is out- 
of phase as compared with added noise by the 
modulator. Thus the phase noise of the VCO output 
signal is canceled out by the modulation. Therefore, 
clock noise limited low jitter signal generation can be 
confirmed also by measuring lower noise power density 

DBM  f«™»- (IF)--. 
ff=3.2GHz     (PC)   !  DC Amp 

Reference oscillator 

RF spectrum monitor 
(point A) 

fd=3.2GHz 
(=|196.8-200 | GHz) 

'•■(Modulator) 
Modulation source 1 [f\j 

= 20 GHz        J 

Optical line ■ Electrical line 

Fig. 2  Experimental setup of sub-THz signal generation using photonic down-conversion PLL 
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of the modulator-output signal than M2Nm. 

DI. Experiment 

The experimental setup is shown in Fig. 2. The 
configuration is the almost same as Ref. [8] except for 
the loop delay and loop gain optimization. The EDFA 
with length of 9 m, used in Ref. [8], could be removed 
from the loop by increasing electrical gain and using a 
low loss, high efficiency electroabsorption modulator 
(EAM-1). A harmonic colliding pulse mode-locked 
laser (h-CPM ID) with 196.8 GHz repetition frequency 
[9] was used as the VCO. A part of the optical pulse 
train is modulated by the EAM-1 in the PLL. The drive 
signal applied to the optical modulator with frequency 
of 40 GHz, was generated by doubling a 20 GHz signal 
from an RF synthesizer. The optical spectrum of 
modulated mode-locked pulses is shown in Fig. 3. The 
generated sidebands lie between the original modes 
with the spacing of 40 GHz. Detection of the modulated 
optical pulses by a PD with 50 GHz bandwidth yielded 
electrical signals with frequencies of 3.2 GHz, 36.8 
GHz, and 43.2 GHz. The signal with 3.2 GHz frequency 
was assumed to be the beat note between the 10-th order 
sideband (M = 10) of the original modulation clock 
frequency (fm = 20 GHz) and the neighboring original 
locked-mode. The 3.2 GHz signal was phase-compared 
with a reference clock oscillator having frequency fr of 
3.2 GHz by a double balanced mixer (DBM). The 
output voltage, which is proportional to the phase error, 
was then amplified by the D.C. amplifier with a 
bandwidth of 10 MHz, superimposed on the reverse 

bias voltage, and applied to the saturable absorption 
region of the h-CPM-LD to decrease the error signal. 
The output frequency was thus stabilized at 196.8 GHz 
(fo = \fr~MfJ). The optical signal output from the PLL 
was also down converted by EAM-2 driven by a 40 
GHz signal from another clock source to measure the 
phase noise characteristics by RF spectrum analyzer. 
The down converted signal was also centered at 3.2 
GHz. The temporal waveform was measured by a 
synchro-scan streak camera (SSSC) with time resolution 
of 3 ps. 

Figure 4 shows the RF spectrum of the 
downconverted signal at 3.2 GHz when the PLL was 
closed. The carrier to noise ratio (CNR) was 96 dBc/Hz 
at 500 kHz offset. The inset shows the temporal trace 
measured by the SSSC. The phase dispersion is 
suppressed and the carrier note and about 200 GHz 
repetitious waveform are clearly observed. The SSB 
noise power density of output pulses outside the PLL 
(point B in Fig.2) is shown in Fig. 5. It was confirmed 
by quadrature phase detection method that the phase 
noise power density is almost the same as total noise 
power density. The SSB noise spectrum of the phase 
locked h-CPM LD is close to 100 (Af2) times larger than 
that of the reference oscillator under 100 kHz offset. 
Therefore, we expect timing jitter of the optical pulse 
train from the LD is well suppressed. The rms timing 
jitter is calculated to be 0.14 ps from a 25 to 1 MHz 
bandwidth, which approaches the clock limited value of 
0.13 ps from the modulation source. 

Figure 6 shows the SSB noise power density of 
the signal from the EAM used inside the PLL (point 

i r 
1—I 1 1— 

modulation sidebands 

Center 1568.177 nm 
wavelength, 2nm/div 

Fig. 3  Optical spectrum of h-CPM LD pulses 
modulated at 40 GHz by EAM. 

time    - 
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Fig. 4  Synchronized 196.8 GHz signal down- 
converted to 3.2 GHz. Inset shows temporal 
trace. 
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A in Fig.2). The noise power of the tenth harmonic 
(200 GHz) of the modulation clock source 1 (20 
GHz), which is 100 times (20 dB) large as that of the 
20 GHz clock source 1, is shown as a broken line. 
The noise power of the modulated signal of h-CPM 
LD is about 30 dB smaller than that of the tenth 
harmonic in the range under 100 kHz. This also 
indicates that the phase noise of the signal from h- 
CPM-LD is well suppressed to approach that of the 
tenth harmonic. 
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Fig. 6 Phase noise characteristics of h-CPM 
LD measured at point A of Fig.2. 

IV. Conclusion 

The dominant factor limiting the phase noise of a 
VCO in a PLL with photonic downconversion using 
high order modulation sidebands was clarified to be the 
noise of the harmonics of the modulation source. In 

experiments, the phase noise of a 197 GHz signal from 
a h-CPM LD was suppressed by the PLL with photonic 
downconversion and the rms timing jitter of 0.14 ps, 
limited by the modulation source, was achieved. 
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Abstract 
A 78-GHz traveling-wave photodetector for the long-wavelength range has been realized by 

periodically distributing four InGaAs/InP metal-semiconductor-metal detectors with sub-half- 
micrometer feature sizes electrodes on top of an InAlGaAs-core optical waveguide. 

I. Introduction 
During the past few years, traveling-wave concepts have been increasingly applied to photodetectors in order to 

improve the bandwidth performance and/or the capability to handle high-optical power levels (1-4). Photodetectors 
which meet both demands are of great importance for microwave links, optical heterodyne detection, and opto- 
electronically generated millimeter waves and microwaves. In this context, a distributed configuration comprising 
several individual detector elements, the photocurrents of which are coherently superimposed, represents an attractive 
approach since it gives rise to an enlarged absorption volume without sacrificing the bandwidth performance. 
Distributed configurations with periodically arranged discrete photodetectors along a microwave transmission line 
have been recently realized by means of hybrid technology for operation in the long-wavelength range (5) as well as 
monolithically integrated devices on the GaAs/GaAlAs material system (3). A 3-dB bandwidth of about 20 and 50 
GHz, respectively, has been reported. 

Here, we report on the design, fabrication and characterization of InP-based monolithically integrated distributed 
photodetectors. The devices exhibit a 3-dB bandwidth of almost 80 GHz at 1.55-um wavelength. 

II. Design 
A schematic view of the distributed metal-semiconductor-metal (MSM) detector is shown in Fig. 1. It comprises 

four vertically-coupled waveguide-integrated metal-semiconductor-metal (MSM) detectors (6) distributed along a 
coplanar strip (CPS) transmission line. 

InGaAs absorber 

Figure 1: Schematic view of the distributed InGaAs MSM detector 
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The feature size of the interdigitated electrode pattern ranges between 100 nm. and 300 nm. The devices are termed 
velocity-matched if the periodically arranged interdigitated MSM structures contribute exactly that amount of shunt 
capacitive loading to the CPS line which is required for matching the speed of the electrical wave to that of the optical 
one (7). The design of the coplanar slow-wave transmission line is based on a quasi static approach that has been 
described previously (8). The nominal characteristic impedance of the line is chosen to be 50 Q for 0.2 and 0.3-um 
electrodes and 40 Q. for 0.1-um electrodes. The separation of the strips is 20 um and the length of one period is about 
55 jxm corresponding to a total length of the distributed detector of about 220 urn. 

The input end of the transmission line is open. This means that the part of photocurrent signal which travels toward 
the input end is fully reflected at the input. In this case, an exact velocity matching is not necessarily needed for 
optimizing the detector bandwidth (4). Microwave loss is more critical in this context. The simulation calculations 
show that it can be kept fairly low if the metallization of the conductor strips is several micrometer thick. The 
attenuation constant at 100 GHz, for example, is found to be 0.5 dB/mm for a metal thickness of 3 nm while it 
increases to 2.5 dB/mm for a metal thickness of 0.1 urn. A large metal thickness also results in a low dispersion of the 
phase velocity in the low frequency range. Accordingly, the variation of the phase velocity is found to be less than 2% 
in the frequency range from 1 GHz to 100 GHz for a metal thickness of the strips of 3 urn. 
The beam propagation method (BPM) is applied to simulate the evanescent coupling from the optical waveguide to the 
photoabsorbing InGaAs. The modal extinction can be adjusted over a wide range by varying the Al content and the 
thickness of the InGaAlAs waveguide core. The devices are designed for an internal quantum efficiency of about 60 %. 

III. Fabrication 

The epitaxial layer sequence is grown by MOCVD and consists of a 150 nm thick InP buffer layer, a 650 nm thick 
Ino.53Alo.31Gao.i6As core layer (A,g=l 180 nm), a 50 nm InP etch stop layer, a 145 nm thick InGaAs absorption layer, and 
a 50 nm thick InP cap layer. All layers are Fe-doped in order to obtain semiinsulating behavior. The interdigitated 
electrode structures with finger separations of 0.1, 0.2 and 0.3 urn are delineated by electron beam lithography using a 
two-layer resist process. The Schottky metallization consists of Pt (50 nm) and Au (50 nm) deposited by e-beam 
evaporation. The width and separation of the electrode fingers are nominally identical. The fingers overlap by 4.4 urn. 
The magnitude of the overlap exceeds the width of the optical waveguide (2 um) in order to avoid photocarriers to be 
generated in a region of low electric field strength. The patterning of the mesas and the strip-type optical waveguide is 
performed by reactive ion etching (RIE). Details of the etching procedure have been described elsewhere (9). The 
metal thickness of the coplanar strips is increased to about 4 um by means of electroplating. Simultaneously, airbridge 
interconnects between the coplanar line and the contact pads on the detector mesa are fabricated. The InP substrate is 
thinned from 350 urn to about 80 urn, order to avoid excitation of parasitic microwave modes in the substrate. 

In order to permit high-performance time-domain characterization by internal electro-optical sampling, the 
transmission line of a certain number of devices is extended with a monolithically integrated 2.9-mm long slow-wave 
CPS line. Thereby, electrical reflections at the detector output are avoided. The characteristic impedance of this line, 
which makes use of 3 urn feature-size finger electrodes, is nominally matched to that of the distributed detector. The 
cross-sectional dimensions of the strips of both lines are equal. Thus, modal mismatch at the junction of the 
transmission lines is minimized. 

IV. Device Characteristics 
The static and dynamic response characteristics are measured by coupling 1.55-um light into the 400-um long 

feeding waveguide. The external quantum efficiency for optimally polarized light is found to be 7.5 %. The 
polarization dependence of the response is <+ 1 dB. It may be chiefly attributed to the polarization-dependent fiber-to- 
chip coupling efficiency. Note that the external efficiency can be increased to about 10 % if an AR-coating is applied 
to the waveguide facet and by using a lensed fiber with smaller spot size. 

Short laser pulses of about 0.65 ps FWHM at 1.55 urn wavelength are employed for characterizing the time domain 
response. The resulting transient voltage is measured by means of internal electro-optical sampling. A detailed 
description of the electro-optical sampling system will be given elsewhere (10). The signal is sampled at a distance of 
about 300 urn from the output end of the distributed detector. The time response of a detector with 0.2 urn finger 
electrodes at 3.5 V bias is shown in Fig. 2. The pulse response is characterized by a FWHM of 4.7 ps, a rise time of 
3.0 ps, and a fall time of 5.0 ps. 
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The frequency response is obtained by Fourier transform of the pulse response shown in Fig. 2. The frequency 
response is then corrected for the finite duration of the laser pulses used for exciting the detector and sampling of the 
waveform. 
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Figure 2: Pulse response at 1.55-um light measured by electro-optical sampling. 

The Fourier transforms of the measured autocorrelation traces are used for this purpose. Moreover, the finite transit 
time of the sampling pulse in the electro-optically active InP substrate is taken into account. Its effect on the frequency 
response is calculated by describing the spatial distribution of the electric field of the CPS line assuming quasi TEM 
behavior of the propagating signal. The corrected frequency response is shown in Fig. 3. Up to about 65 GHz the roll- 
off of the response is less than 1.5 dB. Then the response starts to drop fairly sharply. A 3-dB bandwidth of 78 GHz is 
achieved. 

5 10 

frequency (GHz) 
Figure 3: Corrected frequency response at 1.55-um obtained from the pulse response shown in Fig. 2. 

V. Discussion 
With respect to both, bandwidth and external efficiency, the distributed detector possesses a considerable potential 

for further improvement. As far as the improvement of the external efficiency is concerned, the fiber-to-chip coupling 
efficiency can be substantially increased by integrating a spot-size transformer. Recently, we have successfully realized 
waveguide-integrated MSM detectors where the optical guide is fully embedded by regrown InP:Fe (11). Such a 
device configuration is compatible with the fabrication process of the low-loss on-chip spot-size transformers 
described in (12) which give rise a reduced fiber-to-chip coupling loss of about 1.5 dB. 
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Our recent results on the frequency response characteristics of top-illuminated InGaAs MSM detectors (13) 
indicate that the transit-time limited bandwidth of 0.2-um feature size devices with 150-nm active layer thickness 
exceeds 150 GHz. Consequently, one can estimate the transit-time limit of vertically coupled detectors to be larger 
than 75 GHz. Simulation calculations show that an increase of the transit-time limited bandwidth by about a factor of 
two can be obtained if the dimensions of the active layer thickness and the finger electrodes are reduced 
simultaneously by a factor of two. As mentioned above, the distributed detector is operated with an open-circuit input 
termination. A considerably higher bandwidth can be obtained if the input end of the transmission line is matched. 
.From device modeling (7) (4), we have found that the effect of the transmission line loss on the bandwidth becomes 
negligibly small for a matched input in comparison to the transit-time effect as long as the device length does not 
exceed about 1 mm. In this case, a bandwidth close to the transit-time limit of > 150 GHz is expected for devices with 
80-nm active layer thickness and 100-nm feature size electrodes. The reduction of the vertical coupling efficiency due 
to the reduced active layer thickness can be compensated without loss to bandwidth by a corresponding increase of the 
device length. Our future activities will thus focus on a configuration of the distributed detector which incorporates a 
wide-band terminating network. Its feasibility has been recently demonstrated up to 110 GHz (14). 

Very recently, an InP-based long-wavelength distributed MSM photodetector with a high external quantum 
efficiency has been reported. The device which makes use of a large-core optical waveguide exhibits a responsivity of 
0.42 AAV and a 3 dB bandwidth of 18 GHz (15). The comparatively low bandwidth is assumed to be determined by 
the electrode spacing of 1.5 |am. 

VI. Conclusion 
A distributed millimeter-wave photodetector for the long-wavelength regime has been reported. It is based on 

waveguide-integrated InGaAs MSM detectors which are periodically distributed along a coplanar strip transmission 
line. A response time of 4.7 ps FWHM and a 3-bB bandwidth of 78 GHz at 1.55-um light has been achieved. 
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Balanced photodetectors are of great interest to analog fiber optic links because they can suppress laser 
relative intensity noise (RIN) and amplified spontaneous emission noise (ASE) from erbium-doped fiber amplifiers 
(EDFA) [1]. Because balanced photodetectors can achieve shot noise-limited link performance, the noise figure and 
spurious-free dynamic range of the link continue to be improved by increasing the power of the optical carrier. 
Therefore, balanced photodetectors with broad bandwidth and high saturation photocurrents are particularly 
important for analog fiber optic link applications. Previously, we have reported a velocity-matched distributed 
photodetector (VMDP) with a peak saturation photocurrent of 56 mA and a 3-dB bandwidth of 49 GHz [2]. 
Compared with other photodetector structures, the VMDP is more suitable for implementing the balanced 
photodetection since it has separate optical and microwave waveguides. Here, we demonstrate a novel distributed 
balanced photodetector that can achieve high saturation photocurrent and large bandwidth simultaneously. A 3-dB 
frequency of 16 GHz and a responsivity of 0.64 AAV have been achieved. 

MSM 
Fing 

Velocity-Matched 
CPW 
/ *fOi Microwave^Output 

Optical 
Waveguide 

Active 
Photodiode 

Optical Input 

Figure 1. Schematic structure of the distributed balanced photodetector. The inset shows the active region with 
an MSM photodiode. Figure on the right shows the photodiodes connected to the optical waveguide in balanced 
detection mode. 

Figure 1 shows the schematic of the balanced distributed photodetector. It consists of two input optical 
waveguides, two arrays of high-speed metal-semiconductor-metal (MSM) photodiodes distributed along the optical 
waveguides, and a 50fi coplanar waveguide (CPW) output transmission line. Beam propagation simulation results 
indicate no crosstalk between the parallel optical waveguides, and the absorption per photodiode and the optical 
coupling loss between photodiodes are 8.8% and 3.2%, respectively. The diodes are 23 um long and 5 urn wide. The 
MSM fingers are patterned by optical lithography. The central conductor of the CPW has a width of 55 urn and the 
separation between the central conductor and the ground conductors is 85 um. The finger overlap of 10.5 urn is 
designed to provide the required capacitance loading for velocity matching. The matching ensures broadband 
operation. Unlike previously reported slow-wave CPW [3] that ignored the resistance of the MSM photodiode 
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fingers, finite metal thickness and transmission line discontinuities in their quasi-static calculations, we used a full- 
wave analysis to achieve the velocity and impedance matching. 

The unique advantage of the receiver is that it has monolithically integrated two high power distributed 
photodetectors with a velocity-matched 50Q CPW. Most of the reported integrated balanced receivers suffer from 
low saturation power and are not suitable for analog links. In our design, the absorbing layer is designed to be on the 
top surface and evanescently coupled to a large-core passive waveguide. As the MSM photodiodes always remain 
below saturation by coupling only a small portion of the light from the passive waveguide, the receiver has the 
potential of exceeding the existing saturation photocurrents of conventional balanced photodetectors. 

The dark currents of the balanced VMDP is minimized by passivating the mesa walls and placing the MSM 
finger tips above a silicon nitride layer [4]. The dark current of individual diode is measured to be below 0.5 nA, 
which is almost equal to the theoretically calculated dark current level. By coupling light directly from a lensed fiber 
to the waveguide facet of the receiver, the DC responsivity was measured for several different voltages and found to 
vary from 0.05 to 0.45 A/W as the diodes are biased from 0.5 volts to 8 volts. With anti-reflection coating, the 
responsivity at 8 V can be increased to 0.64 A/W. 
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Figure 2. (a) The Measured S parameters of the CPW. (b) Frequency response of the balanced VMDP when only 
one waveguide is illuminated. 

An HP 8510C network analyzer was used to measure the characteristic impedance and the microwave 
return loss (Sn) of the balanced receiver. Figure 2 (a) shows the S parameters of the loaded CPW. The characteristic 
impedance of the receiver is very well matched to 50Q. The Si2 is almost zero, ensuring a smooth transmission 
without loss. Sn is as low as -30 dB from DC to 40GHz. The experimental results verify the design for impedance 
matching. 

The frequency response of the balanced VMDP was first characterized with light coupled to one waveguide 
only. Using optical heterodyne technique with two external cavity tunable lasers at 1.55 |im, the frequency response 
was measured and the 3-dB bandwidth was found to be 16 GHz. The bandwidth is currently limited by the carrier 
transit time of the MSM photodiodes with l^m finger spacing. Since our bandwidth of the capacitance loaded CPW 
is much greater than 40 GHz ( Fig. 2(a) ), the bandwidth of the balanced VMDP can be increased by scaling down 
the MSM photodiodes. Theoretical simulation indicates that bandwidth > 100 GHz is achievable. 

Figure 3 depicts the experimental setup for balanced detection. A distributed feebback laser with 
wavelength of 1542 nm is employed as optical source. The output is amplified by an EDFA and then filtered by an 
optical bandpass filter with 2 nm bandwidth. The microwave signal was modulated onto the optical carrier by an X- 
coupled Mach-Zehnder modulator, which produces two complimentary outputs for the balanced VMDP. The 
outputs were coupled to the VMDP by two single mode lensed fibers individually held by two silicon V-grooves 
separated by 140 ^m. Since the accuracy of cutting optical fiber lengths is about 1 mm [5], a variable delay line was 
used to ensure equal optical path lengths between the two fibers, which is necessary to produce the broadband 180° 
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out-of-phase RF signals for balanced VMDP. The output from the balanced VMDP was measured using a spectrum 
analyzer. 

DFB Laser EDFA  Band Pass        X-Coupled    4 T»    I T 
RF Input 

Spectrum RF 
Analyzer      Amplifier 

Balanced Detector 
Variable 

Delay Line 

±--4 
-^4 

Figure 3. Balanced detection setup. The complimentary input signals are produced by the X-coupled MZ 
modulator. 

The device was biased in balanced mode by biasing one of the ground electrodes of the CPW at 8Volts. 
We used a custom made probe with integrated DC-blocking capacitor on the ground that connects to the CPW 
ground biased at higher voltage. To verify the balanced detection, we modulated the optical input at 8GHz and tuned 
the fiber optic delay line from 0 to 5mm delay. Figure 4 shows the RF signal verses the delay. When the RF signals 
have 0° phase difference, the AC output is cancelled in balanced mode. At 180° phase difference, the RF signal is 
amplified, the extinction ration is more than 44dB. 
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Figure 4. (a) Peak power of AC signal in balanced mode versus the delay. For RF signal at 8 GHz, the 
period was measured to be 38.75 mm, which is very close to the theoretical value. The power difference 
between 0° and 180° phase difference is more than 44-dB. (b) The same plot in linear scale. 
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Figure 5 shows the RF spectrum of the output from the balanced VMDP in the non-balanced ( only one 
waveguide is illuminated ) and balanced mode. Suppression of the noise floor by 12-dB has been observed in the 
balanced mode over a wide frequency range from 6 to 15 GHz. The signal is also enhanced by 6-dB. Typical 
balance between the VMDP was within 2% of the total photocurrent reading, which was limited to 2 mA in our 
preliminary experiments. For bandwidths lower than 6 GHz, the fiber length for one RF period is longer than 5 mm, 
the maximum delay length in our current setup. We are currently working on a new setup with two fiber delay lines 
to achieve exactly equal optical path lengths for broad band operation without any tuning of the delay line. This will 
allow us to measure the AC responsivity of the device in balanced mode. 
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Figure 5. The AC signal in non-balanced (a) and balanced (b) detection modes are plotted separately. The 
balanced output is almost 6-dB higher in amplitude than the non-balanced signal. Preliminary results show a 
noise suppression level greater than 12-dB. 

In conclusion, a balanced velocity-matched distributed photodetector (VMDP) with both impedance and 
velocity matching has been designed and successfully fabricated. Preliminary experimental results shows that the 
relative intensity noise has been suppressed by 12-dB, and the signal has been enhanced by 6-dB. This was the first 
integration of high power and high speed balanced detectors with a slow microwave transmission line to be used in 
high performance RF photonic links. 

Acknowledgment 
This project is supported in part by ONR MURI on RF Photonics, National Radio Astronomy Observatory, JESP 
and UC MICRO. 

Reference: 
[1] L. T. Nichols, K. J. Williams, R. D. Esman, "Optically amplified down converting link with shot-noise limited 

performance,'7££'£' Transaction on Microwave Theory and Techniques, vol. 45, no. 8, pp. 1384 -1389, 1997. 

[2] L. Y. Lin, M. C. Wu, T. Itoh, T. A. Vang, R. E. Müller, D. L. Sivco, and A. Y. Cho, "Velocity-matched 
distributed photodetectors with high-saturation power and large bandwidth," IEEE Photon. Technol. Lett., vol. 8, 
no. 10, pp. 1376 -1378, 1996. 

[3] E. H. Böttcher, H. Pfitzenmaier, E. Droge and D. Bimberg, "Millimeter-wave coplanar waveguide slow wave 
transmission lines on InP," Electronics Letters, Vol. 32, no. 15, pp. 1377 -1378, 1996. 

[4] W. A. Wohlmuth, P. Fay, I. Adesida, "Dark current suppression in GaAs Metal-Semiconductor-Metal 
photodetectors," IEEE Photon. Technol. Lett., vol. 8, no. 8, pp. 1061 -1064, 1996. 

[5] S. Narimatsu, N. Takachio, Y. Inoue, M. Hosoya, H. Tsunessugu and S. Hata, "An Optical 90° Hybrid Balanced 
Receiver Module Using a Planar Lightwave Circuit", IEEE Photon. Technol. Lett., vol. 8, no. 6, pp. 737-740, 1994. 

180 



TuD3 

1.55 \im ABSORPTION, HIGH SPEED, HIGH SATURATION 
POWER, P-I-N PHOTODETECTOR USING LOW- 

TEMPERATURE GROWN GaAs 

Yi-Jen Chiu, Sheng Z. Zhang, Siegfried B. Fleischer, John E. Bowers 
and Umesh K. Mishra 

Electrical and Computer Engineering Department, University of California at Santa 
Barbara, Santa Barbara, CA 93117 

Tel:(805)893-8081 Fax:(805)893-3262, Email: chiu@opto.ece.ucsb.edu 

Abstract 

By utilizing low-temperature grown GaAs (LT-GaAs) as the absorption material, subbandgap 
detection is possible due to mid gap defects and As precipitates. In this paper, the authors demonstrate the 

first 1.55 jxm photodetector in GaAs based material. Due to the short carrier trapping time, a bandwidth of 

over 20 GHz and a saturation power exceeding 10 mW are measured in this photodetector. 

Introduction 

AlGaAs/GaAs is a well developed material and these photodetectors have been widely used in high 

performance integrated circuits, however, the high bandgap characteristics (Eg=1.42 eV, X< 0.78 Jim) limit 

the application to datacom communication only. For telecom communications(1.3~1.6 |Xm), the detectors are 

still fabricated and designed in Ge-, GalnAsP- or InP-based materials. Recently, it was shown that low- 
temperature grown GaAs (LT-GaAs) can absorb light below bandgap (1-1.6 pim) due to mid gap defects or 
As precipitates [1-4] and also the sub-picosecond carrier trapping time at 1.56|0,m excitation was 
observed[5]. Thus, it is possible to open up the integration of high speed receivers with GaAs electronics not 

only for short wavelength (-0.8 um) but also for long wavelength (1.3-1.6 um) systems. By using LT- 
GaAs, such photodetectors [6.7] with bandwidths above 500 GHz were demonstrated at wavelengths shorter 

than 0.82 |im. However, no high speed performance has been measured at the long wavelength regime. In 

this paper, we show the first 1.55jim LT-GaAs p-i-n photodetectors with high bandwidth and high saturation 

power performance. 

Fabrication and experiment 

A waveguide photodetector (WGPD) was designed and fabricated. The schematic diagram of the 

coupling edge is shown in Figure 1 (top). A p-i-n heterostructure (bottom of Fig. 1) forms the optical 

waveguide. All the material was grown in an MBE system. The active region is grown by LT-GaAs which 

is deposited at 215°C with As/Ga equivalent beam pressure ratio of 12 and subsequently in-situ annealed at 

590°C for 10 minutes. The bottom Alo.5Gao.5As layer is used for the optical isolation from the bulk GaAs 
substrate. We used the same technique as our previous work [7] to process the standard p-i-n photodetector ( 

including metalization, lithography, etching). 
An optical component analyzer (HP 8703 A, 0.13 - 20 GHz) was used for measuring the frequency 

response.   The external light source was a 1.55 |im laser diode.   Before coupling to the WGPD, the 
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modulated light was amplified by an EDFA and filtered by an optical filter centered at 1.55 Jim.   The 
generated microwave signal was collected by a microwave probe. 

I :n-type contact 
■■■ :P-type contact 
teaasgati :polyimide 

U:Ti/Au (CPW) 
■ :LTG-GaAs 

50 nm n-GaAs 
600 nm n-Al^Gao 8As 

170 nm LT-GaAs 
600 nm p-Alo^Gao.gAs 

3 |im,Al0.5Gao 5As 

Fig. 1 (Top) the facet view of p-i-n photodetector,(bottom) the material growth structure. 

Result and discussion 

Two photodetectors (denoted A and B) with different lengths were fabricated and characterized. As 
shown in Fig.2, photodetector A (2um wide and 35|im long) exhibits a flat frequency response within 2dB 
from D.C. to 20GHz. The response showed the same frequency dependence for various optical excitation 
powers ranging from 0.75 to 11 mW. And also, the quadratic relation (insert of Fig.2) between microwave 
and optical power indicates the photocurrent has linear dependence on optical power up to 20GHz. In the 
D.C. measurement, as shown in Fig.3, the optical power dependent photocurrent at different optical 
wavelengths ( 0.82 jxm and 1.54 um) shows a quite different saturation properties. The long wavelength 
shows linear detection, but the short wavelength one easily turns out to be saturated after 500 jiW. However, 
low external quantum efficiency of 0.1% was measured. The reasons for this low efficiency are the low 
absorption coefficient combined with the short device length. To improve the efficiency, photodetector B 
(2jim wide and 300um long) was fabricated. A quantum efficiency of 1% was obtained due to longer device 
(the internal quantum efficiency will be around 3% after extracting the coupling loss). The frequency 
response and the theoretical expectation (solid curve) are shown in Fig.4. The dependence of the frequency 
response on the excitation power shows ~4dB rolloff at 20GHz. It is very important to note that there are no 
power saturation effect up to 11 mW. The measured microwave loss is around 3.5 dB at 20GHz. Therefore, 
in such a long device, the microwave loss is responsible for the bandwidth limit. 

It is essential to understand the limit in performance of these devices. We used a distributed 
photocurrent model to fit the frequency response (solid curve of Fig.4). The distributed photogenerated 
charge is excited as light travels through the waveguide, where the model includes the velocity mismatching 
between the optical wave and microwave, the carrier trapping time in LT-GaAs and microwave loss and 
boundary reflection of the input and output ends. The response shows little dependence on the carrier 
trapping times for values from 100 fs to 1 ps. It reveals that the major factor affecting the bandwidth is not 
the trapping time. The measured microwave loss has a 3.5 dB drop up to 20GHz and the velocity mismatch 
factor (Vopöcai/Vmicrowave) is ~2. The loss and velocity mismatch are responsible for the limited bandwidth. 
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Fig. 3 D.C. photocurrent response of photodetector 
A (30 urn long) with different optical power at 

0.82 and 1.54 pim optical wavelengths. The long 
wavelength detection shows a much higher 
saturation power. 

In summary, we have successfully fabricated a novel GaAs-based p-i-n photodetector operating at 
1.55 um. The high speed (above 20 GHz) and high saturation power (above 10 mW) characteristics show 
that this kind of photodetector has potential application in the fields of long-wavelength-optical-fiber 

communication and for integration with GaAs integrated circuits. 
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Abstract: We present comparisons between the small- and large-signal compres- 
sion measurements for surface-illuminated p-i-n microwave photodetectors. The 
measured RF power provided by the photodiodes was +12, +17 and +20 dBm for 
bandwidths of 25, 3, and 1 GHz, respectively. 

Increasing the dynamic range and reducing the loss and noise figure of microwave externally- 
modulated photonic links can be realized with the use of high-current photodetectors (PDs). 
Increasing the output photocurrent also increases the PD output RF signal level which is particu- 
larly important in optically-steered phased array antennas since any increase in PD output signal 
level reduces the necessary phase- and amplitude-matched electronic gain at each antenna element. 
In an effort to increase the output photocurrent, a number of groups have been studying surface- 
illuminated (1-5), waveguide (6,7), and traveling-wave (8,9) structures as well as PD arrays 
(10,11). This paper compares the small- and large-signal compression characteristics in surface- 
illuminated p-i-n PDs. 

A descriptive quantity used to characterize high-current PDs is the 1-dB small-signal compres- 
sion current, Ij-dß.ss- h-dB,ssnas Deen defined (2) as the average dc photocurrent at which the RF 
responsivity decreases by 1 dB given that the modulation depth, m, is small (ra<0.05). The RF 
photoresponse decreases at high average illumination levels due to space-charge screening (1). To 
quantify the change in RF response versus average current, measurements are performed by illu- 
minating the PD with a small amount of RF-modulated light and adding a variable amount of 
unmodulated light. Measurements of I].dB,ss f°r a 3 GHz p-side illuminated p-i-n (5), denoted 
PD1, and a 25 GHz n-side illuminated p-i-n, denoted PD2 (similar to those in (12), except with a 
0.5-|im long intrinsic region), are shown in figure 1. Note that PD1 shows typical (1) space- 
charge limited behavior, with higher frequencies displaying lower I]-dB,ss- 

For large-signal operation (m~1.00) at low frequencies (low compared to 1/transit time), it is 
the peak current which causes the electric field collapse and, hence, compression. Thus it is 
expected that IJ^Bss for PD1 will be approximately a factor of two larger than the large-signal 
1-dB compression point, Ij.dB,LS> although, I].dB,LS may De slightly higher owing to compression 
of only the peak portion of the sine wave. To measure IJ^B,LS> PD1 is illuminated with a 
1319-nm Nd: YAG heterodyne system (m~ 1.00). The frequency response at various average cur- 
rents is shown in figure 2. Frequency dependent compression is exhibited since the 3 dB increase 
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Applied Detector Voltage (V) 

Figure 1: Measured small-signal compression current for 
a 3 GHz and a 25 GHz p-i-n photodetector. The test 
frequencies for the 3 GHz PD are 0.5,1,2, and 3 GHz 
and for the 25 GHz PD are 10 and 20 GHz. 

11111111111111 

from 0.1 to 3 GHz at low currents 
decreases to 0.5 dB at 45 mA. The 
output microwave power generated from 
PD1 is seen to be +17 dBm from 0 to 
3 GHz at 45 mA average current. The 
combined output from two 3 GHz p-i-n 
devices is also plotted in figure 2 at 
65 mA total average current where, for a 
50% decrease in bandwidth (due to the 
added capacitance), +20 dBm can be 
extracted. 

To assess I].dB,LS> the data in figure 
2 is plotted at a fixed frequency versus 
average current. The largest compres- 
sion occurs at 3 GHz which is plotted in 
figure 3. Observe thatlj.jgL$ is 26 mA 
(or equivalently 52 mA peak current) 
yielding an output 1-dB compression 
point, PJ^B, of +14 dBm and a satu- 
rated output power, Psat, of greater than 'g 
+17 dBm. I].dB,LS *s nearty a factor of f§ 
four higher than IJ-JB.SS O^S- *)» which 
is twice the expected value if space- 
charge were assumed to be the only 
compression mechanism. At 2 GHz, 
h-dB,LS is 42 mA (P1<B = +17 dBm), 
and at 1 GHz, the large-signal response 
is only compressed 0.4 dB at 45 mA. 
Here again, Ij.dB.LS ^s about a factor of O 
two higher than small-signal measure- 
ments would indicate from the discus- 
sion above. This discrepancy is 
believed to be due to quantum efficiency 
nonlinearities (13) since the dc quantum 
efficiency of PD1 decreases as the 
average current increases (ref 13, PD4). 
Any reduction in dc and RF quantum 
efficiency would cause the small-signal RF response to decrease. The expected factor of two dif- 
ference between small- and large-signal compression measurements results only from space- 
charge considerations and thus only partially explains the compression behavior. To accurately 
compare the two measurements, quantum efficiency nonlinearities need to be included. 

1.5     2     2.5 

Frequency (GHz) 

Figure 2: Measured large-signal output signal from PD1 
for average photocurrents of (bottom to top) 5,10,15, 
20, 25, 30, 35, 40, and 45 mA and for PD1 plus another 
similar device in parallel at 65 mA. 
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For higher frequency operation PD2 
is used, as it maintains a bandwidth 
greater than 20 GHz while detecting 
over 30 mA at 3.25 V bias (fig. 1). 
Large-signal frequency response mea- 
surements for PD2 (fig. 4) show that 
over +12 dBm output power from 0.05 
to 20.5 GHz at 25 mA average current is 

obtained. For PD2, Ij.dB.LS at 10> 15> 
20 and 25 GHz is deduced from figure 4 
to be 25, 20, 17.5, and 19 mA, respec- 
tively. Comparisons between Ij.dB,LS 
(doubled) and Ij.dB,ss are mucn closer in 
PD2 than PD1 since the quantum effi- 
ciency of PD2 does not decrease at 
higher currents. Rather, the quantum 
efficiency of PD2 increases 0.45 dB at 
25 mA(12) due to additional photocur- 
rent from the p-region at high currents. 

Thus, Ij.dB,ss for PD2 would be slightly 
lower when accounting for quantum 
efficiency nonlinearities. 

Considerations for the voltage drop 
across the 50Q load must also be made 
when comparing the small- and large- 
single data of high speed PDs. For 
PD1, a 2 V (50Q load x 40mAphotocur- 
rent) drop only marginally affects 
h-dB,ss smce it is relatively insensitive to 
bias voltage variations above 8 V 
However, for PD2, a 1.25 V voltage 
drop (at 25 mA) can cause a larger frac- 
tional change in both the applied bias 
and I].dB,ss' ^us making direct compar- 
isons between large- and small-signal 
measurements difficult. This becomes 
important when extrapolating to higher- 
frequency PDs since they tend to operate at lower bias voltages 

5   6   7 8 910 20        30 
Average Photocurrent (mA) 

Figure 3: Measured 1-dB large-signal compression 
current for PD1 at 3 GHz. The solid line represents 
a linear response. The bias voltage is 10V. 
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Figure 4: Measured large-signal output signal from PD2 
for average photocurrents of 5, 10, 15, 20, and 25 mA. 
The modulation depth is 100% and the bias voltage is 4V. 

In conclusion, we have made comparisons between the large-and small-signal compression 
currents in microwave photodetectors. Large- and small-signal compression measurements are 
consistent when quantum efficiency nonlinearities are accounted for. The large-signal 1-dB com- 
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pression currents (1-dB output RF power compression points) obtained were greater than 75 mA 
(+20 dBm), 42 mA (+17 dBm), 26 mA (+14 dBm), 25 mA(+12 dBm), and 17.5 mA (+11 dBm) 
at frequencies of 1,2, 3,10, and 20 GHz, respectively. 
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I. Introduction 
High-speed photoreceiver that converts optical signal directly to microwave signal is a key 
component to realize fiber optic microwave transmission systems. We have demonstrated an 
integrated type optically controlled field-effect transistors (FETs) for such a system.^1"4-' This device 
has the FET region and the light absorption region, and these two regions are monolithically 
integrated. The light absorption region is the gate of the FET and it is controlled by input light 
power. The structural merits of this device are the following: the operational speed of the device has 
no limitation of the diffusion time of the photo generated carriers and the speed can be increased up 
to 60GHz[1], and furthermore it can be obtained high optical-to-electrical conversion efficiency by 
the electric field modulation of the gate in the FET caused by the drift of photogenerated carrier.^'4' 
In the last report, we have demonstrated the integrated optically controlled FET that was the GaAs 
FET region and GalnAs/InP light absorption region which were directly-bonded ^. To obtain the 
high optical-to-electrical conversion efficiency and to increase the speed of the device, it is efficient 
to use the high transconductance material for the channel of FET. Hence we applied the HEMT 
structure using the two-dimensional electron gas for the FET region to achieve the high 
transconductance of FET and high optical response characteristics. In this paper, we show the 
structure of the device, and the improvements of the optical characteristics of the device such as 
current on/off ratio and responsivity of the device. 

II. Device Structure and Fabrication Process 
The structure of this device is shown in Fig.l. This device consisted of two parts. The upper part 
was the light absorption region and the lower was the FET region. The absorption region was 
composed of GalnAs/InP materials and the FET region was the AlGaAs/GaAs HEMT structure in 
place of GaAs MESFET structure [3l This device had four electrodes that were gate and n-electrode 
at the absorption region, and the drain, source at the FET region. The two electrodes at the 
absorption region were used to separate the photo-generated carriers and to pull out from the 
external bias. 
The operation of this device is as follows. When laser light with a long wavelength is absorbed in 
the absorption region, the light energy generates pairs of electrons and holes. These electrons and 
holes drift towards the n-layer and the p-layer of the p-i-n photodiode due to the electric field that is 
generated by the applied gate voltage. Then, the electric field of the gate voltage is reduced by a 
photogenerated electric field of electrons and holes. Due to the original electric field change, the 
applied voltage for the HEMT channel increases. The drain-to-source current is modulated as a 
result of gate voltage control by the illumination of light. 
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Fig. 1.   Device Structure. 

In this device, the operation speed was limited by the RC time constant and the drift speed of the 
photogenerated carriers in the absorption region, and the cut-off frequency of the FET channel. If 
the gate length and p-n junction area are assumed to be 1 (xm X 200 [xm, the drift speed of the 
photogenerated carriers limits the device speed, and we can estimate about 70 GHz cut-off 
frequency. 
The fabrication process of this device is as follows. At first, HEMT that has a channel length of 20 
jAm and a channel width of 170 ^im was fabricated. The absorption region was then directly bonded 
on to the HEMT. The direct bonding procedure can be summarized as follows: The InP and GaAs 
surfaces were treated with a H2S04:H202:H20 solution and were then rinsed in deionized water. 
The wafers were brought into contact just after they had finished drying. The wafers adhered to each 
other, although weakly, even at room temperature. This adhesion is believed to be the result of the 
hydrogen bonding between the OH groups that were absorbed on to the wafers' surfaces during 
pretreatment. They were then loaded into an annealing furnace and heated at 620°C in a H2 

atmosphere for 30min. In the previous paper, we measured the bonding temperature dependence on 
the electrical and optical characteristics of the device ^\ In that experiment, the bonding temperature 
of 620°C had no degradation for the performance of the device. Then the bonded substrate of the 
absorption region was lapped to a thickness of about 20 urn for the shaping of the absorption region. 
After lapping, Si02 film was deposited on the absorption region. Then the absorption region was 
patterned and etched as a mesa structure by wet chemical etching. After the etching of the 
absorption region, the Si02 film was etched in order to make electrode. Finally, the drain and the 
source electrodes and the n-electrode of the absorption region were formed as an ohmic contact by 
AuGeNi, and the p-electrode of the absorption region was formed as an ohmic contact by AuCr. 

III. Experimental Results 
The characteristics of optically controlled HEMT were measured by applying gate voltage VGs to 
the absorption region and by applying drain voltage VDs to the HEMT region. The optical 
characteristic of the device was measured using a semiconductor laser light with a wavelength of 
1.55 \im, which was coupled to a single-mode optical fiber. The light from the end of the fiber was 
irradiated directly on to the device. Light input power Pin was equal to the output power from the 
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optical fiber. Typical current-voltage characteristics were obtained when the gate voltage VGs was 
applied to the absorption region as shown in the Fig.2 of solid line. On the other hand, when the 
light was irradiated to the device, the current was decreased significantly as shown in the dashed 
line. The decrease of the drain current was due to the increase of the field of channel region. And 
this was caused by the reduction of the applied voltage to the absorption region because of the field 
screening by the photogenerated carriers. 
Figure 3 shows the relation between the current modulation and applied voltage to the absorption 
region VGs- The modulation current is the current difference between with and without irradiated 
light power that is defined as A IDS=IDs(Pin=0)-IDs(Pi„), and the current modulation rate is defined 
as [IDs(Pin=0)-IDs(Pin)]/ lDs(Pin=0). The maximum current modulation rate over 90% was obtained 
when the VGs=-2.3V, and this voltage corresponded to the voltage where the maximum 
transconductance of FET was obtained. 
Figure 4 shows the ralation between on/off ratio and Pin under the VGs=-2.3V. The on/off ratio was 
calculated from the ratio of the current with and without input light power calculated by 
101ogio[iDs(Pin)/lDs(Pin=0)]. The solid line is that the optically controlled HEMT and the dashed line 
is that the last reported optically controlled FET whose channel was bulk GaAs. In the case of the 
bulk channel, the on/off ratio was saturated around 4dB. On the other hand, 12dB on/off ratio was 
obtained in the optically controlled HEMT, and this is 3 times larger than that of bulk channel. This 
is highly influenced by the improvement of the transconductance of channel in the optically 
controlled HEMT. In this figure, increasing the input light power saturated the on/off ratio. This is 
because of the saturation of the modulation current caused by the absorption saturation. 
Figure 5 shows the irradiated light power Pjn dependence of responsivity R. The responsivity is 
defined as the ratio of the modulation current and input light power calculated by [lDs(Pin=0)- 
lDs(Pin)]/Pin- The solid line is that the optically controlled HEMT, and the dashed line is that the 
optically controlled FET with a bulk channel. From this figure, maximum responsivity of 305(A/W) 
was obtained at Pin=l[xW. As compared with the optically controlled MESFET structure [3], the 
responsivity was improved in HEMT structure.    In the low power irradiation, the responsivity in 
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HEMT was two times higher than MESFET (R=152A/W). And under the higher power irradiation 
(Pjn~lmW), the responsivity in HEMT was more than five times higher. From these measurement, 
the characteristics of the integrated type optically controlled FET was improved by the application 
of HEMT structure. 
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IV. Conclusion 
We demonstrated an integrated optically controlled HEMT. By comparing the optically controlled 
FET using bulk GaAs channel, the optical response characteristics was highly improved in the 
optically controlled HEMT because of the increase of transconductance of FET's channel. We 
obtained maximum on/off ratio of 12dB and maximum responsivity of 305A/W. It was confirmed 
that the application of HEMT structure to the integrated optically controlled FET was effective for 
the improvement of device characteristics. 
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1. Introduction 
Uni-traveling-carrier photodiodes (UTC-PDs) have been proposed as high-speed and high- 

saturation-output photodetectors1. Among photocarriers generated in the p-type neutral absorption 
layer of the device, only minority electrons are injected into the collector and holes do not behave as 
active  carriers.  Thus,  the  photoresponse   is 
primarily dominated by electron transport. In photo-excited electron 
optimizing UTC-PD performance, such as 
bandwidth and efficiency, the thickness and 
doping level of the photo-absorption layer is of 
prime importance. However, a critical 
parameter, electron diffusivity in p-InGaAs, 
has not been studied yet, except for a heavily 
doped region2. 

In this paper, we report on the 
photoresponse of UTC-PDs for different 
absorption layer thicknesses. The result 
indicates that the bandwidth is described by a 
constant diffusion coefficient, which is as high 
as that for majority electrons. This is contrary 
to the theoretical analysis, which predicts a F,g" 1: Schematic band-diagram of a UTC-PD 
50% reduction in electron mobility due to coupled polar-phonon plasmon scattering in the 10I8-cm'3 

doping range3. 

2. Experiment 
A schematic band-diagram of the InP/InGaAs UTC-PD is shown in Fig. 1. We studied 

structures with photo-absorption layer widths (Wa) of 220, 280, 360, and 420 nm. The absorption 
layer doping concentration was p = 2.5 x 1018 cm"3. The depleted InP collection layer thickness was in 
the range of 150 - 220 nm. The electrical 3-dB 
bandwidth (f3dB) of the devices was evaluated from 
their photoresponse to a laser input pulse (1.55 p.m, 
880 fs, 100 MHz) as measured by an electro-optic 
sampling technique4. To maintain a small-signal 
condition, we kept the input laser power level low at 
0.15 pJ/pulse, where the photogenerated carrier 
density is much lower than the background hole 
density. Because the CR-time constant of the 
fabricated devices was 0.7 ps, it had no significant 
effect on the measuredyj^'s. 

p-Ohmic contact] 

p-lnGaAs photo-absorption layer 
(C:2.5x10i8cm-3) 

V. B. 

3. Results and Discussion 
Figure 2 shows the measured response at a bias 

voltage {Vbias) of-1.5 V. The exponential-tail in the 
Fig. 2: 

10       20 
Time (ps) 

Pulse response of UTC-PDs with four 
different W's. 
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response curve was significantly lengthened as Wa increased. The/Ws's determined from, the response 
curves are shown in Fig. 3 as a function of the neutral absorption layer thickness Wa - A. Here, A is the 
InGaAs depletion thickness at the interface between the photo-absorption and collector layers and is 
estimated to be 20 nm (5 - 9% of Wa) by numerical calculation of the band profile. As shown in the 
figure, f3dB was found to be approximately 
proportional to V(Wa - A )2, indicating that the 
response was dominated by the diffusive transport 
of electrons in the absorption layer. 

Basically, the total response of the UTC-PD is 
a function of the absorption layer response and the 
electron traveling time in the collector layer xc. The 
effect of xc on the total response is, however, 
negligibly small because the electron velocity in 
InP is around 2 - 4 x 107 cm/s depending on the 
applied field5, and Wa of the UTC-PDs studied was 
wide enough. Actually, the deviation in f3dB's 
derived for more negative FWs was within the 
measurement accuracy of 5%, which meant that xc 
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had little effect onf3dB. In this situation, the small- 
signal response of the UTC-PD is given by1 
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Fig- 3 /3IIB versus Wa - A (see text). The solid 
line represents the best-fit curve. The 
dotted and broken lines represent the 
calculated f3dB with De of half and twice 
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Here, co, De, and vth are the angular frequency, the electron diffusion coefficient in the photo- 
absorption layer, and the electron thermionic emission velocity (2.5 x 107 cm/s in the InGaAs at 300 
K), respectively. 

We derived De by fitting the measured bandwidth of the UTC-PDs with Eq. (1). A diffusion 
coefficient of 130 cm2/s for p = 2.5 x 1018 cm"3 was obtained from the best-fit curve forf3dB vs. Wa - A. 
This De corresponds to an electron mobility u.e of 5200 cmVVs at 300 K, which is close to the majority 
mobility. This result is much different from the theoretical prediction3 that De is as low as 60 cm2/s 
(corresponding to \xe of 2400 cm2/Vs) and coupled polar-phonon plasmon scattering is the dominant 
factor in determining De. 

5. Conclusion 
We have studied how the bandwidth of InP/InGaAs UTC-PDs changes with respect to photo- 

absorption layer thickness. An electro-optic sampling technique was successfully used to accurately 
determine the bandwidth. The derived bandwidth is consistent with diffusive electron transport in the 
p-InGaAs. Contrary to the theoretical prediction, the measured minority electron diffusion coefficient, 
130 cm2/s at p = 2.5 x 1018 cm"3, was close to that of the majority electrons. 
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While the performance of conventional analog-to-digital converters (ADCs) continues to improve, the 
rate of improvement is too slow to satisfy the requirements of advanced communication and radar 
systems in the foreseeable future. Hence it is widely recognized that new concepts leading to major 
advances in the A/D technology are needed. 

A signal can be stretched in time by subjecting it to sequential dispersion/chirp/dispersion steps [1]. 
Optics provides an ideal medium for performing this function as it provides ultrawide bandwidth 
dispersion [2] and chirp sources [3]. A new class of ADC systems can be realized by stretching the 
analog signal in time prior to sampling and quantization [4]. By reducing the signal bandwidth, time 
stretching increases the effective ADC sampling rate, input bandwidth and resolution. The system can 
operate with both pulsed and continuous-time signals. In the latter case, the signal is first segmented 
and interleaved into M parallel channels and each segment is stretched by M. This ensures that no 
signal is lost upon time transformation. 

Figure 1 shows the general concept of time stretching using chirped optical pulses. A linearly chirped 
optical carrier is intensity modulated by the electrical signal in an electrooptic modulator. After 
traveling through a linear dispersive element, both electrical carrier and its modulation are slowed 
down in time. The ability to slow down the microwave carrier and its modulation is of paramount 
importance in digital receivers wherein the ADC must capture the received signal before down 
conversion. The optical carrier is chirped however this is of no consequence as optical field 
oscillations are filtered out by the photodetector. 

Figure 2 shows the experimental setup. To generate the chirped pulse, a 160fs pulse from a Mode- 
Locked Erbium doped Fiber Ring Laser (ML-FRL) is dispersed in length Zy of Single Mode Fiber 
(SMF) generating a linearly chirped optical signal. The pulse has approximately 60nm (7.5THz) 
bandwidth. The chirped signal is intensity modulated by the electrical waveform in a LiNb03 

modulator producing an optically chirped copy of the analog waveform. The latter is linearly 
stretched in time by a 2nd dispersion stage consisting of length L2 of SMF. The stretch factor is given 
by M=(Li+ L^/Lj. An arbitrary analog waveform was generated by biasing the modulator at Vrc and 
applying a pulse to it. Figure 3 shows the experimental results for various stretch factors ranging from 
1 to 8 obtained by keeping L, fixed and using different lengths of fiber for L2. 

For a single tone modulation signal of frequency/,, and amplitude a, the output intensity is given by: 

where M is the stretch factor and ß2 is the linear 
2a 

/ = — cos 
f^fm 

-t 

(If \\ 
1 

M V M J V 2 V M)) 
dipsersion paramter. The second term describes the dispersion penalty due to L2. For a fixed temperal 
apperture (fixed Li), the dispersion penalty increases with M. However the resulting time 
transformation ensures that the penalty is negligible compared to that in conventional analog 
transmission over the same fiber length, L2. This concept is shown in Figure 3. 

In the case of a Nyquist rate ADC, time stretching increases the effective sampling rate and input 
bandwidth. In addition, since the signal bandwidth is reduced, the sampling jitter noise diminishes. In 
the case of E-A oversampling ADCs the advantages are much greater. This occurs due to the noise 
shaping property of these systems. As an example, in a 2nd order E-A modulator, the resolution 
increases by a significant 2.5bits for every octave of time stretch! 
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Abstract: We demonstrate novel photonic RF frequency shifter using a highly-chirped mode-locked fiber laser 
where we show frequency shifting of an RF signal from 10 GHz down to 5 GHz and up to 25 GHz. 

Optical processing of microwave signals has gained much attention in recent years for its broadband, remoting, and 
system flexibility potentials. Such advantages have been proven in recent demonstration of such photonic functions 
as microwave beamforming[l], microwave links[2], and RF downconverters[3]. The typical photonic RF 
downconverters use mixing between the LO and RF to generate downconverted signal. Applications that require 
remoting such that the LO and RF sources are located apart, the typical photonic downconverters require two electro- 
optic(E-0) modulators. In this paper, we will present a novel photonic technique that can be used to arbitrary shift 
RF signal frequencies without the need for the LO source and the second E-0 modulator. The technique is based on 
the dispersive chirping of amplitude-modulated, broadband, and pre-chirped optical carrier propagating through a 
dispersive fiber. We show that this effect can be used to produce a microwave frequency shift of the original signal 
with shifts of over tens of GigaHertz. Such capability is of great interest for many applications that require 
frequency shifting and may be hard to obtain using conventional methods. 

In order to analyze the effect on the modulation frequency as the chirped, amplitude-modulated optical carrier 
propagates through a dispersive link, we analytically solved propagation of RF-modulated chirped pulse in the 
dispersive medium. The RF-modulated chirped optical Gaussian pulse can be written as [4]: 

K(0, r) = E0 cos[o)mt) exp 
(l + iC)t 

2     t0 
J\ CD 

where Eo is an amplitude, com is the RF modulation frequency, C is a chirp parameter defined as C = (AGO to - 

1) ' , to is the initial linearly-chirped pulse width and Aco is the bandwidth of the laser. The governing equation 
that describes the propagation of such pulses in the second-order dispersive medium, neglecting losses, can be written 
as: 

.du    I a d2u    n 
l&-2ß>!F=0 (2) 

where ß2 is a group-velocity dispersion parameter. By substituting equation (1) into (2) and analytically solving the 
equation, the output pulse can be written as: 

"(z>0 = £o,zcosf-^'jexp < t2^ 

*\ 
(3) 

where, E0>z is the new amplitude after propagation, A = (l+iC)/(2to2), and 8 = - ß2z . From (3), it can be seen 
2 4A 

that the new RF modulation frequency due to the chirping is co=com/(4A5).   In the case of highly chirped pulses ( 
e.g., Aco » 1/to ), the new RF modulation frequency can be simply written as: 

where AA is a pulse spectral bandwidth, D is the propagation medium dispersion, and z is the propagation distance. 
From (4), it can be easily seen that the amount of RF modulation frequency shift depends on the total dispersion and 
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the amount of initial chirp of the carrier. The sign is "+" or "-", depending on whether the initial pulses are chirped 
in the anomalous dispersion regime and normal dispersion regime, respectively. From the equation, it can be seen 
that larger chirping results in larger frequency shifting while the direction of the shift depends on the sign of the 
chirping. Also, given the same length of dispersive fiber for frequency shifting, if the initial chirped pulse widths 
are the same, the pulse with broader laser bandwidth results in larger amount of chirping and thus results in larger 
amount of frequency shift. 

The analysis was verified experimentally with a system shown schematically in Fig. 1. A stretched-pulse 
mode-locked fiber laser generating spectrally wide (-30 nm) 1-2 ps pulses at 1.55|im with a 40 MHz repetition rate 
was used as a source. The laser beam was end-fire coupled 
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Figure 1 Schematic of the photonic RF frequency shifter set-up. 

into one port of a polarizing beamsplitter, propagated through a 1.5 km long standard SMF-28 fiber (D~ 19 
ps/nm.km) reflected off a Faraday mirror at the end of the fiber and coupled out from the other port of the polarizing 
beamsplitter. Double passing through the SMF-28 fiber linearly chirps the pulses to approximately ~2.2 ns 
forming a quasi-CW source for our photonic RF frequency shifter measurements. The chirped optical carrier was 
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Figure 2 Temporal traces of (a) unshifted RF signal, (b) downshifted RF signal, and (c) upshifted RF signal using a 
50 GHz sampling scope. 
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amplitude modulated with a 10.2 GHz signal in a wideband integrated electro-optic modulator (IEOM). Frequency 
shifting was achieved by propagating amplitude modulated optical pulses through various dispersive fiber segments. 
For frequency upshifting, dispersion compensating (DC) fiber was used ( D~ -95 ps/nm.km) which effectively 
compress the optical pulses. Downshifting was achieved using SMF-28 fibers, which further chirps the optical 
pulses. The frequency shifted RF signal is recovered by a fast PEN detector. 

To verify frequency shifts, both an RF spectrum analyzer and a 50 GHz sampling scope were used to 
monitor the RF signal in the frequency and time domain, respectively. In order to generate the -10 GHz signal, a 
portion of the optical power was converted into RF signal using fast photodetector followed by a bandpass filter at 

til 
-10.2 GHz to select a 255 harmonic of the laser frequency. A RF amplifier was used to amplify the RF signal and 
drive the IEOM. Because of the large bandwidth of the RF bandpass filter, several harmonics around 10.2 GHz were 
present. The average optical power through the IEOM was approximately 0.3 mW. In order to achieve 
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Figure 3 RF spectra corresponding to temporal signals shown in Fig. 2. 
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downshifting, 3 km of SMF-28 was used to further chirp the modulated optical pulses. For upshifting, 200 m long 
DC fiber was used to compress the optical pulses. Figure 2 shows the time traces of the 10 GHz original signal 
measured without dispersive fiber (a), the ~5.2 GHz signal using 3 km long SMF-28 fiber (b), and the upshifted 
-15.2 GHz signal using 200 m long DC fiber (c). Corresponding RF spectrums are also shown in Figure 3. The 
recovered frequency shifted signals were approximately -60 dB down from the original signal used to drive the 
modulator, which is consistent with the IEOM half-wave voltage Vn of 20 V and photodetector current of 0.12 mA. 
Higher optical power and better IEOMs can significantly improve the link loss[2]. 
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Figure 4 The ratio between the shifted and the initial RF modulation frequencies as a function of total dispersion of 
the fibers. Dots represent experimental data and line represent theoretical results. 

Further experiments were performed with different lengths of fibers representing different total dispersions 
and frequency shifts up to 25 GHz were obtained. These results are summarized in Fig. 4 where the ratio between 
the new to the initial RF frequency is plotted as a function of total dispersion of the fibers. For theoretical fit, to of 
2.2 ns and AX of 30 nm was used. The experimental results are in excellent agreement with the theoretical 
prediction. The small discrepancy between the theory and the experiment is partly because our pulse shape deviates 
from the ideal Gaussian case in addition to the uncertainty in the total dispersion of the fibers. 

In conclusion, we analyzed the propagation of amplitude-modulated chirped optical signals through 
dispersive media. The results predict a shift in the output RF frequency and were experimentally verified, with 
demonstrated RF frequency shifts of a 10 GHz down to 5 GHz and up to 25 GHz. The amount of RF frequency shift 
depends on the total dispersion of the fiber that compresses or stretches the amplitude-modulated chirped optical 
carrier. This method can be used to produce extremely large RF frequency tunability with the generated RF signals 
in excess of 100 GHz. 

This work was supported by the Office of Naval Research. 
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Abstract 

We present a novel topology of tuneable optical radio frequency notch filter using a chirped fibre grating. An 
effective doubling of the linear, continuous tuning range is obtained within the bandwidth of the chirped 
grating compared to a previous topology. 

I. Introduction 

Photonic signal processing for radio frequency system is attractive because it can overcome many limitations 
imposed by conventional electrical signal processing. Many applications such as communication or radar system, 
require a wide dynamic range, high resolution notch filter to filter unwanted noise and clutter. There have been several 
kinds of tuneable optical notch filters proposed [l]-[5]. Most of which use several optical fibre delay lines of differing 
lengths to give out stepped time delay. Some reported schemes which may be tuned continuously either result in 
changing inserted loss or need multiple tuneable lasers. 

Linearly chirped fibre gratings have either a linearly chirped grating period or linearly chirped effective refractive 
index distribution. The light intensity for different wavelength reflects from different spatial regions along the grating, 
introducing a time delay that is wavelength dependent and thus tuneable by varying the operating optical wavelength 
[6]. Although the chirped grating is a notch filter by itself, its free spectral range (FSR), generally very large, depends 
on the chirp rate of the grating. Due to the requirement of very wide chirp bandwidth it is difficult to make its FSR 
down to megahertz range where the operating frequencies of many applications are located. Besides, limited by 
chirped grating fabrication technology, its spectrum response is still not smooth enough to give a precise tuning of 
notch frequency. We describe here a novel topology of tuneable optical notch filter using a linearly chirped fibre 
grating which provides doubled time delay of the grating, linearly and continuously tuning either by simply changing 
the wavelength of the optical carrier or by tuning the temperature of the grating. 

II. Principle 

The topology of the tuneable optical radio frequency notch filter is shown in Fig. la. The notch frequencies of the 
filter are given by, 

fno,cH=(k + -)—     k = 0,l,2,- (1) 
2     Td 

where xd is the difference of the time delays between two light beams, consisting of a fixed time delay difference and a 
tuneable time delay difference. When xd is changed, the shift of the notch frequencies is, 

A.        _    1 .AT 
A/^rffc+T;— (2) 2   rd 
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where Ax is the change of the time delay difference which here is provided by a linearly chirped grating. If the fixed 
time delay difference is much larger than the tuneable time delay, the shift of the notch frequencies can be tuned 
linearly and precisely by changing Ax, meanwhile the free spectral range (FSR) defined by the notch spacing is kept 
nearly unchanged. This offers a large flexibility for real time signal processing. 

Since chirped gratings can exhibit positive or negative time delay change with regard to wavelength, with same 
magnitude depending on the orientation of the grating, it offers a possibility to increase the obtainable time delay and 
thus the tuneable frequency range by connecting the chirped grating between two arms of the optical fibre Mach- 
Zehnder section. This makes full use of time delay characteristics of the chirped grating. 
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Fig.l (a) the experimental arrangement, (b) the spectral response of the chirped grating. 

III. Experiment and Results 

A linearly chirped fibre grating with a length of 5cm was used to introduce a time delay that is wavelength 
dependent and thus tuneable by varying either the operating optical wavelength or the temperature applied to the 
grating [6]. Fig. lb gives the measured spectra of reflection and time delay. Within the grating bandwidth of about 
0.3nm the reflectivity was larger than 99%. A temperature controller with a temperature control accuracy up to 0.01 
°C, was used to stabilise the grating's response. A fixed length of standard single mode fibre (450m long) was used in 
our experiment, which gives a fixed time delay difference to the final resultant signal. The tuneable laser was operated 
with a coherence length significantly less than the optical path difference of the notch filter. The effect of linearly 
chirped grating on the microwave response of the optical notch filter was observed using a lightwave component 
analyzer (LCA). The chirped grating was connected between the two arms of Mach-Zehnder section through two 
circulators. Such a topology doubles the tuneable time delay within the grating's bandwidth of nearly total reflection, 
illustrated as Fig.2. 
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Fig.2 The variation of time delay induced by the chirped grating with wavelength 
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The free spectral range (FSR) of the filter is about 440 kHz for the fixed length of 450m. In the case that the grating is 
connected with only one arm [7], the shifts of the notch frequencies by changing source wavelength from 1553.9 nm to 
1554.2 nm, are 100 kHz at around 500 MHz. The shift of the notch frequencies increases to 400 kHz when the filter 
operates at around 2 GHz, since the shift of the notch frequencies increases with the increase of operating frequency, 
according to (2). When the grating is connected between two arms, the obtainable frequency shifts are -200 kHz and 
780 kHz, respectively, giving a nearly doubled time delay as expected. Fig.3a gives the experimental results of the 
microwave frequency response of the optical notch filter operating at around 2 GHz. The relationship between notch 
frequency shift and source wavelength is shown in Fig.3b. The experimental data at the sampled wavelengths are very 
close to the regressed straight line, and exhibits a good linearity. 
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Fig.3 The experimental results of the optical notch filter 

Reducing the length of the fixed fibre delay line gives rise to increasing the FSR of the filter. An FSR of 11.8 MHz 
was obtained in our experiment where the fixed fibre delay line length was reduced to 35 m, consequently giving a 
tuneable range of ~11 MHz when operated at around 2 GHz. 

It should be pointed out that for the configuration with the doubled time delay, the wavelength of the light source is 
necessarily confined within the bandwidth of the grating. When the wavelength of the light source operates far from 
the bandwidth, there is no reflection from the grating, the light beam of each arm swaps the travelling path through 
the circulator, and this topology acts as a notch filter with the fixed time delay provided by the fibre delay line. When 
the wavelength is close to the bandwidth, the notch frequency varies irregularly with die wavelength due to the 
complicated dispersion response of the grating in this region. 

The fixed time delay can be altered by changing the length of the fibre delay line to provide the larger FSR of the 
notch filter, depending on the practical application. However, the optical coherence of die source must be accounted 
for as it will play a significant role in the device response. When the FSR is increased to the order of GHz, the 
frequency response becomes more complicated than indicated in (1) due to the effect of the grating dispersion on the 
sidebands [8]. 

IV. Conclusion 

A novel topology of optical notch filter employing a chirped fibre grating has been demonstrated. Its low cost, 
compactness and flexibility makes it suitable for real time signal processing in radio frequency systems. More complex 
geometry of such delay lines will allow for the synthesis of more complex filter responses. 
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Abstract: We consider optical amplifier noise in self-heterodyne optical mm-wave links, and propose that 0 dB noise figure 
can be achieved. We experimentally demonstrate 2.5 dB noise figure reduction for an EDFA using a tailored optical filter. 

I. INTRODUCTION 

Photonic millimeter-wave links are a promising approach for the provision of a radio-based final drop for broadband 
customer access networks [1], providing transport of mm-wave signals from a central base station to multiple remote 
antenna units. There has been considerable progress in recent years, with focus on the development of 'self-heterodyne' 
optical sources which allow operation at 1550 nm over standard fiber with minimal power penalty from chromatic 
dispersion [2-4]. 

Operation of radio-over-fiber systems at 1550 nm allows the utilisation of Erbium-doped fiber amplifiers (EDFAs), 
providing compensation for propagation and splitting loss. With continued progress, system performance will ultimately be 
limited by noise generated from the optical amplification process. Here we show that the optical amplifier noise figure may 
be reduced by 3 dB for self-heterodyne signals, potentially doubling the system capacity. We experimentally demonstrate 
2.5 dB improvement in the noise figure of an EDFA. 

II. THEORY 

In an optical amplification process, amplified spontaneous-emission (ASE) is added to the amplified signal, degrading the 
carrier-to-noise ratio (CNR) of the input signal. For conventional intensity modulation, signal-ASE beat noise cannot be 
reduced by optical filtering, resulting in a minimum amplifier noise figure of 3 dB [5]. In optical mm-wave links, self- 
heterodyne optical signals are employed in preference to intensity modulation in order to avoid large power penalties due 
to chromatic dispersion at 1550 nm [6]. As we show below, self-heterodyne optical spectra allow filtering of signal-ASE 
beat noise, potentially allowing a 0 dB optical amplifier noise figure. 

A mm-wave optical self-heterodyne signal has an optical power spectrum S(f) given by 

5(/) = y[5(/-/o+/mm/2)+5(/-/0-/mm/2)] (1) 

where f0 is the optical center frequency. With an ideal receiver, the CNR of the generated mm-wave carrier is shot noise 

limited. For a photodetector with 100% quantum efficiency, the CNR of the signal generated at fmm is given by 

CNRin=-^— (2) 
'"     AhvB 

where hv is the photon energy and B is the detector bandwidth. During optical amplification, spontaneous emission is 
added to the signal, degrading the CNR. After optical amplification with gain G, ASE power at the output has spectral 
density (G - \)n   hv , where nsp is the spontaneous-emission factor [5]. For G » 1, CNR at the output is dominated by 

signal-ASE beating, and is given by 
G/n 

CNR0Ut=   .     "°  (3) 
"'"     %(G-\)nsphvB 

The noise figure NF of the amplifier for the self-heterodyne signal is then given by 

0-7803-4936-9/98/$10.00 © 1998 IEEE 207 



CNR         ip (4) 

Without optical filtering, the amplifier noise figure has a minimum value of 3 dB, when nsp -1, identical to the case 

of intensity modulation with direct detection. For the self-heterodyne spectrum, however, ASE power at frequencies 
3                         3 

f0 + — fmm and /0 fmm - outside the signal band - contributes to the generation of signal-ASE beat noise at the 

heterodyne frequency fmm . Using an optical band-pass filter, the signal-ASE noise power can hence be reduced by 3dB, 

potentially allowing 0 dB noise figure. This effect is analogous to image filtering in electronic mixers, and has previously 
been demonstrated only for coherent optical systems employing a local oscillator at the receiver [7]. 

III. EXPERIMENT 

A 30 GHz self-heterodyne optical signal was generated using optical suppressed-carrier modulation [2]. A CW 1550 nm 
DFB laser was externally modulating using a LiNb03 Mach-Zehnder modulator (MZM). The modulator was driven at 15 
GHz and biased at VK , the point of minimum optical transmission, suppressing the optical carrier. For moderate drive 

levels, the majority of the optical power resides in first-order sidebands displaced 15 GHz from the optical carrier, 
providing a 30 GHz self-heterodyne optical signal. 

The optical mm-wave signal was attenuated and amplified using two EDFAs. To perform signal-ASE filtering, an 
apodised fiber Bragg grating (FBG) with peak reflectivity 99.9% and FWHM 60 GHz was employed in reflection. The 
measured reflection spectrum of the FBG is shown in Figure 1, together with the optical spectrum of the generated mm- 
wave signal. Also shown schematically is ASE power contributing to detected signal-ASE noise at 30 GHz. ASE power 
offset 45 GHz from the suppressed optical carrier will be strongly attenuated by the FBG filter, which is the basis for the 
improvement in CNR. 

•60 -40 -20 0 20 
Frequency Offset (GHz) 

Figure 1: Spectrum of the optical mm-wave signal is shown together with the FBG reflection spectrum. Shaded 
areas schematically illustrate ASE power contributing to CNR reduction. 

The detected 30 GHz carrier was amplified and mixed down to baseband with a broadband mixer, and the noise of the 
IF signal measured with a spectrum analyser. To distinguish between signal-ASE noise filtering and ASE-ASE filtering, 
the unpolarized nature of ASE was utilised. ASE-ASE beat noise was measured separately at the output by adjusting a 
polariser to null the signal term. By subtracting ASE-ASE beat noise and receiver noise from the total, signal-ASE noise 
could be accurately estimated. The experimental layout is shown schematically in Figure 2. 

Measured CNR as a function of input optical power with and without optical filtering is shown in Figure 3. The slope 
of both sets of measurements is close to one, in agreement with (3) which predicts a linear relationship between CNR and 
input power, confirming that the measured noise is due to signal-ASE beating. Ten measurements for a fixed input power 
yielded an average improvement in CNR of 2.5±0.2 dB using optical filtering. 
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The expected noise reduction was calculated using the measured reflection spectrum of the FBG. With the optical 
carrier frequency centered in the FBG reflection band, we calculate a CNR improvement of 2.6 dB should be achieved for 
a 30 GHz signal, in good agreement with the experimental CNR measurements. The noise reduction is limited by sidelobes 
in the reflection spectrum of the FBG. Better apodisation would lead to CNR improvement closer to the maximum value of 
3dB. 

Final verification of the experiment was performed by repeating the measurements with a 14.6 GHz optical mm-wave 
signal. In this case, ASE power contributing to signal-ASE noise falls within the FBG reflection band, and no improvement 
in CNR is expected. Experimental measurement confirmed that the CNR was not improved in this case. 

DFB MZM A/T BPF 

■— v. 

x2 

PC 

PD 

FBG 

SPECTRUM 
ANALYSER 

Figure 2: Schematic experimental layout for measurement of signal-ASE noise filtering. Abbreviations: PA - power 
amplifier; MZM - Mach-Zehnder modulator; ATT - attenuator; BPF - band-pass filter; PC - polarization controller; 
POL - polarizer; FBG - fiber Bragg grating; PD - photodetector; LNA - low noise amplifier. 
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Figure 3: Measured CNR due to signal-ASE beat noise as a function of optical input power. 

IV. CONCLUSION 

We have demonstrated that signal-ASE noise reduction can be achieved for self-heterodyne optical mm-wave signals using 
passive optical filtering. We applied the technique to an optical suppressed-carrier signal, but noise reduction can be 
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achieved for other self-heterodyne signals, such as optical single-sideband signals [3]. An improvement of 2.5 dB in CNR 
was measured experimentally using a FBG. With current rapid improvement in sources and filters driven by DWDM 
development, we expect that CNR improvement close to 3 dB will be practically achievable. 

For optical mm-wave links which are noise-limited by signal-ASE beating, noise filtering will provide significant 
benefit. Noise reduction of 3 dB will allow the link capacity to be doubled, providing further stimulus for the deployment 
of radio-over-fiber networks. 
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Abstract 

The principles of coherent fiber-optic links are 
presented and the transmission and signal proc- 
essing capabilities offered to microwave and 
millimeter-wave systems are discussed. Further- 
more, an overview of implemented transmitter 
types and link experiments is given. 

1. Introduction 

Fiber-optic links are gaining increasing interest 
for implementation of transmission as well as 
signal processing functions in microwave and 
millimeter-wave systems. 

The basic outline for a fiber-optic link is 
shown in Fig. 1. Basically, the link transports a 
signal from its input to its output. If the signal 
remains unaltered, the link is transparent and its 
only function is signal transmission. On the other 
hand, if the signal is intentionally altered by the 
link, it also performs signal processing. This 
added functionality may be desirable in many 
systems and may enable a number of new appli- 
cations. At present, the potential of such multi- 
functional links is increasingly recognized [l]-[6]. 
In coherent links, the signal processing functions 
can most often be obtained without significant 
added complexity and cost and without degrada- 
tion of the transmission performance. 
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Figure 1: Schematic for the fiber-optic link. 

Figure 2: Schematics for a) IM-DD links, b) HD 
coherent links, and c) RHD coherent links. 

2. Principles of coherent links 

Fiber-optic links may be implemented with co- 
herent or non-coherent techniques. The three re- 
sulting link types are shown in Fig. 2. A detailed 
description of the non-coherent intensity modu- 
lated direct detection (IM-DD) link type can be 
found in [7], [8]. In the heterodyne detection 
(HD) and the remote heterodyne detection 
(RHD) links, the interaction between two laser 
signals form the basis for the detection process, 
and the detected signal current is given as 

'.(0 = 

2R^Pi(t)p2(t) ■ COS [{«!(I) - co2(t)}t + h(t) - <t>2(/)] 

where R is the responsivity of the photodetector, 
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t is the time, and p(t) is the instantaneous power, 
a(t) is the instantaneous frequency and <f(f) is the 
instantaneous phase of the laser signals. The 
equation shows that it is necessary to maintain a 
well defined correlation between the frequency 
and phase of the two signals. This makes coher- 
ent links more complex than non-coherent links. 
However, as discussed in this paper, it also offers 
a number of advantages. More detailed descrip- 
tions of the HD principle can be found in [9] and 
of the RHD principle in [5], [6], [8]. 

This paper is focused on RHD coherent links. 
In these, both laser signals are generated at the 
transmitter end of the link. This makes it signifi- 
cantly easier to maintain frequency and phase 
correlation as compared to HD links. 

3. Transmission capabilities 

The transmission properties and capabilities of 
coherent RHD links are, in many respects, differ- 
ent from those of the IM-DD links. The higher 
complexity of coherent links pays off in terms of: 

• Higher link gain [10]. 
• Comparable or higher linearity [10]. 
• Comparable or higher CNR [10]. 
• Lower sensitivity to chromatic dispersion [8]. 

The link gain can be much higher since a modu- 
lation depth of unity can be achieved without 
degradation of linearity (see the equation) and 
since the power from two lasers is often involved. 
The CNR improvement depends on the involved 
noise sources. Incorporation of optical pre- 
amplifiers in the DD receivers will reduce the 
CNR advantage offered by the coherent detection. 

4. Signal processing capabilities 

In addition to attractive transmission capabilities, 
the coherent links readily offer photonic signal 
processing possibilities. This is evident from the 
equation where it is seen that changes in either 
amplitude, frequency or phase applied to one of 
the laser signals will result in proportional 
changes of the signal at the output of the link. 

This feature opens up for photonic imple- 
mentation of a variety of functionalities in mi- 
crowave and millimeter-wave systems: 

Transmission. 
Amplitude control. 
Frequency control. 
Phase control. 
Time delay control. 
Filtering. 
Modulation and demodulation. 
Frequency conversion. 
Signal recovery. 

Photonic implementation of these functionalities 
may be advantageous in some existing applica- 
tions and may open up for new applications that 
were not possible beforehand. 

All of the listed functionalities are, to a large 
extent, equally important. It is, however, impos- 
sible to give a complete survey of them all. In the 
remainder of the paper, which deals with experi- 
mental results, the focus is placed on transmitter 
concepts and RHD link experiments demon- 
strating transmission, modulation, frequency 
conversion and signal recovery. 

5. Dual-frequency laser transmitters 

The RHD links require dual-frequency laser 
transmitters. These can be implemented in differ- 
ent ways and a significant number of concepts 
have been proposed and experimented: 

• Dual mode laser (DML) transmitters [11]. 
• Pulsed laser (PL) transmitters [12]. 
• Optical frequency shifter (OFS) transmitters: 

• Splitting and shifting (SS) [13], [14]. 
• SSB modulation [15]-[17]. 
• Suppressed carrier DSB modulation [18]. 

• Optical injection locked loop (OBLL) trans- 
mitters [19]-[21]. 

• Optical phase locked loop (OPLL) transmit- 
ters [22]-[25]. 

• Optical    feedforward   modulator   (OFFM) 
transmitters [26]. 

The above transmitters, some of which are con- 
ceptually very different, basically generate two 
phase correlated optical signals that can be sepa- 
rately altered in intensity, frequency and phase. 
All of them have been successfully used in link 
experiments. 
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Table 1: Overview of RHD link transmission and signal processing experiments. 

Functionality Tx concept LF IF RF Modulation Year Ref. 
Modulation OPLL 1 Gb/s 9 GHz 1 Gb/s QPSK 1994 [27] 
Modulation OFS-DSB 140Mb/s 36 GHz 140 Mb/s BPSK 1994 [28] 
Up-conversion OFS-SSB 50 MHz 650 MHz No modulation 1994 [29] 
Up-conversion OPLL 2 GHz 9 GHz lOOMb/sDPSK 1994 [30] 
Up-conversion PL 2 GHz 58 GHz 155 mb/s BPSK 1996 [31] 
Up-conversion OFS-SSB 2 GHz 39 GHz 155 mb/s BPSK 

+ AM-VSB 
1997 [32] 

Up-conversion OILL 140 MHz 19 GHz 140 Mb/s OQPSK 1997 [20] 
Up-conversion OILL 1GHz 64 GHz 140 Mb/s OQPSK 1998 [33] 
Transparency OFFM 39 GHz 300 Mb/s BPSK 1994 [34] 
Transparency DML 60 GHz No modulation 1996 [11] 
Transparency OFS-SSB 12 GHz 51.8 Mb/s BPSK 1997 [35] 
Transparency OFS-SSB 38.1GHz 155 Mb/s BPSK 1997 [36] 
Transparency OFS-SSB 10 GHz 2.49 Gb/s BPSK 1997 [37] 
Transparency DML 36.8 GHz 51.8 Mb/s PSK 1998 [38] 
Signal recovery OPLL 7.6 GHz 27MHzFM 1994 [39] 

6. Link experiments 

An overview of the link experiments that have 
been carried out using coherent RHD is given in 
Table 1. A large number of different functionali- 
ties, transmitter concepts and signal formats have 
been experimented with excellent results. For all 
of the experiments, the indicated functionality 
describes the signal processing that is carried out 
by the link in addition to transmission. 

All of the transmitter concepts have been ap- 
plied although not for all functionalities. As an 
example, it is only the OPLL transmitter that can 
be used for transparent signal recovery of a mi- 
crowave signal that has been degraded by addi- 
tive noise [5], [39]. 

The SSB modulation transmitter is by far the 
most popular. This is because of its lower com- 
plexity as compared to especially the OILL and 
OPLL transmitters. However, the latter do enable 
a better performance in terms of link gain and 
CNR without the addition of optical amplifiers. 
This is because the full power from two separate 
lasers is ideally available for transmission. Fur- 
thermore, the two laser signals are readily avail- 
able for individual photonic processing. 

The experiments clearly demonstrate the fea- 
sibility of coherent fiber-optic RHD links. As 
evident, most focus on transparent transmission 
and frequency conversion. However, the pho- 
tonic signal processing potential of coherent 
links can be taken much further. This may lead to 
many new innovative system applications. 

7. Conclusion 

Coherent fiber-optic RHD links exhibit attractive 
transmission capabilities as compared to IM-DD 
links. In addition, they also offer the capabilities 
to perform a large number of different signal 
processing functionalities. An overview of link 
experiments demonstrating, modulation, fre- 
quency conversion, and signal recovery has been 
given. In many applications, such links may be 
much more desirable than transparent links. As 
opposed to the conventional DD links, the RHD 
links can in many cases be optimized to the spe- 
cific application. This may significantly influence 
performance, cost, power consumption, etc. When 
comparing DD links and RHD links this must be 
taken into account, and the entire system must be 
evaluated in its entirety from end-to-end. 
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Binary phase shift keying is demostrated with the modulation performed by switching optical 
delays between 0 and it. We achieved modulation up to 2 Gbit/s and error-free transmission 
through a 5-km single-mode fiber. 

I. Introduction 
Optics is highly advantageous for 

generation, modulation, fiber transmission, and 
amplification in microwave links as well as 
optical fiber communications. Microwave 
optical links that carry phase shift keying (PSK) 
signals have been demonstrated.1'2 However, 
the electric PSK modulators used in previous 
experiments limited the bit rates to a few 
hundred Mbit/s.We propose novel binary PSK 
modulation based on optical delay switching, 
where, except for an optical millimeter-wave 
(mm-wave) source, high-speed devices 
operating at a carrier frequency are not needed. 
This paper also demonstrates a transmission of 
2-Gbit/s PSK signal in a microwave optical 
link. 

II. Principle 
PSK modulation is made possible by 

giving phase shifts to a carrier with a delay 
line, although this has not been widely used 
because in the conventional frequency ranges 
the  delay  line  is  very  long,  making  it 

inappropriate for monolithic integration. Now, 

it has become possible in the mm-wave range. 
The    proposed    PSK    modulator 

configuration  is  shown  in  Fig.   1.   Key 
components are the 7U-delay line and 2x1 switch. 

Phase delay % is defined in a mm-wave 
frequency, but not in a light frequency. The 
optical pulses are divided into two paths. The 
delay line provides a rc-delay only in the upper 
path. Hence, the phases in the two paths are 
opposite. The upper path is referred to as T 
and the lower one as '0.' The 2x1 switch selects 
only one path, according to the input data. This 
configuration can be easily implemented by 
using a delay line and two intensity modulators. 
Its main features are that (a) only performance 
at the data bit rate is required for the electronic 
drivers and light modulators, and (b) there are 
no practical limitations on the carrier frequency. 
A demerit of this configuration is that the 
modulator is designed for a certain carrier 
frequency unless the delay line length is tunable. 

vAAAAAP 2xiswitch 
1 

W\A/V\, Data 

Output 

1     0     1 

Fig. 1   Block diagram of the PSK modulator. 
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III. Experiments 
A. Setup 

Figure 2 shows the experimental setup, 
which includes three stations—a central station, 
an access station, and a terminal. A practical 
application uses antennas between an access 
station and a terminal, whereas they were 
directly connetced in this experiment. An 
integrated light source (ELS)3,4 consisting of a 
distributed feedback laser diode (DFB-LD) and 
an electroabsorption light modulator (EA-Mod) 
was empolyed to generate optical pulses with 
mm-wave frequencies. The internal EA 
modulator has a modulation capability of up to 
40 Gbit/s. The light pulses are divided into 
two paths. The upper path has a variable delay 
line. A LiNb03 Mach-Zender intensity 
modulator (MZ-Mod) is placed in each path, 

and only one of the switches is ON, according 
to the input data. The light pulses are combined 
and amplified by an Erbium-doped fiber 
amplifier (EDFA). Microwave multiplexing 
light is transmitted to the access station through 
an optical fiber. A photodiode (PD) converts 
light signal into mm-wave one. The signal is 
demodulated and its error rate is measured at 
the terminal. 

B. Results 
PSK modulation was confirmed as 

oscilloscope traces without fiber transmission, 
where the sampling oscilloscope replaced the 
error detector. The carrier and modulation data 
were fed to the EA-Mod in the ILS and to the 
two MZ-Mods, respectively. Figure 3(a) shows 
a response of a 9.54-GHz carrier to a 1.06-GHz 

1.55-nm 
Light Pulse 

ILS 

DFB 
-LD 

Delay 
Line MZ-Mod 

Erbium-Doped 
Fiber Amplifier 

EA- 
Mod 

MZ-Mod 

Carrier 

(D© Central 
Station 

Data^|   p. 

Data   ^«J   L- 

»ulse Pattern 
Generator 

a Access  
Station Ul 

PD 

-Terminal- 
Error 

Detector <& 

Fig. 2  Experimental setup of an optical PSK modulator and a demodulating apparatus. 
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Fig. 3  PSK-modulated light pulses, (a) The carrier frequency is 9.54 GHz and the input data is a 1.06-GHz rectangular 
wave, (b) The carrier frequency is 38.16 GHz. Phase change is seen near the center. The output voltage in (b) is lower 
than that in (a) because of the frequency characteristic of PD. 

216 



■J- 

^iv-r-j-- i- «IS?!:'' &$& •iääl .^k-S-ö'* .■. 
>#vJ lü^ •**•   'J <re^ Bw#«$*£älw! ass»:xiS 

T3 
> 
£ 

^JrTf 
A gSj" J 

WM 
o M* f 

zs E 
Q. 
3 

r- 
V ^P'.^fe ks*J. -nft'Fft 

A^y; il^rV ääiiJ 
SKjrL 

,y,Jt ;.'| Jiü o 
".'■VfV *?

:i>' ■ffW rtf'r ,%' <■ ;: Pfl*f !" t ■;■ ■ ""i Iff:; ?>Tf] 

Time (500 ps/div) 
Fig. 4     Eye pattern of the demodulated signal. The carrier 
frequency is 9.54 GHz and the data is a 1.06-Gbit/s PRBS signal. 

rectangular wave. The trace shows that the 
carrier is PSK-modulated. Phase delays 0 and 
re appear, corresponding to the input data. PSK 
modulation was confirmed up to a carrier 
frequency of 38.16 GHz, as shown in Fig. 3(b). 
The loss in this modulator section was -15 dB, 
and it can be compensated by the EDFA. 

The PSK signals are demodulated at 
the terminal. The demodulation was performed 
by mixing the original carrier and the modulated 
signal. The eye pattern was observed at the 
low-pass filter (LPF) input, as shown in Fig. 4. 
The 9.54-GHz carrier is residual in the eye 
pattern, but is eliminated at the LPF. Error-free 
transmission was experimentally confirmed 
using a 5-km single-mode fiber. At the central 

station, a 2.12-Gbit/s pseudo-random bit stream 
(PRBS) was converted to PSK-modulated 

-13     -12     -11      -10      -9 
Light Power (dBm) 

Fig. 5  Bit error rate dependence on the light power. 

signal on a 9.54-GHz carrier, and the signal 
was well demodulated at the terminal after the 
5-km transmission. The bit error rate 
dependence on the light power is shown in 
Fig. 5. The error rate was lxlO'10 at -10 dBm, 
where the light power was measured at the PD 
input. The carrier frequency could be higher: 
it was limited by the mixer performance in the 
present experiment. 

IV. Summary 
In summary, we proposed a binary PSK 

modulator for a microwave optical link and 
achieved 2.12-Gbit/s modulation. In a practical 
demonstration, a mode-locked LD5 and a uni- 
travelling-carrier waveguide PD6 will be used 
as the source and detector, respectively, because 
of their capability for high-frequency, high- 
power operation. This PSK-modulator 
configuration would be a powerful monolithic 
integration. 
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Abstract 

The transmission of 46 MBit/s DQPSK-OFDM signals by simultaneous electro-optical upconversion to 60 GHz has 
been successfully demonstrated. Bit error rates <10"7 were obtained for each of two optical channels. 

I. Introduction 

Due to the high air link loss at millimeter-wave frequencies, numerous picocells are created in mobile broadband 
communications systems. In [1], a system concept and transmission experiments are reported using an optical WDM 
system and simultaneous external modulation with a master local oscillator signal for generating the 60 GHz transmission 
signal at the base stations electrically. However, for greatly simplifying base station design, optical mm-wave signal 
transmission is desired. 

Many techniques have been proposed for optical mm-wave carrier generation. Simultaneous electro-optical 
upconversion of IF signals in a WDM system [2] reduces the effort for mm-wave carrier generation significantly by using 
only one high-speed modulator for several optical channels. In this paper, we report on recent experimental results of 
optical millimetric upconversion (60 GHz) of two channels each carrying 46 MBit/s OFDM signals. Using this technique, 
uncoded bit error rates (BER) of 5.610"8 have been obtained. 

II. System setup for simultaneous upconversion 

In order to generate an optical mm-wave signal for direct detection at the base station's site in mobile broadband 
communications systems, external modulation of laser diodes is a simple, but powerful technique. Whereas in most system 
demonstrations the laser is merely used as light source emitting a CW signal and the mm-wave carrier as well as the datas 
are imprinted by means of external modulation, IF signal upconversion of a directly modulated laser diode was 
demonstrated in [3]. This technique is attractive, since DFB lasers show excellent modulation characteristics in terms of 
linearity (low IMD distortion), power and bandwidth. By use of an external electro-optical modulator (EOM), this optical 
IF modulation can be easily upconverted to mm-wave frequencies without signal distortion. The strong nonlinear electro- 
optical characteristic of external modulators generates only harmonics of the modulation frequency applied to the device, 
but does not distort the optical signal fed into the EOM. 

Due to the high number of picocells in mm-wave communications systems, cost-effective solutions for feeding the 
base stations are required. If external upconversion is simultaneously applied by a single EOM to a number of optical 
WDM channels carrying individual IF signals, a significant reduction of high-speed components within the system is 
achieved. In such a system, the optical channels are assigned to certain base stations by their wavelengths. All components 
(apart from the high-speed EOM) within the optical network - multiplexers, demultiplexers as well as wavelength-selected 
laser diodes - are standard WDM components being readily available. Furthermore, optical amplification can be appied by 
use of a single erbium-doped fiber amplifier (EDFA) for all channels. However, in spite of using a single EOM for the 
several channels, system flexibility is not affected. Individual transmission frequencies within picocells are achieved by 
individual IF frequencies and there is no crossstalk due to the simultaneous external modulation. In uplink mode, a stable 
mm-wave tone at the base station site for electrically downconverting the received signal can be easily obtained by 
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switching off the IF modulation and using the laser diode as CW light emitter and the EOM for imprinting the mm-wave 
tone. There is no synchronization required between the different channels. 

A block diagram of the experimental setup is shown in Fig. 1. Two DFB laser diodes (LD 1 and LD 2) with slightly 
different emission wavelengths (AA, = 1.6 ran) were directly modulated with a 46 MBit/s OFDM signal atfIF = 2.268 GHz. 
Signal decorrelation of the two optical channels was obtained by introducing 50 m of optical fiber after laser diode LD 1. 
After individual polarization control of the optical signals (not shown in Fig. 1), being required by the electro-optical 
modulator, the signals were combined using a 50/50 coupler. Then, the optical signals were fed into a high-speed Mach- 
Zehnder intensity modulator for simultaneous electro-optical upconversion to 60 GHz. 

.O&50 

Fig. 1: Experimental setup for transmission experiments using simultaneous upconversion of two optical channels. 

In general, any external modulation scheme can be applied. This could be modulation with a 60 GHz tone with the 
EOM biased at quadrature. Apart from the very high modulation frequency (and very high-speed EOM required), signal 
transmission would be highly dispersion-dependent [4]. This could be overcome by external single-sideband modulation 
[5]. In order to reduce the modulation frequency, in this paper double-sideband modulation with suppressed carrier has 
been used. The device was biased at Vn and modulated with afL0 = 28.800 GHz tone. This results after detection in a mm- 
wave signal at 2-fh0 +f1F = 59.868 GHz for each of the optical channels. However, for future transmission experiments, a 
technique for dispersion-independent mm-wave transmission using phase modulation at Ka-band and optical filtering [6] 
will be used. By direct detection, a mm-wave data signal having 6 dB more power (at the same modulation depth) 
compared to a Mach-Zehnder device is received. 

In order to increase the power detected, optical amplification before and after the EOM was used. A tunable fiber 
Bragg grating with a transmission bandwidth of A/ldB = 67.3 GHz and a side lobe suppression of >25 dB in combination 
with an optical circulator was used as demultiplexer. By tuning the Bragg grating, either the channel at XI or the channel 
at X2 could be selected without any change of the experimental setup. The optical mm-wave signal was received by a 
high-speed photodetector followed by a low-noise V-Band amplifier (NF=6 dB) and a double-conversion receiver with 
subsequent quadrature-demodulation, baseband filtering, A/D-sampling and further baseband processing. The bit error 
rate was detected utilizing a pseudo-random bit sequence of length 232-l. 

III. Experimental results and discussion 
The OFDM signal modulation format utilized throughout the experiments was 512 carrier differential 7t/4-PSK being 

generated by means of a vector modulator (atfw). No signal coding and/or error correction were used in order to evaluate 
the optical link performance as well as RF and baseband components. 

For first transmission experiments, only one optical channel was used. Apart from the 50/50 coupler and EDFA 1, the 
setup was the same as shown in Fig. 1. A maximum modulation power of+7 dBm could be applied for modulating the 
laser diode in order to avoid an increased BER due to intermodulation distortion. For modulating the external Mach- 
Zehnder modulator, a drive power of approximately +19 dBm was available atfL0 = 28.800 GHz. This resulted in a low 
EOM modulation index. Increased modulation power would result in improved detected power without generation of 
signal intermodulation distortion within the IF channel bandwidth, but harmonics of the 28.8 GHz modulation tone. 
However, these harmonics are uncritical since they are filtered out by the demultiplexer. 
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Fig. 2: Optical spectrum before detection. Fig. 3: Received OFDM spectrum @ BER < 10"7 

In order to increase the detected mm-wave power, optical amplification (G = 30.3 dB) after external modulation was 
used. The received optical spectrum with one optical channel (after amplifier noise filtering using the demultiplexer Bragg 
grating) is shown by the solid line in Fig. 2. The optical carrier is strongly suppressed and only the fh0 modulation 
sidebands appear. The IF modulation cannot be resolved, but the dashed line shows the spectrum at switched-off IF 
modulation for comparison. The total electrical power detected at 2-fL0 +f1F = 59.868 GHz was -64 dBm for an uncoded 
bit error rate of 7.8-10" . The OFDM spectrum received and downconverted to 200 MHz is shown in Fig. 3. The occupied 
bandwidth is 35 MHz, with a subcarrier spacing of A/= 78.125 kHz. In Fig. 4, the BER vs. SNR, measured at baseband 
subsystem, is depicted. 
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Fig. 4: BER vs. SNR for one optical carrier. Fig. 5: Received optical spectrum with two channels. 

Further experiments with two optical carriers (channel spacing 200 GHz) were carried out demonstrating simultaneous 
upconversion, see Fig. 1. In this case, an additional optical amplifier (EDFA1) had to be introduced for loss compensation. 
The received optical spectrum is shown in Fig. 5. As can be seen, one optical channel is suppressed by approximately 
25 dB due to demultiplexing. Measurements for both optical channels were obtained by tuning the Bragg grating's center 
wavelength either to XI or to X2. For channel 1 as well as channel 2, uncoded BER of <10"7 were obtained simply by 
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tuning the Bragg filter. For channel 1, a BER of 5.6-10"  was reached with a SNR of 28 dB, which is a penalty of 
approximately 3 dB compared to the experiments with one laser diode. 

IV. Conclusions 

Electro-optical upconversion to 60 GHz of an optical signal carrying uncoded 46 MBit/s DQPSK-OFDM modulation 
atyjF = 2.268 GHz has been successfully demonstrated. A complete mm-wave system setup has been realized including 
signal modulation, electro-optical upconversion, optical amplification, demultiplexing, photodetection, and electrical 
downconversion. In transmission experiments, BER <10"7 have been obtained. Further experiments using two laser diodes 
for simultaneous electro-optical upconversion and alternatively receiving channel 1 or channel 2 showed the feasibility of 
this technique. A BER of 5.610"8 was achieved with a SNR of 28 dB. 
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I. Introduction 
In radio-on-fiber mm-wave wireless access networks, the external modulation technique is promising. 

Because it will potentially provide low-cost antenna base stations due to its simplicity, compared to the 
other techniques including optical self-heterodyning and electrical or optical frequency up- and down- 
conversion techniques[l]. However, the external modulation basically generates the optical double 
sideband(DSB) signal. Its transmission over non-dispersion shifted single-mode fiber(SMF) causes pe- 
riodic fading of mm-wave signal along the fiber due to the fiber dispersion. Optical single sideband(SSB) 
signal can overcome this fading problem[2]~[5]. However, there still remain some difficulties in the 
generation techniques of optical SSB signal. 

In this paper, fading cancellation for 60GHz optical DSB signal transmission in a long non-dispersion 
shifted SMF in 1550nm wavelength region is experimentally demonstrated for the first time by using a 
chirped FGR. Hence, the optical DSB signal transmission will become one of the most practical options 
for mm-wave radio-on-fiber wireless access systems. 

II. Principle 
As shown in Fig.l, in a non-dispersion shifted SMF the lower sideband(LSB) wave of the optical DSB 

signal lags behind the upper sideband(USB) wave during the propagation in the longer wavelength 
region above 1300nm. The square-law detection of the optical DSB signal generates the beat of the two 
mm-waves which are originated from the LSB and USB. The beat causes the fading of the mm-wave signal 
periodically along the fiber axis[6].The basic mechanism of the dispersion compensation using the FGR is 
schematically shown in Fig.2. In the chirped FGR, the period of grating almost linearly changes along 
the fiber axis. Assume that the gratings with the periods of A" and A+, which reflect off the LSB and USB 
of the optical DSB signal, be positioned near the input end and the far end, respectively. The periods A± 

must satisfy the diffraction condition;    ± _  X  _ c 

~2^e~2ne(f0±f) (1) 

where X ,f0, ne, andfm, are the wavelength and the optical frequency of light source, the effective 
refractive index of FGR, and the mm-wave subcarrier frequency, respectively. By inserting the FGR in 
the optical fiber link, therefore, the group delay difference between the LSB and USB caused by the fiber 
dispersion can be compensated.The length of FGR has to be determined in the following manner. 

Suppose that the electric field of intensity-modulated lightwave be written[7] 
E = 4leim    ,      I = I0{l + mcos27tfmt) (2) 

where I is the intensity, 0(7) the phase of the lightwave, and m the modulation depth. After propagat- 
ing in the optical fiber and the FGR, the mm-wave signal power is given by 

P = 2mI0J\ + ccH
2 cosl^^-(DL + Dl) + tan"' cc„\ & 
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where D and D and L and / denote the dispersions and the 
lengths of the fiber and FGR, respectively, and c^ the chirp 
parameter. Here the dispersion slopes, that is, quadratic dis- 
persions, of both the fiber and FGR are neglected. The sepa- 
ration between the above two gratings has to satisfy the 
following condition; $tt      Wavelength 

—!L-(DL+ Dl) + tan"' aH = qn, {q = 1,2,...).   (4) 

In the practical system design, given a fiber length L and 
a mm-wave frequency ^ a perfect compensation for the fi- 
ber dispersion can be made by choosing the overall disper- 
sion value Dl of FGR across the frequency span of 2fm so 
that Eq.(4) is satisfied. Therefore, it is practically important 
to evaluate the tolerance of the regenerated mm-wave sig- 
nal power to the deviations of length Al and dispersion AD of 
FGR. From Eq.(3) the relation between these deviations and the normalized signal power can be derived as 

LSB 
fo-L 

Optical 
carrier h 

(atX=1550nm) 

Fig.l Group delays of the LSB and USB 
of optical DSB signal in non-dispersion 
shifted single-mode fiber in 1550nm wave- 
length region. 
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Fig.2 Schematic of chirped fiber grating 
and the compensation of the group delay 
differenece between the LSB and USB 
of optical DSB signal. 

To maintain, for example, 77 of 0.9, the sum of Al/l andAD/D 
must be smaller than 0.83%. For the test FGR used in the 
experiment, Al/l of 0.83% amounts to 0.12mm, and this could 
be within a control in the FGR fabrication process. In the cal- 
culations of Eq.(5), the dispersion of fiber grating is assumed 
to be 600ps in the frequency span of 2/m=120GHz, and 
X.=1550nm. The relation between the wavelength deviation 
Al of light source and the normalized signal power 77 is ex- 
pressed as 

77 = cos« 
[72AA 

+ 1 \qK\ (6) 

The wavelength deviation causes little signal degradation; 77's are kept to be 0.995 and 0.95 for A)J 
A=0.9xl0~3 and 3.0x103. These values correspond to significantly large wavelength deviations of 1.4nm 
and 4.7nm at A =1550nm, respectively . Therefore, the wavelength deviation of light source will not be a 
serious problem provided that the quadratic dispersion of FGR is neglected. 

III. Experiment 
The experimental setup for the bit error rate(BER) measurement is shown in Fig.3. The FGR may be 

inserted anywhere from the input to the output of the optical fiber link. The measured group delay of the 
test FGR is plotted as a function of the wavelength in Fig.4(a). The group delay of test 36km-long SMF 
is also plotted. The group delay difference of 600ps between the LSB and USB over the frequency span 
of 120GHz (=0.96nm) should be compensated by setting the wavelength of light source at A=1548.8nm. 
The measurement result of reflectivity of the FGR is also plotted as a function of the wavelength in 
Fig.4(b).The chirped grating extends over 14.5mm along the fiber axis. The overall insertion loss includ- 
ing the optical circulator loss is as low as 1.5dB. A specially designed 60GHz-band InGaAsP 
electroabsorption(EA) modulator module is used as the EO converter[5]. A cw DFB laser diode is used 
as the light source. The input optical power to the EA modulator is 6dBm. A pin photodiode having 3dB 

224 



PPG 
156Mbü/s 

PRBS 

Data 

  
CLK 

BERT 
4   Data 

4  
CLK 

DPSK 
demod. 

(2.6GHz) 

bandwidth of 50GHz is used as the OE converter. 
The BER measurements are made for the fiber 

lengths of around 36km. NRZ 223-l PRBS 156Mbit/ 
s signal in a DPSK format at the intermediate 
frequency(IF) of 2.6GHz is combined and 
upconverted by mixing with the local oscillator(LO) 
of 57.0GHz. The mm-wave data signal is applied to 
the EA modulator, and then the optical DSB signal 
is produced. The RF power of 5dBm is applied to 
the EA modulator. Both the optical DSB signal spec- 
tra and RF spectra of 59.6GHz carriers with and without FGR after the propagation are shown in Figs.5(a) 
and (b), respectively. In Fig.5(a) the RF carrier intensity aty^=59.6GHz is maximized for L=35.0km 
without the FGR. 

Measured BER's with and without FGR are plotted as a function of the received optical power in Fig.6. 
Without the FGR, no signal is detected at Z=36.0km, and the BER is minimized for £=35.0km. With the 
FGR, on the contrary, BER<10"9 is obtained even at Z=36.0km, and BER only slightly degrades as the 
fiber length becomes shorter. Thus, the fading-free transmission by using FGR is confirmed. 

Fig.3 Experimental setup for measuring BER. 
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IV. Conclusion 
Fading-free transmission of 60GHz optical DSB sig- 

nal over a chirped FGR-inserted 36.0km-long non-dis- 
persion shifted SMF link in 1550nm wavelength region 
has been experimentally demonstrated. Due to the low 
insertion loss and 1.5nm wide utilizable spectral range 
of FGR as well as the simple system configuration of 
the external modulation, the optical DSB signal trans- 
mission by using the chirped FGR will become a very 
practical option for radio-on-fiber mm-wave wireless 
systems. 

Finally, an EA modulator is particularly suitable for 
the external modulation. Recent progress in simultaneous 
operation of EA transceiver as the OE- and EO conver- 
sions^],^], along with a potential progress of MMIC 
technologies[ 10] in near future will strongly suggest that 
the cost of the antenna base stations of micro- or 
picocellular mm-wave radio-on-fiber wireless access 
systems can be driven down to reasonable prices so as 
to accelerate a huge number of the initial deployments. 
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I. INTRODUCTION 

The recent advances and innovations in digital fiber optics have significantly increased the 
potential use of lightwave technology for a variety of microwave photonics applications. 
Examples include ultrafast analog optical communication networks, high-bandwidth CATV 
distribution networks, remote antenna routing and processing, and phased array antenna signal 
generation and processing. For the more complex system applications that are required to control 
the routing of either the distribution or the reception and processing of analog waveforms, a 
number of key subsystems are required in the network. Depending upon the application, some of 
the subsystems required may include optical packet generation at the source, all-optical routing 
within the network, and finally ultra high-speed detection and sampling at the destination. This 
paper presents a few examples of devices and systems that enable the generation, routing, and 
processing of 100 GSa/s arbitrary waveform packets using a novel technique referred to as analog 
optical time-division multiplexing (AOTDM). 

II. SYSTEM OVERVIEW 

Recently, a packet-switched optical networking demonstration (POND) node was 
constructed at Princeton University to demonstrate the capabilities of ultrafast optical TDM 
(OTDM) techniques for fiber optic networks [1]. The initial demonstrations of the network were 
geared towards high-speed digital computer interconnection networks in which data is maintained 
in the all-optical form from source to destination. In this work, however, we explore the use of 
the POND network for analog applications by combining a 100 Gbit/s digital packet header with a 
100 GSa/s analog payload resulting in an analog optical TDM packet. Each node in the mesh- 
based network topology has the capability to route incoming optical packets to the node's output 
ports based upon the digital packet header information as well as generate local packets of its 
own. When a packet that is traversing the network finally reaches its destination, the analog 
packet payload must be received at that node and the packet is removed from the network. 

The optical packet format for the network demonstration of analog packet routing is 
illustrated in Fig. 1. It consists of a digitally modulated packet address header followed by an 
analog-modulated packet payload. The envelope of the packet information is encoded onto a high 
repetition rate optical pulse stream. In order to generate 100 GSa/s analog packets, it is necessary 
for the inter-pulse spacing to be exactly 10 ps. For this spacing, the maximum pulse width is 
limited to approximately 2 ps to prevent significant pulse overlap that would cause inter-symbol 
crosstalk. Since no laser sources are currently available with 100 GHz repetition rates, and in 
addition, there are currently no modulators that are able to encode information onto such a high 
repetition rate pulse stream, it is necessary to devise a scheme to create the required high- 
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bandwidth packets. Therefore, our lab has developed a novel packet compression device [2], as 
illustrated in Fig. 2, in order to create the 100 GSa/s AOTDM packets. 

Packet header                          Packetpayload 
(drgitaly modulated)                     (analog modulated)               (. 

Packet 
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Fig. 1: Packet composed of digital header followed by 
analog packet payload 

Fig. 2: Packet compression device for creating 
arbitrary 16-sample waveforms 

The packet compressor design shown allows the compression of an arbitrary 16-sample 
packet at 100 MSa/s into an ultra high-speed 100 GSa/s packet. This operation of the device is 
illustrated schematically in Fig. 3. For reference, the variable 7 represents the pulse spacing of the 
slow (i.e. 10 ns) input pulse steam, and ris the pulse spacing of the fast (i.e. 10 ps) output pulse 
stream. The uppermost waveform represents a relatively slow modulation envelope being 
encoded onto a 100 MHz optical pulse stream using the data encoding modulator of the packet 
compressor. By using a series of feed-forward fiber optic delay lines, each pulse at the output of 
the data encoding modulator is replicated 16 times with a spacing (T-r) between each identical 
copy. In Fig. 3, a few sets of pulse copies from pulses 1, 2, and 16 of the original 100 MHz input 
packet are shown along with there relative timing relationships. The net result seen at the output 
of the delay line structure is a superposition of all the individual pulse copies. In the illustration, it 
is clear that it is necessary to provide a packet gating function to allow only the packet of samples 
which contains all of the original 16-samples in the correct sequence, although they are packed 
1000 times tighter. The packet gating modulator provides this functionality. Finally, the lower 
signal in Fig. 3 illustrates the desired 100 GSa/s arbitrary waveform that is generated at the 
output. 
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-H r—T 

Vrllh-TllTl 
16 copies of pulse #1       ■ ■ -H K-r-r 

i i i i i i i i i i i 
! T~y  Packet gating pulse 

16coDiesofDulse#2         I I I I I I I I I I I I I I ll ll 

16 copies of pulse #16 : i"! i  

Arbitrary 16-sample 
output packet (100 GSafs). JjdlÜJtodhü^^ 

Fig. 3: Illustration showing operation of the optical packet 
compressor. The input signal of the device is shown at the top of the 
figure, and the compressed output waveform is shown at the bottom. 
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Once the packet has been generated, it is necessary to read the ultra high-speed header bits 
at intermediate nodes of the network to control the routing of the packet as well as extract the 
analog packet payload once it finally reaches its destination. The terahertz optical asymmetric 
demultiplexer (TOAD), illustrated in Fig. 4, is a high speed all-optical switching device and can 
perform the tasks of both an ultrafast digital packet header demultiplexer [3], as well as an 
ultrafast analog optical sampling gate [4]. The TOAD is a nonlinear interferometer that takes 
advantage of semiconductor nonlinearities in order to create an ultrafast switching window in 
time, which allows incoming data to be gated to the output only when a clock pulse is present. 
Fig. 5 illustrates a typical example of the time-resolved switching window achievable with the 
TOAD. This illustration shows a switching window with a FWHM of approximately 13 ps; 
however, we have demonstrated switching windows as short as 4 ps experimentally [3]. 

OUt 

Fig. 4: Illustration of terahertz optical asymmetric 
demultiplexer {TOAD) and its operation. 

20 30 
Time [ps] 

Fig. 5: Typical time-resolved switching 
window achievable with the TOAD. 

III. EXPERIMENTAL DEMONSTRATION 

A simplified block diagram illustrating the major subsystems of the POND network to 
enable the generation, routing, and detection of 100 GSa/s arbitrary analog waveforms is shown 
in Fig. 6. 
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Fig. 6: Block diagram of the major subsystems in the network. 
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Two examples of experimental demonstrations to generate and sample an arbitrary analog 
packet waveform are illustrated in Fig. 7. The dashed lines in the figures represent the original 
analog modulation envelopes whereas the solid lines correspond to the output detected from the 
TOAD. The first figure demonstrates the generation and sampling of a compressed 12.5 GHz 
sinusoidal waveform, and the second figure illustrates the technique using a 12.5 GHz sawtooth 
waveform The detected waveforms were obtained using a TOAD with a 10 ps gating window 
and moving the TOAD clock pulse in time relative to the packet in order to map out the detected 
waveform intensity. 
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Fig. 7: Examples of detected 100 GSa/s arbitrary analog packet payloads 

IV. SUMMARY 

This paper has introduced the concept of applying ultrafast optical TDM techniques to 
enable the generation and detection of high-bandwidth analog waveform packets. Initial 
experiments with the analog optical TDM (AOTDM) system shows that these techniques can 
provide a great deal of control on the waveform profile. In addition, by appending the analog 
waveform to a high-speed digital header, more complex system functions, such as self-routing of 
analog waveforms throughout an interconnection network, are made possible. 
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The worldwide voice and data telecommunications network operates over optical fiber cable using 
semiconductor lasers emitting at wavelengths near 1.55 micrometer wavelength. Spans up to 640 
kilometers are served, without electronic regeneration, using erbium-doped optical fiber amplifiers. 
Typically, a number of wavelength "channels" are multiplexed together and sent over a single fiber 
strand. The number of channels so multiplexed has grown from 8 to 16 in systems installed in 1997, 
to 40 for systems in 1998 to 80 or more in 1999 systems. Each channel carries 2.5 or 10 Gbits/sec. 
of information. 

Such systems require semiconductor lasers in the optical transmitter assemblies with precisely 
controlled properties. The channels are spaced by as little as 50 GHz, and the optical frequency 
must be controllable and stable to a small fraction of this number over a projected system lifetime of 
~25 years. At the same time the high frequency stability of the laser transmitter output (freedom 
from "chirp") under modulation is essential so that residual dispersion in the fiber does not degrade 
the signal beyond system limits. 

These requirements are being met today for 10 Gb systems with highly stable DC lasers and external 
LiNbC>3 modulators. For 2.5 Gb systems, a laser chip integrating a DC-operated Distributed 
Feedback (DFB) laser with an electroabsorption modulator on a single InP abased chip provides a 
compact and cost effective alternative. This structure typically is fabricated using selected area 
metallorganic CVD epitaxy and incorporates a sophisticated strained multi-quantum well structure in 
both laser and modulator sections. Control of the composition of the quaternary InGaAsP layer 
compositions to a fraction of an atomic percent, and of many of the twenty-odd layer thicknesses to 
a few tenths of a nanometer is mandatory for acceptable performance. 

From a research point of view, the challenges posed by the needs for such single wavelength 
electroabsorption modulated laser (EML) devices have all been solved, but there remain significant 
engineering issues centered around the manufacturability of such sophisticated designs. The world 
market for these devices is highly competitive, and there are significant business challenges as well. 
For the future, still higher bit rates, and/or more wavelengths/channels spaced more closely will be 
required. Meeting these challenges will require further optoelectronic integration at the chip level, 
and possibly new, multiple selectable wavelength or tunable wavelength designs, as well as ever more 
precise control of the manufacturing technology and processes. 
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Abstract 

This workshop will look at the current status of LiNb03 broadband modulators and explore 
approaches and future potential for producing low drive voltage broadband devices. 

Summary 

Recent progress in the development of velocity matched broadband LiNb03 modulators has opened 
new opportunities for the demonstration of low drive voltage devices. 

Velocity matched traveling wave devices in LiNb03 require the reduction of the microwave phase 
velocity so that it equals the optical phase velocity. Generally this is done by manipulating the 
geometric structure and layer thicknesses of the electrodes and buffer layers making up the electrode 
structure. Early velocity matched devices1"3 tended to achieve velocity matching at the expense of 
impedance matching which in turn results in some degradation in performance. The difficulty in 
achieving simultaneous velocity and impedance matching arises from the high dielectric constant of 
LiNb03. Progress in overcoming this problem and achieving improved device operation has come 
from two developments: First, the use of ridge waveguide strutures4 which use physical etching to 
remove the high dielectric constant LiNb03 material, and thus add an additional degree of freedom in 
the design problem. Second, the realization that increasing the electrode gaps can actually improve 
device performance even though the field across the waveguides is reduced5'6. This occurs because 
the improvement in electrode loss at the larger gap gives a larger benefit than the negative effect of the 
simultaneous increase in voltage-length product. These improvements have allowed the 
demonstration by NTT of simultaneous velocity and impedance matched devices with very large 
(>100 Ghz) bandwidth7. As there is an inherent trade-off between bandwidth and drive voltage in 
the design of these devices, one can exploit these approaches to obtain lower drive voltages in devices 
with limited bandwidth, in theory approaching 2-3V levels. Additional developments in the 
demonstration of long and reflection devices with long effective interaction lengths also offers 
promise for low drive voltage devices8. This workshop will explore the current status and future 
potential of low drive voltage, broadband device development. 
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High power, high frequency photodetectors play a key role in determining the performance of 
analog and microwave fiber optic links. The high power photodetectors allows the use of high 
power laser sources in externally modulated links. This can significantly reduce the RF insertion 
loss, and increase the spurious free dynamic range and signal-to-noise ratio of the link [1]. High 
power photodetectors are particularly important for high frequency links because the electro- 
optic modulators with low V„ (half-wave voltage) become more difficult to achieve. They are 
also useful for optoelectronic generation of millimeter-waves and submillimeter waves for local 
oscillators in radio astronomy [2,3]. Though significant progress has been made in high speed 
photodetectors, the conventional photodetectors tend to saturate at very low optical powers 
because they employ small absorption volume (typically on the order of 1 |im3) to reduce transit 
time and parasitic capacitance. Recently, large-core waveguide photodetectors have been 
proposed to increase the saturation power [4]. Traveling-wave photodetectors can further extend 
the absorption volume and achieve even higher saturation power [5-7]. 

In this paper, we will review the recent progress in high speed, high power photodetectors. The 
design trade-offs among the saturation power, 3-dB bandwidth, and quantum efficiency will be 
described. The fundamental limit of saturation powers for various types of photodetectors, 
including surface-illuminated p-i-n photodetectors, waveguide photodetectors, traveling-wave 
photodetectors, and velocity-matched distributed photodetectors, will be derived and compared. 
In particular, the figure-of-merit (FOM) for high power, high frequency photodetector will be 
defined [5]. We will also present the recent experimental results of the long-wavelength velocity- 
matched distributed photodetectors (VMDP) fabricated at UCLA. 

The VMDP consists of an array of localized photodiodes serially connected by a passive 
optical waveguide, and the photocurrents are collected in phase by a separate output microwave 
transmission line. The microwave transmission line has an impedance of 50 Q. and is velocity- 
matched to the optical waveguide, which allows the VMDP to extend its absorption length to 
several hundred micrometers without penalizing its bandwidth. Therefore, the saturation power is 
greatly enhanced while the bandwidth is essentially the same as that of a single photodiode. 
Another unique advantage of the VMDP is that the optical waveguide, active photodiodes, and 
the microwave transmission line can be independently optimized. A VMDP with nanoscale 
metal-semiconductor-metal photodiodes and coplanar strips transmission line has been designed 
and fabricated at UCLA. Long-wavelength photodetectors are also being developed at UCLA and 
other laboratories [7]. 

Another important development is high power balanced photodetectors. At high photocurrent, 
the receiver noise of externally modulated links is dominated by the relative intensity noise 

0-7803-4936-9/98/$10.00 © 1998 IEEE 237 



(RIN). Since balanced photodetectors can cancel out the RIN and the amplified spontaneous 
emission (ASE) noise from erbium doped fiber amplifiers (EDFA), there are great interests to 
develop high power balanced photodetectors. Recently, NRL has demonstrated the shot noise- 
limited performance by using balanced receivers with discrete photodiodes [8]. However, 
monolithic devices will be required for higher frequency links. UCLA is currently developing a 
high power balanced photodetectors based on the VMDP structures [9]. The experimental results 
and their implications on systems will be discussed in the conference. 

Another important issue of high power photodetectors is their reliability. Because of the large 
power consumption and the resulting heat generated in the device, the reliability of high power 
photodetectors is worse than the conventional photodetectors. In RF photonic links, the 
photodetectors are often biased at high voltage to reduce their nonlinearity. This further increases 
the electrical power consumption in the devices. Theoretical study shows that thermal run-away 
and catastrophic damage could occur for high power photodetectors. Detailed results will be 
presented in the conference, and their implication on the design of high power photodetectors 
will also be addressed. 
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Figure 1. Various structures of high power photodetectors: (a) surface-illuminated 
photodetectors, (b) waveguide photodetectors, (c) traveling wave photodetectors, and 
(d) velocity-matched distributed photodetectors. (a) and (b) are lumped photodetectors, 
while (c) and (d) are traveling wave devices. 
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Figure 2. The calculated maximum saturation photocurrent versus the 3-dB bandwidth for the 
photodetectors shown in Fig. 1. 
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45 GHz Wide Bandwidth InGaAs/InP Photoreceiver 

Abhay Joshi, Xinde Wang, and Dan Mohr 
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William Stacey 
Raytheon Advanced Device Center 

Discovery Semiconductors has developed a 45 GHz "Dual-depletion InGaAs/InP Photodetector." 
The PIN operates at -3V reverse bias and has minimum responsivity of 0.5 A/W at 1.3 and 1.55 urn 
wavelength. The Ripple Factor is less than ±1 dB for a wide band of frequencies, DC to 45 GHz. 
The salient feature of the PIN is an on-chip co-planar waveguide output for proper impedance 
matching. Discovery Semiconductors has also designed Monolithic InGaAs PIN/InP p-HEMT 
Amplifier Photoreceiver Opto-electronic Integrated Circuit (OEIC). The combination of optical, 
microwave, and digital functions on the same chip is a technology that has significant potential for 
commercial applications such as ethernet fiber local area networks and optical communications 
systems (Synchronized Optical Network SONET, ISDN, telephony and digital CATV). Important 
inter-service military applications are optically fed phased array systems and optically controlled 
microwave networks for airborne and spaceborne systems. 
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