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The DURIP equipment permitted us to do a number of unique studies at 
1.5 microns for the first time. Until this point we were largely confined to 1 3 
microns which had limited application to communications and new optical 
systems. 

In particular, using a wavelength slicing technique, with this equipment 
we have studied optical delays and group velocity dispersion in novel fiber 
gratings made by Professor Feinberg of USC. 

Another set of measurements used the extraordinary bandwidth of these 
lasers to effectively time stretch analogy signals and transform them to lower 
frequencies. This was demonstrated up to 100 GHz. 

Finally, the optical spectrum analyzer also permitted us to implement 
our new optical controlled phased array technology using a serial feed with fast 
tunable lasers. 

For each case we have included examples of papers that we have 
published using the equipment bought under this program. In addition to the 
work currently in progress using this equipment, at least four other 
researchers have also used this equipment for specific measurements which 
could not otherwise be done at the University. 

Thank you very much again for support of this effort. 
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ABSTRACT: We measure a maximum group delay of 22.6 ps for a light 
pulse propagating through a 1 cm long fiber Bragg grating when the 
frequency of the light is tuned near the band edge of the grating. Our 
measurements are performed in the time domain with single picosecond 
resolution using wavelength-tunable pulses of 0.5 nm bandwidth spec- 
trally sliced from a mode-locked laser. Our experimental results are 
qualitatively confirmed by our numerical simulations. Promising applica- 
tions include optical delay elements for phased-array radar and en- 
coders/decoders in spread-spectrum code-division multiple-access sys- 
tems. © 1999 John Wiley & Sons, Inc. Microwave Opt Technol Lett 
20: 17-21, 1999. 

Key words: group delay; fiber Bragg grating; photonic crystal; wave- 
length slicing; code-division multiple access 

A one-dimensional photonic crystal is a periodic array of 
layers with different indexes of refraction. Light propagating 
at frequencies near the stopband of a photonic crystal will be 
delayed and dispersed [1], which may prove useful for opti- 
cally controlled phased-array radars 12]. To date, experimen- 
tal efforts to measure such delays have been in the frequency 
domain [3], or in the time domain with a 50 GHz sampling 
oscilloscope [4]. In this paper, we directly measure the group 
delay in the time domain with single picosecond resolution, 
and show that the delay increases as the frequency of the 
pulse approaches the edge of the photonic crystal's stopband. 

We used a Bragg grating in an optical fiber as the one- 
dimensional photonic crystal. The grating measured ~ 1 cm 
m length, had a 1553.20 nm central wavelength, and a 
2.10 nm, 3 dB bandwidth. We first theoretically analyzed the 
physical properties of such a structure using a commercial 
grating simulation program (IFO_ Gratings). To match the 
actual grating's spectral characteristics, our simulated fiber 
Bragg grating had a 1 cm long uniform quarter-wave struc- 
ture and a 0.0035 refractive index change between layers. 

Figure 1 shows the transmission spectrum and the group 
velocity as a function of wavelength for the simulated grating. 
The computed group velocity is seen to drop sharply as the 
central wavelength of the pulse approaches the edge of the 
bandgap. Therefore, a tunable delay can be achieved by 
varying the central wavelength of the propagating pulse with 
respect to the reflection edge of the grating. 

To measure the delay induced by the actual grating, we 
used the tunable picosecond source shown in Figure 2. 
The 1.55 (im mode-locked erbium-doped fiber laser emitted 
a 160 fs (FWHM) pulse train with a 56 nm (FWHM) band- 
width. For the experiments here, we needed a tunable source 
whose bandwidth was smaller than the width of the grating 
stopband, which is usually on the order of nanometers. To 
narrow the frequency spectrum of our pulsed laser, we used 
an HP 71451B optical spectrum analyzer as a wavelength 
slicer [5]. By selecting the resolution bandwidth of the spec- 
trum analyzer, we could vary the pulse bandwidth from 0.1 to 
10 nm. The pulse center wavelength was tuned by selecting 
slices of different spectral content. An autocorrelator and a 
second spectrum analyzer were used to perform diagnostic 
tests. The results are shown in Figure 3. Note that as the 
pulse's spectral bandwidth decreased, its temporal length 
increased, as required by the uncertainty principle. 

Light from the wavelength-tunable picosecond source was 
split into two beams. One beam was sent into the fiber 
containing a Bragg grating, and the other beam was sent into 
a reference fiber. The two transmitted signals were recom- 
bined and sent to an autocorrelator with a scan window 
~ 120 ps. The autocorrelator displayed both the autocorrela- 
tion and the cross-correlation traces. The length of the grat- 
ing arm was made intentionally longer (by ~ 1 cm) to sepa- 
rate the autocorrelation and cross-correlation traces (by ~56 
ps). Any group delay caused by the fiber Bragg grating 
produced an additional displacement of the cross-correlation 
trace relative to the autocorrelation trace. The cross-correla- 
tion trace also revealed any dispersion caused by propagation 
through the grating. Note that any dispersion caused by the 
fiber itself was common to both pulses. 

A typical transmission spectrum of the fiber Bragg grating 
is shown in Figure 4(a). The spectrum analyzer bandwidth 
was set to chop 0.5 nm wide wavelength slices; the resulting 
pulses had a ~ 16 ps (FWHM) autocorrelation. The chopped 
slices were not Gaussian, and fitted approximately the sine- 
squared function predicted from a "top hat" spectral distribu- 
tion over the range considered here. Correlation traces were 
obtained as the pulse's central wavelength was positioned at 
various wavelengths near the grating bandgap. For trace A in 
Figure 4(b), we expected and saw no additional delay from 
the grating. However, the measured group delays for points 
B, C, and D increased from the 56 ps value by 1.9, 11.4, and 
22.6 ps, respectively, as the central wavelength of'the pulse 
approached the edge of the grating's stopband. 

From our simulation, we expected the following trends as 
the laser wavelength neared the grating bandgap: 1) increas- 
ing group velocity delay, 2) increasing dispersion, and 3) 
reduced transmission due to increased reflectivity nearer the 
grating. Indeed, traces B, C, and D confirm that: 1) the 
cross-correlation peaks moved further away from the auto- 
correlation traces, 2) the cross-correlation traces spread out 
in time due to increased dispersion, and 3) the peak intensi- 
ties of the cross-correlation traces dropped because of lower 
transmission as the bandgap was approached. Similar trends 
were also observed as the bandgap was approached from 
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longer wavelengths, as shown in Figure < Q . The measured 
additional group delays for points £ and F were 8.2 and 3 1 
ps, respectively. 

Here, we have clearly demonstrated directly in the time 
domain that a photonic band structure can serve as a delay 
line in transmission. The 22.6 ps group delay caused by the 
grating used here corresponded to a 50% increase in the 
grating's effective length. That is, the 1 cm Bragg grating was 
equivalent to a 1.5 cm long delay line. We expect longer 
delays as the grating parameters are optimized in future 
experiments. One application for such delay lines is in 
phased-array radar systems, where the conventional chirped 

gratings and circulators/couplers might be replaced by sim- 
ple uniform Bragg gratings. 

It has also been proposed that photonic bandgap materials 
could be used as dispersion compensators! 3, 6, 7. By differ- 
entiating the group velocity with respect to wavelength, we 
find negative group velocity dispersion on the short-wave- 
length side of the grating bandgap and positive group velocity 
on the long-wavelength side. In principle, we can design a 
grating pair with different stopband locations such that posi- 
tive dispersion from the first grating would compensate nega- 
tive dispersion from the second grating[ 8. In addition, one 
could put a grating in a transmitter and a second conjugate 
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grating in a receiver for use as encoding/decoding compo- 

nents for spread-spectrum code-division multiple-access 
matched filter systems. 

In conclusion, for the first time, to our knowledge, we 

have measured in the time domain, with single picosecond 
resolution, the group velocity delay caused by a pulse propa- 
gating near the edge of the stopband of a one-dimensional 
photonic crystal. Such delays can have practical applications 
for phased-array radar and matched filter systems. 
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Group Velocity Dispersion Cancellation 
and Additive Group Delays by Cascaded 

Fiber Bragg Gratings in Transmission 
Shamino Wang Student Member, IEEE, Hernan Erlig, Student Member, IEEE, Harold R. Fetterman, Fellow IEEE 

Eh Yablonovitch, Fellow, IEEE, Victor Grubsky, Dmitry S. Starodubov, and Jack Feinberg 

Abstract— We have demonstrated that cascaded fiber Bragg 
gratings can provide delays of propagating pulses with minimal 
pulse reshaping. The grating pair used exhibited an overlap 
transmission region centered at 1551.05 nm, where both gratings 
contribute to the group delay and the group velocity dispersion 
(GVD) was canceled. Using wavelength tunable pulses spectrally 
sliced from a mode-locked fiber laser, the measurement was per- 
formed in the time domain with single picosecond resolution. Both 
gratings were 3 mm long and a maximum group delay of 15 ps 
was measured for the cascaded sequence. This compound grating 
configuration can be implemented as encoders and decoders in 
spread spectrum CDMA systems. 

Index Terms— CDMA, dispersion compensation, fiber Bragg 
grating, group delay, wavelength slicing. 

I. INTRODUCTION 

UNIFORM fiber Bragg gratings, essentially one- 
dimensional photonic crystals, exhibit low group 

velocity and large dispersion near their stop bands. Therefore, 
delays can be achieved in transmission at band edge 
frequencies of uniform gratings, eliminating the need for 
circulators or couplers in conventional reflection schemes [1]. 
These delays are also coupled with dispersion, which severely 
limits their application to communication systems. In this 
letter we demonstrate that this dispersion can be effectively 
compensated for by transmission through opposite sides 
of grating pair stop bands, while both gratings contribute 
to the additive delay. Simulations have demonstrated the 
advantages afforded by gratings in long-haul fiber dispersion 
compensation [2], [3]. So far experimental investigations in 
this arena have been performed in the frequency domain [4] 
or in the time domain using a 50-GHz sampling oscilloscope 
[5]. Previously we reported single picosecond resolution 
time-domain measurements of group delay incurred by optical 
pulses propagating through a uniform grating [6]. We also 
demonstrated that the group delay was additive for nearly 
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identical cascaded gratings; however, the transmitted pulse 
was severely distorted [7]. 

In this letter we explore a fiber Bragg grating pair that 
provided a 15-ps group delay with compensated GVD in 
transmission. The gratings were 3 mm long each and spa- 
tially separated to avoid any coupling effect. The measured 
transmission spectrum is shown in Fig. 1. The grating pair 
exhibited bandgap centers at 1550.25 and 1552.10 nm with 3- 
dB bandwidths of 1.40 and 1.82 nm, respectively. The overlap 
transmission region had a 1551.05-nm central wavelength, a 
0.5-nm 3-dB bandwidth, and -3-dB peak intensity transmis- 
sion. A commercial simulation program was used to model 
the gratings with parameters chosen to match the measured 
transmission spectrum. The simulated group velocities are 
shown in Fig. 2. The constant effective group velocity from 
1550.99 to 1551.10 nm in the overlap transmission region 
resulted from GVD and higher order dispersion compensation. 
This was confirmed experimentally in the time domain by the 
minimal pulse distortion. 

II. EXPERIMENTAL SETUP 

The output from a 1.55-/OTV mode-locked erbium-doped fiber 
laser exhibiting a 56-nm bandwidth was spectrally sliced [8] by 
an HP optical spectrum analyzer. The resulting 0.5-nm band- 
width pulses produced a ~l6-ps full-width at half-maximum 
(FWHM) auto-correlation. Using a 3-dB coupler the pulse 
train was divided into the grating pair and into a reference 
fiber, subsequently recombined, and fed to an auto-correlator. 
The pulse train timing difference was then measured from the 
separation between the cross-correlation and auto-correlation 
traces, and the grating pair induced pulse distortion from the 
cross-correlation trace, by varying the center frequency of 
the 0.5-nm optical pulses. This experimental arrangement was 
detailed in [6] and [7]. 

III. RESULTS 

The wavelengths at which the measurements were per- 
formed are labeled on the transmission spectrum. Point A was 
situated at 1545.00 nm where we expected no grating pair 
effect. E was at the center of the overlap transmission region. 
B and F were on opposite sides of the spectrum and had the 
same transmission as E. D produced the same delay as that of 
E. C was the spectral midpoint of B and D. 

For some of these wavelengths the correlation traces are 
plotted in Fig. 3(a). The 52-ps separation between the cross- 

1051-8207/98S10.00 © 1998 IEEE 
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correlation and auto-correlation traces for point A was inten- 
tionally introduced by choosing the grating pair arm ~1 cm 
longer. Group delays of 11, 13, 15, 15, and 7 ps for points B, 
C, D, E, and F, respectively, were measured as the additional 
displacement of the cross-correlation trace relative to the auto- 
correlation trace. The maximum 15-ps delay corresponds to 
a group velocity 66% of the speed of light in bare fiber. 
Assuming a symmetric bandgap for each of the gratings the 
delay at E was expected to equal that at B plus F, 18 ps. At 
points E, B, and F the transmission loss amounted to 3 dB. 
In comparison, point D provided the same delay as E with a 
13-dB transmission loss. 

A zoom-in view of the cross-correlation traces for several 
wavelengths is shown in Fig. 3(b). From these we deduced 
the extent of pulse reshaping. The traces were purposefully 
superimposed and normalized to their respective peak values 
for ease of comparison. The structure that appeared at ~90 ps 

was caused by the leading edge of the auto-correlation trace. 
The cross-correlation at A exhibited a FWHM of 19.0 ps 
and it was taken as the reference pulse shape. Operation at 
E produced a cross-correlation trace with a FWHM of 21.5 
ps, 13% larger than that at A. There were three reasons for the 
slight pulse reshaping at E. First, for a uniform grating, there 
were oscillations in the transmission and group velocity char- 
acteristics [4]. Second, although the GVD was canceled, cubic 
and higher order dispersion were not [2]. Third, the 0.5-nm 
pulse bandwidth was larger than the 0.11-nm zero dispersion 
region. At C and D the cross-correlation FWHM were 28.3 and 
29.3 ps, respectively. The pulses widened as expected since at 
these points there was no dispersion compensation. 

IV. CONCLUSION 

We have experimentally demonstrated a grating pair se- 
quence with wavelength dependent group delay exhibiting 
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compensated GVD over a 0.5-nm band. Over this range both 
gratings contributed to the optical pulse propagation charac- 
teristics enabling a 15-ps group delay with 3-dB transmission 
loss. One possible application of this is in matched filtering 
schemes, where for a fixed center wavelength one grating in 
the transmitter stretches the pulse in time while a conjugate 
grating in the receiver is used for pulse reconstruction. Both 
gratings can be further expanded as specially designed grat- 
ing sequences to meet orthogonal code requirements among 
different channels for CDMA systems. 
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Time Stretching of 102-GHz Millimeter Waves Using 
Novel 1.55-/zm Polymer Electrooptic Modulator 

D. H. Chang, H. Erlig, M. C. Oh, C. Zhang, W. H. Steier, L. R. Dalton, and H. R. Fetterman 

,n, ^<IC/~Ml""neter (MM)-wave signals at frequencies up to 
102 GHz have been time stretched down to 11 GHz using a new 
wide-band traveling-wave polymer modulator. This is the first 
application of electrooptic modulators fabricated using the new 
polymer material PC-CLD, which has demonstrated good optical 
insertion loss and high nonlinearity at 1.55/un. 

Pr"r^n 
TfT?*7*JP conversion, electrooptic modulators, 

rc-CLD, photonic time stretch, polymer modulators. 

I. INTRODUCTION 

THE ELECTROOPTIC modulator is an enabling compo- 
nent in many photonic and optical/millimeter (MM)-wave 

systems. As such, its bandwidth often dictates the range of 
applications which are feasible. Conventional LiNbO 3 modu- 
lators suffer from a large microwave to optical refractive index 
mismatch which limits their bandwidth. Polymer modulators 
have demonstrated promising high-frequency performance 
with modulation response from dc out to 110 GHz [1]  Re- 
cently, modulators fabricated using the new polymer material 
PC-CLD have shown significantly reduced optical loss and 
high nonlinearity at 1.55 //m [2]. As an initial demonstration of 
its high-frequency capabilities, we have employed time stretch 
to detect modulation at frequencies up to 102 GHz  Time 
stretch utilizes linear group velocity dispersion in optic fibers 
to frequency downshift microwave signals modulated onto 
optical pulses. The technique has been proposed as a signal 
preprocessor to extend the upper frequency range of electronic 
analog/digital (A/D) converters, and has been demonstrated in 

Time stretch is related to frequency shifting of modulated 
optical pulses using time lenses [4], [5]. Time-lens action on 
electrical signals was also demonstrated earlier in [6]. Unfortu- 
nately, the authors of both [3] and [6] use the name "stretch " 
which can be a source of confusion. The fundamental differ- 
ence between the two techniques is whether the temporal analog 
of the imaguig condition is obeyed [7]. In [4]-[6], the imaging 
condition is fulfilled by the use of a quadratic phase (linear fre- 
quency) modulation element, which is the analog of a spatial 
thin lens. In the technique used in [3] and here, temporal magni- 

fy v K 
KTCLD P°lymer ™odu,a,or in experimental setup with fiber coupling 

and V-band m.crowave probe. Light is coupled into and out of the modulator 

HÄÜT5 SSTcy,indrical ,enses-which mi™ - «■*■* £ 

fication relies on dispersion alone. The spatial analog is simply 
a transparency held before a narrow beam, with the dispersive 
elements being the space between the beam source, the trans- 
parency, and the screen. This greatly simplifies implementation 
but incurs a penalty which is analogous to that of an unfocused 
spatial imaging system. High frequencies are attenuated im- 
posing a bandwidth limitation which increases in severity with 
increasing magnification [3]. 

II. THE PC-CLD MODULATOR 
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Fig. 1 shows the experimental unpackaged PC-CLD modu- 
lator used here. The substrate is gold-plated silicon, onto which 
the active material is spun and corona poled. Ridge optical 
waveguides are fabricated into the active material to form 
Mach-Zehnder interferometers (MZI's). The substrate serves 
as the ground plane for the microstrip lines patterned above 
the optical waveguides. Details on the fabrication and charac- 
terization of the device are discussed in [2]. The modulating 
electrical signal is injected from a coplanar probe near the input 
fiber. The probe shown is rated to 67 GHz; for modulation at 
102 GHz, one with a W-waveguide input is substituted 

Figures of merit for the PC-CLD modulator are preliminary 
as key elements such as interaction length and microstrip design' 
are being optimized. Measurements conducted on this particular 
sample shows Kr»5V and total insertion loss of 12 dB. The 
device shows a flat frequency response to 40 GHz. Although op- 
eration well above 40 GHz has been demonstrated (for example 
in this experiment), a detailed frequency response measurement 
remains to be performed. While the device has survived repeated 
operation at 5-10 mW of optical power, long-term power limita- 
tions will be established once packaged units with fiber-pigtails 
are fabricated. 

1041-1135/OOS10.00 © 2000 IEEE 
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III. TIME-STRETCH THEORY 

Time stretch exploits group velocity dispersion (GVD) to 
temporally expand a pulse while preserving its envelope shape. 
Details of the theory are in [3]. Two long fiber spools of length 
Lx and L2 are used, with the modulator in between. The 
relevant stretch factor M is the width of the pulse exiting L2 

compared to that exiting Li. If we denote by r0 the pulse width 
exiting the laser and 6TU 6r2 the additional broadening from 
Li, L2, respectively, then 

M -  r« + fr* + 6T
2  _ 1 

r0 + STI 

6r2 ,      L2  — «l-i £ 
T0 + 6n Lx (1) 

if r0 < STI . This is certainly true in our system, where r0 

(autocorrelation) « 150 fs, while T0 + STX > 1 ns. 
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Fig. 2.   Pulse power spectral density (PSD) and temporal shape with no 
modulation. The spike at dc is due to the noise floor. 

IV. EXPERIMENTAL RESULTS 

The optical source is a passively mode-locked Er 3+-doped 
fiber laser with a 50-nm pulse bandwidth at 1.55 pm and a 
40-MHz repetition rate. To ensure linear propagation, the op- 
tical power is attenuated with a combination of neutral-density 
plates and variable attenuator. The output of the attenuator is 
propagated through Lx (standard SMF) and a fiber-polarization 
controller before entering the modulator. The modulated output 
is amplified in an Er3+ -doped fiber amplifier before entering the 
L2 spools, also SMF. The output of the L2 spools is detected by 
a 45-GHz bandwidth photodiode and amplified by a 32-dB mi- 
crowave amplifier. The specified passband of the amplifier is 
8-12 GHz. 

Four modulation sources are used: a sweep oscillator (to 
40.8 GHz), a synthesizer (to 50 GHz), a GUNN oscillator (61.2 
GHz), and a Klystron (102 GHz). Data are captured with both 
a spectrum analyzer and a sampling oscilloscope. To see the 
effect of time stretching directly in the time domain would 
require locking the laser pulse rate to the modulating source, an 
unavailable option for the last three sources. We instead rely on 
an indirect signature in the frequency domain, since the basic 
operation of time stretching has already been demonstrated 
[3]. The combined effect of modulation and subsequent time 
stretching is a frequency shifting of the carrier pulses' power 
spectral density to the stretched modulation frequency, which 
is observable using the spectrum analyzer. 

Fig. 2 shows the unmodulated pulse after traversing the en- 
tire system, with Lx = 1.5 and L2 = 4.5 km. As can be seen, 
the pulse is much wider than its initial 150-fs width, and has 
acquired ripples which translate to "twin lobes" in the power 
spectral density. A fast Fourier transform (FFT) performed on 
the time-domain pulse corroborates the spectrum analyzer data. 
The source of the ripples has been isolated to the slight effective 
length mismatch between the two arms of the MZI. While such a 
mismatch is routinely compensated for with a bias voltage when 
modulating a CW beam, it produces intensity ripples in a highly 
chirped pulse. The ripple period is a function of the chirp pa- 
rameter and the effective temporal mismatch. In addition, since 
waves of different polarizations in the optical waveguide suffer 
different mismatches, the overall output pulse shape is highly 
sensitive to the input polarization. 
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Fig. 3. Spectrum analyzer data for two modulation frequency sweeps The 
spectra are replicas of that in Fig. 2 shifted to the stretched modulation 
frequency. 

In an A/D application, the pulse ripples compete with the 
modulated signal and would be an undesirable feature which 
must be eliminated in postprocessing at the expense of conver- 
sion accuracy. For this experiment, no such compensation is re- 
quired to recognize the effect of modulation, which simply fre- 
quency shifts the entire PSD waveform. The spacing between 
the PSD spectral lines is equal to the 40-MHz laser repetition 
rate, as expected. 

Fig. 3 shows the shifted spectra as the modulation frequency 
is swept from 33 to 50 GHz, with Lx = 1.5 and L2 = 4.5 km. 
The centers of the captured spectra are extracted and plotted 
against the modulation frequency in Fig. 4. As expected, the 
relationship is linear; the fitted M is 3.86. The "upper lobes" 
of the spectra near 50 GHz are distorted by the bandwidth of 
the 8-12-GHz microwave amplifier. 

In Fig. 5, a GUNN oscillator with a measured peak at 61.8 
GHz is used to drive the modulator. To bring the stretched wave- 
form back into the microwave amplifier's passband, L2 is in- 
creased to 6.5 km, while Lx remains at 1.5 km. In all other as- 
pects, the system remains unchanged from the 33- to 50-GHz 
data set. The measured M is 5.13. 
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Fig. 5. GUNN-oscillator source with output measured at 61.81 GHz is time 
stretched to 12.05 GHz (M = 5.13). The pulse shape remains similar to that 
in rig. 3. 

Finally, time stretch using a Klystron oscillator at 101.7 GHz 
(as measured by a frequency counter and harmonic mixer) is 
shown in Fig. 6. Now Lx = 0.5 and L2 = 5.0 km to bring 
M to 11; the measured ratio is 9.8. The large change in fiber 
arrangement alters the pulse shape, as can be inferred by the 
zero-modulation PSD in Fig. 6. With the signal level available, 
only the top portion rises above the noise floor in the stretched 
data. 

The discrepancies between measured and calculated stretch 
ratios stem from dispersion introduced ahead of the modulator 
by the variable attenuator and a 50-m fiber patch cord con- 
necting the laser to the Lx spool. The effective M from (1) is 

fr»q (OHzl 
101.7GHz Strttchwj PSO, M*H > 8.8 
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Fig. 6. Stretch experiment with 101.7-GHz Klystron source. Top trace is 
zero-modulation spectrum, differing slightly from Fig. 2 because increasing 
M from 4 to 11 has changed the pulse shape. Bottom trace shows stretched 
spectrum with M<„ = 9.8. The frequency axes for both plots have the same 
scaling and span. 

It must be noted that time stretching suffers an inherent band- 
width limitation, analogous to defocused imaging in the spatial 
domain. As calculated in [3], the intensity transmission versus 
modulation frequency consists of a series of deep notches; a 
larger M results in a lower first-notch frequency. For this experi- 
ment, the narrow-band modulation signals were chosen to avoid 
the notch frequencies, an unavailable option for a wide-band 
signal. In an A/D preprocessor application, the actual system 
bandwidth is limited both by the modulator and the maximum 
stretch ratio required to map into the A/D converter's operating 
range. 
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Afeff = 1 + 
Li+6 

where 6 represents dispersion equivalent to that length of SMF. 
Solving for 6 in the three frequency regimes using measured 
Mef('s of 3.86,5.13, and 9.80 gives self-consistent values of 73, 
74, and 68 m, respectively. 

V. CONCLUSION 

This experiment is the first reported application of elec- 
trooptic modulators fabricated from the new polymer material 
PC-CLD. We have utilized time stretching to show modula- 
tion at up to 102 GHz. It extends the previously demonstrated 
high-frequency capabilities of polymer modulators to important 
1.55-//m applications. 
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Phased-Array Optically Controlled 
Receiver Using a Serial Feed 

Boris Tsap, Yian Chang, Harold R. Fetterman, Fellow, IEEE, A. F. J. Levi, 
David A. Cohen, and Irwin Newberg, Member, IEEE 

Abstract—Extension of a new optically controlled serially fed 
phased-array system to the receive mode of operation has been 
demonstrated. Our system uses the pulsed nature of microwave 
radars in a manner similar to clocked systems used in digital 
configurations. This novel approach requires only the use of one 
tunable laser, one optical modulator, and one chirped fiber grat- 
ing unit. In this letter, we present an experimental demonstration 
of a two-element serially fed wide frequency range receiver that 
validates the feasibility of this novel concept. Our system can 
be readily expanded with multiple elements and transmit/receive 
modules for a complete phased array system. 

Index Terms—Directional communications, fiber gratings, op- 
tical control, optical fiber delay line, phased-array radar. 

I. INTRODUCTION 

WE HAVE recently reported the development of a novel 
optically controlled phase array transmit configuration, 

suitable for numerous applications, including phased array 
radar and directional data communications [l]-[3]. The serial- 
feed concept used in these systems represented a departure 
from conventional parallel-feed approaches, which are very 
laser intensive [4]-[14]. Our system's use of a single wave- 
length tunable laser, one modulator, and one fiber grating time 
delay element provided a major simplification in the number 
of required optical components. In this letter, we report the 
demonstration of the receive portion of this concept using 
a two-element receiver with observation directions ranging 
from +30° to -30°. The dependence on one time delay 
unit to provide time/phase shifts for all of the antenna ele- 
ments distinguishes this serially-fed system from previously 
implemented receive systems [13], [15]. Our introduction of 
a chirped fiber grating to the system enhances its capability 
by making its directional operation continuously variable. 
Combined with our transmit capability [1], and with the use 
of a T/R switch, this new design can now be extended to a 
complete transmit/receive radar system. 
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Fig. I. Basic serially fed receive mode configuration for an array of n 
elements. A chirped fiber grating in conjunction with a tunable laser provides 
the necessary phased delays for virtually continuous directional operation A 
second tapped delay line in parallel can be added to achieve almost continuous 
temporal operation. 

II. SERIALLY FED RECEIVER CONFIGURATION 

The serially fed receiver consists of a timing unit and a serial 
to parallel conversion distribution network as shown in Fig. 1. 
The timing unit sequentially generates delays designated for a 
given direction of observation. The distribution network then 
transforms these delays into parallel signals and feeds them to 
the antenna elements. 

In the basic receive configuration (Fig. 1), the train of 
(L/c/Hong laser light pulses, where L is the tapped fiber 
delay length and c, is speed of light in fiber, is modulated 
at the desired microwave frequency, and directed through 
an optical circulator to a fiber grating. By reflecting from 
a particular point on the fiber grating a wavelength-selected 
phase shift is imposed onto each modulated optical pulse. The 
returned light from the third port of the circulator enters the 
distribution network which supplies each mixer with the local 
oscillator (LO) signal for mixing with the received microwave 
signal. Assume that the tapped delay line is loaded sequentially 
with 2n pulses from a tunable laser each carrying the LO 
signals that are phase shifted by <£, 2<£, • • •, 2n<j>, respectively, 
to the mixers. The tunable laser must switch wavelengths on 
the order of a ns and therefore has little effect on typical 
radar signals which have durations of hundreds, and even 
thousands, of nanoseconds. At the beginning of the receive 
mode of operation, the first pulse supplies the last mixer and 
the nth pulse supplies the first mixer. After an interval L/cf in 

104I-U35/98S10.00 © 1998 IEEE 
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Fig. 2. Target scanning with the receiver pointed to six different "listening" 
directions, defined by the tunable laser wavelength Af. In this demonstration 
experimentally determined "listening" directions correspond to the angles 
where 5 = 0 and S' > 0. 

time, the second pulse will reach the nth mixer and become its 
LO signal carrier. At the same time, the (n + l)th pulse will 
be supplying the first mixer and the cycle continued. Note 
that the receiver continues to "listen" in the same direction 
after each wavelength progression because only the relative 
phases between mixers (differential phase </>) are important. 
This wavelength progression repeats until the last loaded pulse 
reaches the first mixer. 

At this point, there would be a loss of duty cycle for the 
simplest configuration while the line is reloaded. However, 
in order to achieve almost continuous operation, our design 
can incorporate the option of a second tapped delay line with 
an extra nL delay length which can be switched to feed 
each mixer the appropriate phase. Although, as in our initial 
transmit experiment a two-laser switch system was used, we 
have utilized a linearly chirped grating, which along with a 
tunable DBR laser will provide almost continuous scanning 
for the ultimate system. 

III. EXPERIMENT 

In an experimental demonstration with a two-element array, 
we used two external cavity wavelength tunable lasers in 
conjunction with two optical modulators to simulate a single 
fast tunable laser. The wavelength of the first laser was 
fixed at Xf and the wavelength Xt of the second laser was 
tuned to different values to control the "listening" direction 
of the receiver. A continuously chirped fiber grating centered 
at 1310 nm with a 10-nm bandwidth (>97% reflectivity) 
was used as the wavelength sensitive element. Phase delayed 
signals corresponding to the reflections of A/ and Xt were 
generated by the basic true time delay (TTD) timing unit 
used in the transmit configuration and, therefore, yielded 
squint-free operation. An RF signal was simultaneously fed 
to a transmitting horn placed on a rotating stage to simulate 
the signal returned from a target. The RF signal picked up 
by each of the receiving antenna elements was fed to the 
RF port of a mixer. The LO input of the mixer at each 
element was provided with the phase delayed signal from the 
timing unit and photodiode. Because the target distance was 

considered unknown, quadrature mixers were used to provide 
homodyne IF signals in two quadrants. The two outputs of 
the mixer associated with the first antenna element contain dc 
components given by 

:AiBisin(<6-<!>!)   V}a V1. ' sin 
: AiBicos(4> - <&!). 

For the outputs of the mixer associated with the second antenna 
element, we have 

Kin = AnBu sin(A - ^)   v£. = ARBUcos(A - $x) 

where Ai and Au are proportional to the LO amplitudes sent 
to the mixers, BT and Bn are proportional to the received 
RF amplitudes, $! is an unknown phase in the received 
RF signals due to the unknown target distance, <f> is the 
phase difference between the LO signals (from the timing 
unit), A = (dwsm6)/c is the phase difference between the 
received RF signals due to the different path lengths from the 
target, B is the target angle, and d is the spacing between the 
antenna elements. The four outputs of the mixers were fed to 
a computer for processing. The computer calculated the final 
result in the form 

S = KL • Vg - Vg ■ V£s = A^nBrfuiA - <f).    (1) 
The phase difference between the LO signals is set in the 
timing unit by the fiber grating for each wavelength pair 
Xf - Af and is described by 

4> = k(Xt - A/)w 

where fc is a parameter involving the chirp of the fiber grating. 
For a given target direction, 6 can be extracted by plotting 
S[<j>(Xt)] for different At. The calculated function S in (1) is 
zeroed, with a positive slope, when (dsinö)/c = Jfe(At - A,). 
Therefore, the target angle can be written as 

0 = suT\ck{Xt - Xf)/d]. (2) 

In this feasibility demonstration, the receiver had only two 
elements and to increase the resolution of the system, we had 
chosen to use the function 5 in (1) to determine the target 
angle because of its sensitivity near {dsm.6)/c = k(Xt - A/). 

To demonstrate the ability of the system as a phased array 
radar receiver, we chose six different wavelength pairs to 
deliver the LO signals; effectively, the receiver was used to 
"listen" to six different directions. For a selected direction 
(wavelength pair), the target angle was changed from -30° 
to 30° with a step size of 1°. As shown above at the right 
"listening" direction the S function is zero with a positive 
slope. In these experiments, the RF frequency was set to 
8 GHz, Xf was kept at 1310.6 nm and At was tuned to 
six different wavelengths. Fig. 2 shows the corresponding S 
function versus the target angle for each wavelength pair. 
The least square best-fit functions were calculated and used 
to determine the target directions with higher accuracy. The 
measured target angles (corresponding to the angles where 
5 = 0 and 5' > 0 in Fig. 2) are -17.7°, -11.6°, -2.4°, 10.4°, 
19.4°, and 27.4°. The theoretically calculated six "listening" 
directions, using (2), are -19.3°, -12.8°, 0°, 12.8°, 19.3°, 
and 26.2°. The measured values are well within the expected 
3° of the two antenna element theoretical values. 
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Fig. 3. Wavelength scanning with the target located at 0° and the fixed 
wavelength Xf = 1310.55 nm. Using a best-fit function to the sine function, 
the experimentally determined target direction is 8 = 0.6°. 

In another experimental modality to demonstrate the capa- 
bility of changing the "listening" direction continuously, the 
target angle was fixed at 0° and \f was set to 1310.6 nm. 
The wavelength At was then scanned from 1306.0 to 1315.5 
nm with a step size of 0.1 nm determined by the resolution 
of the tunable laser. The S function versus the wavelength Xt 

is shown in Fig. 3. The solid line is the best-fit sine-function 
that has a zero value (with a positive slope) at the wavelength 
At = 1310.60 nm corresponding to 0.6° according to (2). The 
results show excellent agreement with predictions and indicate 
that the serial system works well in the receive mode. 

IV. CONCLUSION 

We have successfully demonstrated a receive mode opera- 
tion of a serially fed optically controlled phased array system. 
It uses the same basic elements as the previously reported 
transmitter and completes the serial system. 

For a practical system with multiple elements, the mixer 
outputs would be processed in the following way: 

^=(E^)2+(EKS (3) 

When the signal arrives in from the desired direction, the 
angular phase dependency is removed by mixing with the 
selected LO signals for that direction; the scalar function M is 
maximized by this process. In a radar application, this scalar 
signal M can then be used to determine the target distance. 
In a practical multiple-element radar system, the beam width 
will be much narrower than that of our two-element array. 
Therefore, the M function in (3) can be used to sum the mixer 
outputs together for further processing. M will be maximized 
as a sharp peak only at the selected direction because the mixer 
outputs are "in phase" at this receive angle and "out of phase" 
elsewhere. 

In a pulsed transmit/receive radar system, once a RF pulse 
has been transmitted, the system has to switch to the receive 
mode to listen for the echo. The conjugate differential phase 
(<f>) of that used in transmit (-<£) is now used in the receive 
mode since the mixers generate a difference frequency and 

subtract the phases of the two input signals to be used 
in forming the scalar quantity M. This phase requirement 
can be achieved by using the fiber grating in the reverse 
direction or by using the transmit wavelengths in reverse order. 
This technique provides the wide frequency range squint-free 
receiver steering since real-time delays, generated in the fiber 
grating, are used to obtain the phase angles. 

The extension of the two-element serially fed optically 
controlled system to the receive mode has been presented. 
Of greater importance, however, is that it is now possible 
to implement the concept of a serial feed in a complete 
radar system, which will require a transmit/receive switch 
module and a dual feed line for a continuous operation. 
Finally, because of its simplicity and the significant reduction 
in the number of optical components, this system has major 
advantages over proposed conventional parallel configurations 
and is one of the few which have actually been demonstrated 
[13], [15]. 
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