
Standard Form 298 (Rev 8/98) 
Prescribed by ANSI  Std. Z39.18

805-893-4486

W911NF-14-1-0112

65460-PH-DRP.4

Final Report

a. REPORT

14.  ABSTRACT

16.  SECURITY CLASSIFICATION OF:

A monolithically integrated photonic phase-sensitive amplification chip is fabricated and demonstrated for the first 
time based on an InP/InGaAsP platform. On the chip, two tunable laser pumps coherently injection-locked from 
sidebands of an external modulated tone are generated to enable signal-degenerate dual-pumped phase-sensitive 
amplification in a highly saturated semiconductor optical amplifier. Phase-sensitive amplification is experimentally 
achieved with approximately 6.3 dB and 7.8 dB extinction of phase-sensitive on-chip gain using two different 
chips. Theoretical simulations based on coupled differential equations are performed and agree well with 

1. REPORT DATE (DD-MM-YYYY)

4.  TITLE AND SUBTITLE

13.  SUPPLEMENTARY NOTES

12. DISTRIBUTION AVAILIBILITY STATEMENT

6. AUTHORS

7.  PERFORMING ORGANIZATION NAMES AND ADDRESSES

15.  SUBJECT TERMS

b. ABSTRACT

2. REPORT TYPE

17.  LIMITATION OF 
ABSTRACT

15.  NUMBER 
OF PAGES

5d.  PROJECT NUMBER

5e.  TASK NUMBER

5f.  WORK UNIT NUMBER

5c.  PROGRAM ELEMENT NUMBER

5b.  GRANT NUMBER

5a.  CONTRACT NUMBER

Form Approved OMB NO. 0704-0188

3. DATES COVERED (From - To)
-

UU UU UU UU

05-11-2015 5-Mar-2014 4-Sep-2015

Approved for Public Release; Distribution Unlimited

Final Report: Exploration of Single-Chip Phase-Sensitive 
Amplifiers

The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department 
of the Army position, policy or decision, unless so designated by other documentation.

9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS
(ES)

U.S. Army Research Office 
 P.O. Box 12211 
 Research Triangle Park, NC 27709-2211

Photonic Integrated Circuits, Optoelectronics, Semiconductor optical amplifiers, noiseless amplification

REPORT DOCUMENTATION PAGE

11.  SPONSOR/MONITOR'S REPORT 
NUMBER(S)

10.  SPONSOR/MONITOR'S ACRONYM(S)
    ARO

8.  PERFORMING ORGANIZATION REPORT 
NUMBER

19a.  NAME OF RESPONSIBLE PERSON

19b.  TELEPHONE NUMBER
Larry Coldren

Larry A. Coldren

c. THIS PAGE

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, 
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments 
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington 
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.  
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection 
of information if it does not display a currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

University of California - Santa Barbara
3227 Cheadle Hall
3rd floor, MC 2050
Santa Barbara, CA 93106 -2050



4-Sep-2015



ABSTRACT

Number of Papers published in peer-reviewed journals:

Number of Papers published in non peer-reviewed journals:

Final Report: Exploration of Single-Chip Phase-Sensitive Amplifiers

Report Title

A monolithically integrated photonic phase-sensitive amplification chip is fabricated and demonstrated for the first time based on an 
InP/InGaAsP platform. On the chip, two tunable laser pumps coherently injection-locked from sidebands of an external modulated tone are 
generated to enable signal-degenerate dual-pumped phase-sensitive amplification in a highly saturated semiconductor optical amplifier. 
Phase-sensitive amplification is experimentally achieved with approximately 6.3 dB and 7.8 dB extinction of phase-sensitive on-chip gain 
using two different chips. Theoretical simulations based on coupled differential equations are performed and agree well with experimental 
results. The noise figure of the phase-sensitive amplification chip is also estimated, and averaged noise figures ~ 2.4 dB are measured.

(a) Papers published in peer-reviewed journals (N/A for none)

Enter List of papers submitted or published that acknowledge ARO support from the start of 
the project to the date of this printing.  List the papers, including journal references, in the 
following categories:

(b) Papers published in non-peer-reviewed journals (N/A for none)

(c) Presentations

Received Paper

TOTAL:

Received Paper

TOTAL:



Number of Non Peer-Reviewed Conference Proceeding publications (other than abstracts):

Peer-Reviewed Conference Proceeding publications (other than abstracts): 

Number of Peer-Reviewed Conference Proceeding publications (other than abstracts): 

0.00Number of Presentations:

Non Peer-Reviewed Conference Proceeding publications (other than abstracts):

(d) Manuscripts

Received Paper

TOTAL:

11/05/2015

11/05/2015

Received Paper

1.00

2.00

Wangzhe Li, Mingzhi Lu, Leif Johansson, Milan Mashanovitch, Danilo Dadic, Shamsul Arafin, Larry 
Coldren. First Demonstration of an Integrated Photonic Phase Sensitive Amplifier,
CLEO 2015. 13-MAY-15, . : ,

L. A. Coldren, W. Li, A. Mecozzi, M. Lu, M. Vasilyev, D. Dadic, L. Lohansson. Single-chip dual-pumped 
SOA-based phase-sensitive amplifier at 1550 nm,
Nonlinear optical signal Processing 2015. 13-JUL-15, . : ,

TOTAL: 2

11/05/2015

Received Paper

3.00 W. Li, A. Mecozzi, M. Lu, M. Vasilyev, S. Arafin, D. Dadic, L. Johansson, L. Coldren. First monolithically 
integrated single-chip dual-pumped phase-sensitive amplifier at 1560 nm based on a highly saturated 
semiconductor optical amplifier,
Optics Express (10 2015)

TOTAL: 1



Books

Number of Manuscripts:

Patents Submitted

Patents Awarded

Awards

Graduate Students

Larry Coldren:  2015 InP and Related Materials Award

Names of Post Doctorates

Received Book

TOTAL:

Received Book Chapter

TOTAL:

PERCENT_SUPPORTEDNAME

FTE Equivalent:

Total Number:

PERCENT_SUPPORTEDNAME

FTE Equivalent:

Total Number:

Wangzhe Li 1.00
Shamsul Arafin 0.10

1.10

2



Sub Contractors (DD882)

Names of Faculty Supported

Names of Under Graduate students supported

Names of Personnel receiving masters degrees

Names of personnel receiving PHDs

Names of other research staff

Number of graduating undergraduates who achieved a 3.5 GPA to 4.0 (4.0 max scale):
Number of graduating undergraduates funded by a DoD funded Center of Excellence grant for 

Education, Research and Engineering:
The number of undergraduates funded by your agreement who graduated during this period and intend to work 

for the Department of Defense
The number of undergraduates funded by your agreement who graduated during this period and will receive 

scholarships or fellowships for further studies in science, mathematics, engineering or technology fields:

Student Metrics
This section only applies to graduating undergraduates supported by this agreement in this reporting period

The number of undergraduates funded by this agreement who graduated during this period:

0.00

0.00

0.00

0.00

0.00

0.00

0.00

The number of undergraduates funded by this agreement who graduated during this period with a degree in 
science, mathematics, engineering, or technology fields:

The number of undergraduates funded by your agreement who graduated during this period and will continue 
to pursue a graduate or Ph.D. degree in science, mathematics, engineering, or technology fields:......

......

......

......

......

PERCENT_SUPPORTEDNAME

FTE Equivalent:

Total Number:

National Academy Member
Larry Coldren 0.10 Yes

0.10

1

PERCENT_SUPPORTEDNAME

FTE Equivalent:

Total Number:

NAME

Total Number:

NAME

Total Number:

PERCENT_SUPPORTEDNAME

FTE Equivalent:

Total Number:

......

......



Inventions (DD882)

Scientific Progress

First single-chip photonic integrated phase-sensitive amplifier. 

First single-chip photonic amplifier with <3dB noise figure.

First single-chip photonic amplifier with on-chip pump lasers.

Technology Transfer

None



1 

 

Final Report 

March 5, 2014 – September 4, 2015 

 

 

Exploration of Single-Chip Phase-Sensitive Amplifiers  

 
Funding # W911NF1410112               

 
 

Larry A. Coldren (UCSB), PI:  coldren@ece.ucsb.edu 

Wangzhe Li, Mingzhi Lu and Leif Johansson, Investigators 

 

 

 

Funded by DARPA-DSO 

Prem Kumar, Program Manager 

prem.kumar@darpa.mil 

 

 

Via ARO 

T. R. Govindan, Grants Officer’s Rep. 

t.r.govindan.civ@mail.mil 

 

 

 

 

mailto:coldren@ece.ucsb.edu
mailto:prem.kumar@darpa.mil
mailto:t.r.govindan.civ@mail.mil


2 

 

Abstract 

A monolithically integrated photonic phase-sensitive amplification chip is fabricated and 

demonstrated for the first time based on an InP/InGaAsP platform. On the chip, two tunable laser 

pumps coherently injection-locked from sidebands of an external modulated tone are generated 

to enable signal-degenerate dual-pumped phase-sensitive amplification in a highly saturated 

semiconductor optical amplifier. Phase-sensitive amplification is experimentally achieved with 

approximately 6.3 dB and 7.8 dB extinction of phase-sensitive on-chip gain using two different 

chips. Theoretical simulations based on coupled differential equations are performed and agree 

well with experimental results. The noise figure of the phase-sensitive amplification chip is also 

estimated, and averaged noise figures ~ 2.4 dB are measured. 

 

  



3 

 

Table of Contents 

 

Introduction............................................................................................................. 4 

Proposed chip-scale dual-pump PSA......................................................  6 

SOA and PSA chip fabrication....................................................................  7 

SOA characterization........................................................................................ 9 

PSA chip characterization.............................................................................. 14 

PSA experimental results and discussion............................................. 20 

Conclusions and future work........................................................................ 25 

References.................................................................................................................. 26 

 

 

 

  



4 

 

Introduction  

Optical phase-sensitive amplification (PSA) has been attracting increasing attention [1, 2] due to 

the well-known advantage of noise-free amplification. Unlike a conventional phase-insensitive 

amplifier (PIA) such as an erbium-doped fiber amplifier (EDFA) featuring an inherent minimum 

noise figure (NF) of 3-dB [3], a PSA is capable of amplifying only one of the two quadrature 

phase components in a light wave signal and attenuating the other. This unique feature makes it 

possible in theory to realize noise free amplification and have a NF of 0 dB, which would 

significantly improve the performance of optical links and provide a wide range of applications 

[4], such as optical telecommunication, remote sensing, optical spectroscopy, LIDAR and inter-

satellite communication where noise levels are critical. 

Various PSAs have been demonstrated by using parametric down-conversion in χ(2)-based 

nonlinear materials, such as periodically poled LiNbO3 (PPLN) waveguides [5, 6], or using four-

wave mixing (FWM) in χ
(3)

-based nonlinear media like optical fibers [2,] and unsaturated 

semiconductor optical amplifiers (SOAs) [7]. In this report, we will specifically focus on the 

implementation of a PSA through a dual-pump degenerate FWM process. The operation 

principle includes two main steps. The first step is generating new signal photons, as shown in 

Fig. 1(a). Two pumps and a signal with a stable phase relationship are sent to a nonlinear media, 

in which FWM among the light waves is able to generate new signal photos with a phase which 

is the sum of two pumps’ phases minus the original signal phase. In the second step as shown in 

Fig.1 (b), interference of the generated signal with original signal modulates the amplitude of the 

combined electrical field of the signal. Therefore, the constructive interference amplifies the 

amplitude of the signal’s electrical field, namely the power of the signal; while the destructive 

interference attenuates the signal. In another word, the PSA only maximally amplifies the signal 

when the original signal phase is 0 or π relative to the sum of two pumps’ phases (in-phase 

components), and maximally attenuates the signal when its phase is π/2 or 3π/2 (quadrature 

components) to the sum of two pumps’ phases. Thus, the PSA gain experience one cycle when 

the phase of the incident signal goes over one π., which is so distinguished from the transmission 

curve of a conventional two-arm Mach–Zehnder interferometer (MZI). Such a π-periodicity of 

the PSA gain is very important and can be used to verify the implementation of the PSA, and in 

our demonstration of the first dual-pump chip-scale PSA, we recorded the relationship between 

the input signal phase and the signal power after the PSA to verify the achievement of the PSA.  

 

(a) 
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(b) 

Fig. 1. Implementation of a PSA through a degenerate FWM process. (a)step 1: generation of new signal photons; 

(b) step 2: interference of the new generated signal with the original signal 

Among all demonstrated PSAs so far, in either single- or dual-pump configurations, their 

implementations are based on bulky bench-top systems, which makes it difficult to use them in 

practical scenarios. One of the challenges in realizing a practical PSA is that at input port of the 

PSA the phase relationship between the pump(s) and the signal must be stabilized. Some means 

of phase-locking the signal to the necessary pump(s) are required, which usually increase the 

complexity of the system and make it more unsuitable for use in a real application. In addition, 

other issues in terms of size, weight, power consumption and coupling losses also restrict the 

bench-top PSA’s commercial allure. In order to solve this issue, photonic integration is a 

promising solution and can great benefit the implementation of PSAs for practical applications. 

Other than some obvious advantages like small footprint, light weight, reduced coupling losses 

and batch fabrication economies, integrated photonic chips can inherently guarantee a stable 

phase relationship among signal and pumps, requiring no phase-locking mechanisms, which 

significantly eases the implementation and practical application of PSAs. 

 
Fig. 2. Proposed schematic of a chip scale dual-pump PSA 
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Proposed chip-scale dual-pump PSA 

In view of above discussed reasons, we have proposed a chip-scale dual-pump PSA using a 

saturated SOA as a nonlinear element, and fabricated different SOAs for characterization and an 

integrated photonic PSA chip for the first time to experimentally demonstrate on-chip PSA.  

Figure 2 shows the schematic of the degenerate dual pump PSA. The coherent incident light 

waves, which consist of two pumps and one signal, are here generated based on external 

modulation and then are coupled into a PSA chip. On the chip, the input light waves are split into 

three paths via a 1 by 3 multimode interference (MMI) coupler. Along the upper and lower paths, 

there are two tunable Sampled-Grating Distributed-Bragg-Reflector (SG-DBR) lasers [8], each 

of which is injection locked by opposite modulation side-band pumps. Please note that during 

external modulation the signal which is carrier would be intentionally suppressed by properly 

biasing the modulator so that the pumps have enough power to injection lock the two SG-DBR 

lasers. After being injection-locked, each SG-DBR laser which selectively amplifies the 

corresponding pump and suppresses the other one as well as the signal behaves as one pump 

laser. The signal suppression in each pump laser the due to injection locking is important because 

such a suppression is helpful for avoiding on-chip signal-interference-induced signal power 

change at the input port of the PSA, which otherwise could be misinterpreted as the result of 

PSA. After further being amplified by a downstream SOA, the pump is filtered by an asymmetric 

Mach-Zehnder interferometer (AMZI) to remove the residual signal and the noise falling in the 

signal’s spectrum, which avoids signal interference among three paths and enables the signal to 

be shot-noise limited.  

Along the middle path, there is a phase tuner to phase shift the signal based on carrier plasma 

effects; therefore, the adjustable and stable phase relationship among the signal and two pumps 

can be achieved for observing the PSA-based signal power variation as a function of the signal’s 

phase. Please note that, although there are two pumps along the middle path, their powers are 

much smaller than those along the other two paths so that the pump waves along the middle path 

and the pump wave interference are negligible. The light waves along three paths are combined 

together and split again by a 3-by-3 MMI coupler to a nonlinear-SOA (NL-SOA) where the PSA 

occurs, a long passive waveguide (WG) as a reference port, and a tap to monitor the input light 

waves to the NL-SOA.  

One potential concern is that the SOA can be used as a PIA, and its PIA gain may interfere with 

the nonlinear parametric process and undermine the phase-sensitive amplification. To overcome 

or minimize this issue, the incident power to the NL-SOA is high enough to saturate the NL-

SOA, which is capable of suppressing the amplified spontaneous emission noise, restrict PIA, 

and optimize the FWM [9, 10]. By recording the light wave spectrum and the signal power at the 

output of the NL-SOA using an optical spectrum analyzer (OSA) when changing the current 

applied to the phase tuner to tune the signal phase, we can evaluate the PSA performance and 

characterize its gain profile. 
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These initial research results might be useful for theoretically analyzing the saturated SOA-based 

PSA and designing better high-gain noise-free PSA chips which are more suitable for real 

systems in optical telecommunications, phase regeneration, optical spectroscopy, optical sensing 

or imaging systems, or other such applications which requires a high optical gain and a high 

signal-to-noise ratio. 

SOA and PSA chip fabrication 

In order to fabricate SOAs for initial characterization and monolithically integrate the single-chip 

dual-pumped PSA based on saturated SOA, we chose an InP/InGaAsP centered quantum well 

(CQW) platform with 10 quantum wells (QWs) [11] because such a platform is capable of 

maximizing the mode overlap with the QWs in an SOA, enhancing the nonlinearity and 

maximizing the FWM.  

 

Fig. 3. Lateral view of the CQW wafer 

 

Fig. 4. Lateral view of the key photonic components in a on-chip PSA system 

The fabrication started with a base epi, which includes quantum well layers, waveguide layers 

and N-cladding layer. Active and passive areas were defined using quantum well-intermixing 

(QWI) technology [12]. The passive waveguide with intermixed quantum wells still confine 

carriers well, which is ideal for low-loss phase tuners. Then, by using electron beam lithography 

 Si 

Quantum well intermixing 

Active                    passive 
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and methane/hydrogen/argon (MHA)-based RIE etching, the gratings of the SG-DBR laser were 

defined. Following the grating definition, a blanket p-cladding and p-contact layer regrowth was 

carried out using metalorganic chemical vapor deposition (MOCVD). After the regrowth, 

waveguides were defined and etched. In order to have better heat dissipation and compactness at 

the same time, surface ridge waveguides were used for the straight SG-DBR lasers, while more-

narrow deeply-etched waveguides were used for other components on the chip, which leads to 

better flexibility for waveguide routing and better SOA nonlinear efficiency due to a higher 

confinement factor. Cl2/H2/Ar ICP-RIE dry etching as well as InP wet etching was used to 

defined the features. Following the waveguide etching, P-contact vias were opened and 

Pt/Ti/Pt/Au was deposited as the P contact metal. To further decrease the passive waveguide loss 

and provide electrical isolation, we implanted protons in the p-cladding layer of the passive 

waveguides. The wafer was then thinned down to about 130 μm for ease of cleaving. Backside 

Ti/Pt/Au metallization provided common cathode connections to the n-type substrate. After 

cleaving and anti-reflection coating of the waveguide facets, the discrete SOAs and the PSA 

chips were ready for characterization. The SOAs and the chip-scale PSA were fabricated on the 

same wafer so that the specifications of the SOAs would be identical to those of the SOAs in the 

PSA chip. Fig. 3 and Fig. 4 show the lateral views of the CQW wafer and other key components 

on the PSA chips, respectively. Fig. 5 shows the schematic diagram and the mask layout 

(InP/InGaAsP) of the PSA chip. Comparing Fig. 5(a) and Fig. 5(b), we can identify every single 

photonic components. The length and width of the PSA chip are about 1 mm and 7 mm. 

 
(a) 

 
(b) 

Fig. 5.(a)Schematic diagram of the PSA chip; (b)mask layout of the PSA-chip for fabrication 
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SOA characterization 

Figure 6 shows all the different SOAs we fabricated. The longest SOAs are used to evaluate the 

dispersion. The high-speed SOAs which are the shortest are used to measure SOA’s carrier 

lifetime; while the 1-mm SOAs are used to characterize their gain profile. 

 

Fig. 6. Photo of the fabricated SOAs with different lengths. (left) 2.3-mm SOAs consisting of three cascaded SOAs 

with a length of 766 µm; (middle) high-speed SOAs with a length of 50, 100 and 150 µm; (right) 1-mm SOAs 

consisting of three identical SOAs with a length of 333µm. 

Carrier lifetime measurement: 

High-speed short SOAs were used to measure the carrier lifetime. The setup is shown in Fig. 7, 

which mainly includes an external cavity laser (ECL), an erbium-doped fiber amplifier (EDFA), 

a variable optical attenuator (VOA), a bandpass filter (BPF), a high-speed SOA, a photodetector 

(PD) and an electrical spectrum analyzer (ESA). A wavelength from the ECL was sent to the 

SOA through the EDFA, the VOA and the BPF which were used to control the input light wave 

power. To measure the SOA’s carrier lifetime, we first measured its frequency response. To do 

so, an RF signal and a bias voltage were applied to the SOA via a bias-tee to modulate the light 

wave that was passing through the SOA. The SOA’s output was converted by the PD to re-

generate the RF frequency which was recorded and measured by the ESA. 

 

Fig. 7. SOA lifetime measurement setup 

The length of the SOA under test is 150 µm, biased with a current density of 6.67 kA/cm
2
. The 

measured SOA frequency response given different input power is shown in Fig. 8. Based on its 

3-dB bandwidth, the lifetime could be calculated. Then we changed the input power to an SOA 

with a length of 50µm to observe the corresponding change of the carrier lifetime. The results are 

shown in Fig. 9. As it can be seen, the carrier lifetime goes down to 180 µm as the input power 

increases to about 21 mW. 

2.3-mm SOAs 1-mm SOAs High-speed 
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Fig. 8. Measured SOA frequency response. Dots are measured results, and the dotted-lines are the fitting curves. 

 

Fig. 9. Measured SOA carrier lifetime with respect to its input light wave power. 

Linear gain measurement: 

We took advantage of 1-mm SOA consisting of three cascaded 333-µm SOAs to characterize its 

gain profile. The setup is shown in Fig. 10. Since the 1-mm SOA has three cascaded 333-µm 

SOAs, the first SOA was first negatively biased as a PD to measure the input power; then it was 

forward-biased as an amplifier to amplify the input light wave. The second 333-µm SOA was 

reverse-biased to detect the amplified light wave power at the output of the first SOA.  

 

Fig. 10. SOA gain measurement setup 

Comparing the measured input power and the power after amplification, we can obtain the gain 

for a 333-µm SOA. Changing the forward bias current and the input wavelength, and tripling the 
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calculated gain, we can collect gain profiles of the 1-mm SOA, which are shown in Fig. 11. Fig. 

11(a) shows the relationships between small-signal gain of the SOA and current density given 

different input wavelengths. We can see that the small-signal gain goes up as we increase the 

current density and becomes saturated after the current density is higher than 8 kA/cm
2
. The 

transparent current density, given different wavelengths, is varied in the range between 1 kA/cm
2
 

and 1.5 kA/cm
2
.  Fig. 11(b) shows the relationship between the maximum small-signal gain and 

the incident wavelength when the current density is fixed .As we can see from Fig. 11(b), the 

peak small-signal gain was measured to be about 47.5 dB/mm at a wavelength of 1560 nm and a 

current density of 9 kA/cm
2
. Based on Fig 11, we can choose a proper incident wavelength to 

optimize the gain of the SOAs for the operation of the PSA chip. 

 

(a)                                                                                 (b) 

Fig. 11. (a)Measured linear gain of a 1-mm SOA; (b) measured wavelength-dependent gain profile 

Because the PSA-chip is based on a saturated SOA, we need to find out the input power level to 

saturate the SOA. Since the length of the NL-SOA on the PSA chip is 1 mm, then we treated the 

1-mm cascaded SOA as a single SOA, and we applied a current density of about 3 kA/cm
2 

and 

measure its output power as we increased the input power. The result is plotted in Fig. 12, 

showing that the 1-mm SOA would be saturated when the input power reached about -9 dBm. 

Based on this input power level, we chose an incident power of 0 dB or higher to the NL-SOA 

on the PSA chip to ensure that the NL-SOA was deeply saturated. 
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In the implementation of the PSA based on a long single mode fiber or a high nonlinearity fiber, 

the fiber dispersion can play an important role in the PSA effect, reducing the PSA gain or gain 

bandwidth. Similarly, for operating the PSA chip, we have to find out the dispersion 

characteristics of a saturated SOA. A new method to measure the dispersion has been proposed. 

The setup which is shown in Fig. 13 consists of a tunable laser source, an intensity modulator 

(IM), a PD and a vector network analyzer (VNA). The light wave from the laser was external 

modulated through the IM by an RF signal applied to the IM. The RF signal was generated from 

the VNA. Due to the small-signal modulation, the light wave would have two more sidebands; 

and after passing through the SOA, nonlinear phase changes were applied to the sidebands and 

the original carrier due to the dispersion of the SOA. The sidebands and the carrier were sent to 

the PD to re-generate the RF signal which was recorded by the VNA. Then the nonlinear phase 

changes introduced by the dispersion could be recovered by the comparing the RF phase changes. 

When we swept the input wavelength and recorded the corresponding nonlinear phase changes 

or the RF phase differences, we could calculate the dispersion of the SOA.  

                                   

Fig. 13. SOA dispersion measurement setup 
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Fig. 14. Comparison of the measured dispersion of a 2-meter SMF and its standard dispersion value 

Before measuring the dispersion of the SOA, we need to evaluate this setup and prove its 

functional. Therefore, we use the setup to measure the dispersion of a 2-meter signal mode fiber 

(SMF) and compared the result with the standard dispersion result of an ITU G.653 single mode 

fiber. The input wavelength was shifted from 1545 nm to 1575 nm. As we can see from Fig. 14, 

at 1550 nm, the measured result agrees well with the standard dispersion value; The dispersion 

slot is different, which could be caused by the facts that the standard SMF dispersion is based on 



13 

 

a few km meter fiber (averaging thousands of different 2-meter SMFs) and the input wavelength 

was not stable and drifting during the experiment.  

After proving that the setup in Fig. 13 is functional, we measured the dispersion of a 2.3-mm 

SOA given different temperature and input power. The input power was set to be 0 dBm and 10 

dBm, which are high enough to saturate the SOA. Please note that before each measurement, we 

removed the SOA first and measured the background dispersion including the modulator and the 

16-meter fiber in the setup. 

  

Fig. 15 Measured SOA dispersion curves given different temperatures and input powers 

The measured dispersion is shown in Fig. 15, as we can see, dispersion curves are not flat. When 

temperature was fixed at 0 degree Celsius, at 0-dBm input power, the dispersion is flat and close 

to 0 fs/nm when the wavelength falls in a range between 1550 nm to 1570 nm. At a shorter 

wavelength range between 1525 nm to 1545 nm, there is a dispersion notch, and the saturated 

SOA shows a relatively large dispersion of -700 fs/nm at a wavelength of 1530 nm. When the 

input power was increased to 10 dBm to further saturate the SOA, the measurement can only 

covers a wavelength range from 1545 nm to 1575 nm because of the limited gain bandwidth of 

the EDFA we used in the experiment; however, thanks to the right edge of the notch, we can still 

tell that the dispersion curves are red-shifted.  Then we increased the temperature to 35 degree 

Celsius, we repeated the measurement and found out that the dispersion characteristics stayed the 

same.  
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The measurement still has a few issues. The wavelength instability caused dispersion ripples on 

the curves; large background dispersion introduced by the 16-meter long fiber in the setup made 

it difficult to accurately measure the small amount of dispersion.  

For the future PSA experiment and simulation in the report, we chose the incident wavelength 

around 1560 nm and treated the SOA as dispersion-free element. 

PSA chip characterization 

 
(a) 

 
(b) 

 
(c) 

Fig. 16. (a) Schematic diagram of the PSA chip; (b) photo of the signal-degenerate dual-pumped PSA chip after 

wire-bonding; (c) close-up views of some sections of the chip as indicated. 



15 

 

The schematic diagram of the PSA chip is shown again in Fig. 16 and compared with its 

microscope picture after wire-bonding and a close-up view of some sections of it. Comparing the 

pictures in Fig. 16, we can clearly see the metal contacts which are the large golden squares, the 

thin waveguide at the input port of the 1 by 3 MMI, and the long and curled waveguide as one 

arm of the AMZI, 3 by 3 MMI before the input of the NL-SOA and tap waveguide. 

Before conducting the PSA experiment, we need to characterize the chip to choose the best chips. 

Specifically, we evaluated the performance of the SG-DBR lasers, the injection locking of the 

two SG-DBR lasers and the spurious signal interference among three paths. 

SG-DBR lasers: 

First of all, the two SG-DBR lasers were pumped and light-current-voltage (LIV) curves were 

measured. A typical measured LIV curve is shown in Fig. 17. The green curve is the measured 

laser output power as we increased the pump current. The kink on the curve represents a mode-

hopping which was caused by the internal temperate and refractive index change as we changed 

the current. As we can see, the SG-DBR laser has a threshold of about 30 mA at a temperature of 

20 degree Celsius, and a maximum output power of about 18 dBm at a bias current of 120 mA. 

However, when both SG-DBR lasers were turned on, the maximum output of each one was only 

about 12 dBm or less due to heating effect.  

 

Fig. 17. Measured LIV curve of a SG-DBR laser 

The outputs of two SG-DBR lasers were measured as well using an optical spectrum analyzer 

(OSA, with a resolution of 0.01 nm) and shown in Fig. 18. The two wavelengths are spacing 

around 0.15 nm, which is equivalently 18.7 GHz. We can easily tune the wavelengths by 

changing the current applied to the corresponding phase section in each SG-DBG laser. The 

averaged tuning rate is about 1.18 GHz/mA. However, due to heating effect, tuning one 

wavelength always changed the other one in the experiment. 

 

Mode 

hopping 
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Fig. 18. Measured optical spectrum of the output of two free-running SG-DBR lasers 

Injection locking of two SG-DBR lasers: 

Because injection locking two SG-DBR lasers is important to make sure that the two pumps and 

the signal sent to the NL-SOA to have the stable phase relationship, we have to evaluate the 

injection locking performance of each laser. 

We simply used an external laser to send the light wave to the chip and turned on only one SG-

DBR laser. Then at the tap port, we used an OSA to monitor two wavelengths and started to 

align them with each other. Once they were close enough, we coupled the output of the tap to an 

external PD to convert the light waves to an electrical beat note which was analyzed by an ESA 

and we observed an unstable peak due to the random phase relationship between two 

wavelengths. When the spacing between two wavelengths became closer and closer, we 

observed that the central frequency of the beat decreased. Once the two wavelengths were close 

enough, the beat signal disappeared and only a flat noise floor appeared on the ESA which 

indicated that the SG-DBR laser was injection locked and its wavelength was as same as the 

external one. By shifting the wavelength of the sideband through changing the frequency of the 

modulation RF signal, and the incident sideband power, we measured the injection locking range 

with respect to different injection ratio. The injection ratio is the power ratio of the incident 

sideband power to the laser output. Then we turned off the laser, turned on the other and repeated 

the same measurement. The results are plotted in Fig. 19. As we can see that the maximum 

locking ranges are about 4.5 GHz and 3.8 GHz when the injection ratio is about -1 dB which was 

the largest injection ratio we could achieved in the experiment. However, for the PSA 

experiment, both SG-DBR lasers must be injection-locked, the total input power from external 

modulation was distributed on two sidebands (the signal power can be ignored), which reduced 

the injection ratio by 3 dB. Therefore, only 3 GHz and 2.2 GHz injection locking ranges can be 

achieved. Considering the laser wavelength shifting due to cross heating effect when we changed 

the phase tuner current, the real locking range for each laser would be smaller.  

0.1 nm = 12.5 GHz/div 
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(a)                                                                     (b) 

Fig. 19. Measured injection locking ranges of two SG-DBR lasers given different injection ratios 

Once two SG-DBR lasers were both injection- locked by the two pumps from external 

modulation, the beat note of two wavelengths at a PD becomes a very stable and narrow line and 

can be monitored by the ESA, as shown in Fig. 20. The resolution bandwidth of the ESA was 

about 100 Hz. The 3-dB bandwidth of the beat is less than 1 kHz, which means that once two 

SG-DBR lasers are injection locked, their relative frequency spacing is fixed and determined by 

the two pumps and their relative linewidth is also less than 1 kHz. Thus, once we obverse a 

stable peak with a frequency of twice the RF modulation frequency at the ESA, we can claim 

that the two SG-DBR lasers are injection-locked. During the PSA experiment we conducted, we 

always used the ESA to monitor the beat note of two SG-DBR lasers through the tap port to 

make ensure the injection locking was enabled. 

 
Fig. 20. Measured electrical spectrum of the beat by heterodyning the wavelengths from two injection-locked SG-

DBR lasers  

Spurious signal interference: 

Current to the 
gain section of 
the SGDBR 
laser: 100 mA 

Current to the 
gain section of 
the SGDBR 
laser: 100 mA 

Δν = <1 kHz  each 
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As we mentioned before, another advantage of injection locking is the suppression of the signal, 

which ensures that signal passes through the upper and middle paths, causing signal interference 

and leading to possible misinterpreted PSA effect. Therefore, after two SG-DBR lasers were 

injection-locked and before we started to evaluate the PSA by recording the signal power at the 

output of the NL-SOA, we have to first rule out the possibility of the signal interference among 

three paths to avoid improper interpretation of the PSA when shifting the signal phase by change 

the phase tuner current. Thus, at the output of the tap port, the signal power with respect to time 

and phase tuner current were measured and compared, as shown in Fig. 21. The blue solid curve 

is the measured signal power as we increased phase tuner current; while the dotted red curve is 

the measured signal power over time. By comparing two curves here, only similar random power 

fluctuations of about ± 0.5 dB were observed in two cases and no obvious interference among 

three paths was observed. 
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Fig. 21. Measured signal power at the output of the tap with and without phase tuner current changing. 

In addition, the power of the SG-DBR pump waves along the upper and  the lower paths were 

about 15 dB higher than those along the middle path, therefore, the pump interference which 

could cause PSA gain drift can be ignored as well, and the signal power change at the output of 

the NL-SOA would be only caused by the PSA. 

Phase tuner characterization and phase shift measurement: 

Tuning the phase of the signal is very important for the PSA experiment. And knowing the exact 

phase shift when we tune the current applied to the phase tuner is more important  because we 

need to take advantage of π-periodicity of the PSA gain curve to verify the PS. To obtain relative 

phase change of the signal, we used the setup shown in Fig. 22. 
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Fig. 22. Relative signal phase measurement setup 

The RF signal for the external modulation was from the VNA. One SG-DBR laser was turned off 

so that only one SG-DBR laser was injection locked and only one sideband was selectively 

amplified. Please note that the power of the amplified sideband was much larger than those of 

sidebands along the middle path so that the later were ignored. The signal and the amplified 

sideband at the output of the tap were sent to the PD to re-generate the RF signal whose phase 

change would be identical to that of the optical signal. Therefore, by using the VNA to measure 

the phase change of the received the RF signal when changing the phase tuner current, we were 

able to equivalently get the relative phase change of the optical signal. The result is shown in Fig. 

23. The abscissa variable is set to be the square root of the phase tuner current because the signal 

phase in theory varies linearly with the square root of the phase tuner current. As we can see, 

there was no obvious phase change of the signal until after the current was larger than 1 mA. 

Such a delay in phase shift commonly occurs in tunable SG-DBR lasers and could be caused by 

an N+ sheet charge that exists at the regrowth interface due to surface contamination. As the 

current was further increased, these traps are filled and phase shift appeared. Overall, 1 mA
0.5

 

gives π phase shift of the signal  
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Fig. 23. Measured relative signal phase change 
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To help evaluate the signal phase measurement, we also formed an on-chip MZI by deactivating 

the lower path. Without external modulation, we sent one wavelength to the chip and injection 

locking one SG-DBR laser and measured the output power at the tap when we were changing the 

phase tuner current. The on-chip MZI is depicted in Fig. 24. It is well-known that the output 

power of the MZI varies sinusoidally with the phase difference of the light waves along two arms, 

and features a 2π-periodicity. Therefore, we can estimate the current-induced phase shift of the 

signal by observing the MZI output as we change the phase tuner current.  

 

Fig. 24. On-chip MZI setup 

The measured MZI output is shown in Fig. 25. As we can see, the output power barely changes 

when the current is less than 1 mA due to the phase delay. As the current increase, the signal 

power experiences one cycle. It can be clearly seen that approximately 1.1 mA
0.5

 gives π phase 

shift, which agrees well with the result obtained based on previous method (1 mA
0.5

 gives π 

phase shift). 
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Fig. 25. Measured MZI output when changing the phase tuner current 

PSA experimental results and discussion 

Once the basic chip characterizations were completed and the best chips were chosen, we started 

to configure the chip and the external modulation setup to start the PSA experiment. For external 

modulation, two pumps spacing about 18 GHz and one signal were generated by using an 

external tunable laser and an IM as in Fig. 2. The IM was properly biased to suppress the signal 
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power, which made the sidebands’ power dominant and facilitated the injection locking. The 

incident light waves were coupled into the PSA chip via a tapered fiber with a total coupling loss 

of about 6 dB. The pump power coupled into the SG-DBR laser was about -3 dBm and the 

output power of each laser is about 11 dBm, giving an injection ratio of about -14 dB and an 

injection locking ranges of 3 GHz and 2.2 GHz for two lasers, respectively. The current applied 

to the gain section of each SG-DBR laser fell in a range between 80 mA and 100 mA. The 

current to each SOA following corresponding laser lied in a range between 70 mA and 90 mA. 

By finely tuning the free running wavelengths of two SG-DBR lasers, the wavelength of the 

external laser and the RF modulation frequency, two SG-DBR lasers could be injection locked 

by the two pumps. During the measurements, the wavelength of the incident signal was tuned to 

lie in a range between 1560 nm and 1562 nm, and the frequency of the RF signal was set to be 

about 9 GHz. Then the pumps and the signal were sent to the NL-SOA with a current of about 90 

mA. The total input power to the NL-SOA was about -1 dBm, which was high enough to saturate 

the NL-SOA because the NL-SOA started saturation at -9 dBm. Once the SOA was saturated, 

the spontaneous emission noise and PIA were suppressed. The output of the NL-SOA was sent to 

the optical spectrum analyzer for recording the power of the signal as its phase was changed for 

PSA demonstration. The input saturation power was -9dBm. (The PIA gain is much smaller with 

input powers approaching the input saturation power.) 
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                                              (a)                                                                                           (b) 

Fig. 26. Measured optical spectrum of the light wave at (a) the input and (b) the output of the NL-SOA (12.5 

GHz/div). Spectral lines broadened due to limited resolution of OSA—actual linewidths much more narrow  

(<< 1MHz) and distinct. 

The optical spectra at the input and the output of the NL-SOA were measured to record the 

signal power change caused by the PSA. The optical spectrum of the input light waves was 

equivalently obtained by monitoring the output of the tap port by using the optical spectrum 

analyzer. The measured optical spectra are shown in Fig. 26. Fig. 26 (a) is the optical spectrum 

of the input light waves. As we can see, there are two dominant pumps and one suppressed signal 

in the middle. Other small peaks are high-order sidebands from external modulation. Fig. 26(b) 

is the optical spectrum of the light wave after the PSA when the signal phase was changed by 

tuning the phase tuner current. Comparing with Fig. 26(a), we can clearly see the FWM and the 

input of  
the NL-SOA 

output of  
the NL-SOA 
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idler waves outside the two pumps. In addition, we can see that the signal was amplified or 

attenuated as the phase tuner current was adjusted. Such a current- or phase-dependent signal 

power change could be caused by the PSA. 
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Fig. 27. Measured relationship among the signal power, the signal phase and the square root of the current applied 

to the phase tuner.  [Low phase tuner currents (below ~ 0.5 mA) are known to fill interfacial traps, and not generate 

carriers to change the phase.] 

To specifically demonstrate and evaluate the PSA, the measured signal power at the output of the 

SOA with respect to the square root of the phase tuner current was measured, which is shown in 

Fig. 27. Again, the abscissa variable is set to be the square root of the phase tuner current 

because the signal power after PSA varies with the signal phase, which is known to vary linearly 

with the square root of the phase tuner current. For comparison, the measured signal power 

without injection locking and the measured relative phase change are shown in Fig. 27 as well. 

As can be seen from Fig. 27, when injection locking was inactive and two lasers were in free-

running modes, there was no PSA due to random phase drifting among the pumps and the signal 

waves. Once the injection locking was enabled, however, there was no obvious PSA or phase 

change of the signal until after the current was larger than 1 mA, which is caused by the phase 

delay we mentioned before. As the current was further increased, these traps are filled and phase-

dependent signal gain appeared. Overall, 1 mA
0.5

 gives π phase shift of the signal and one period 

oscillation of the signal. Clearly, such a signal power oscillation over one π instead of 2π phase 

indicates that the signal power change was caused by the PSA instead of the signal interference. 

The measured signal power curve shows that approximate 6.3 dB extinction of phase-sensitive 

on-chip gain was achieved.  

To demonstrate multiple periods of a PSA gain curve, we chose another PSA chip and repeated 

the same procedures but increased the phase tuner current. The results are shown in Fig. 28. The 

blue curve is the measured signal power change at the output of the NL-SOA caused by the PSA; 
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while the red curve is the measured signal power at the output of the on-chip MZI. The blue 

curve shows a PSA gain curve of two periods, and approximately, 1.5 mA
0.5

 gives one π phase 

shift. Amplitude reduction of the second period was probably caused by the power reduction of 

the input pumps as the phase tuner current was increased. 

 

Fig. 28. Measured signal power at the output of the NL-SOA when the chip is configured as a PSA chip and the 

signal power at the output of the tap when the chip is configured as an MZI. 

A theoretical simulation of the PSA gain based on coupled differential equations [6] and the 

model provided by Prof. Mecozzi is presented in Fig. 29 (a), showing a 6.5 dB extinction ratio of 

the phase-sensitive gain, which agrees well with the experimental result over this current and 

phase-shift range. Simulation results for the second chip were obtained as well and presented in 

Fig. 29(b), showing a two-period PSA gain curve. Again, good agreement was observed. 
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Fig. 29. Comparisons of the measured PSA gain curve and the theoretical simulation. (a) one-period PSA gain 

curve with 6.3 dB experimental and 6.5 dB theoretical results; (b)  two-period PSA gain curve with 7.8 dB 

experimental and 8.5 dB theoretical results. 

The NF is another important figure of merit which is the difference between the input and the 

output SNR, which can be estimated based on the measured optical spectrum of the input and the 

output light waves. The input and the output SNR of the PSA was estimated from the measured 

optical spectrum of light waves at the input and the output port of the NL-SOA. Please note that 

the input optical spectrum was equivalently measured at the output of the tap port. The signal 

level was the power at the signal wavelength. The noise level could not be easily measured at 

exactly the same wavelength, so it was measured at eight different wavelengths that were 0.5 nm 

away from the signal wavelength where the background spectrum was relatively flat, as shown in 

Fig. 30. 
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Fig. 30. The measured input and the output optical spectra of the NL-SOA. 
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At each wavelength, the measured SNR was obtained through 10 times iteration, as shown in Fig. 

31(a), and the NF was calculated and shown in Fig. 31(b). The best NF was 1.5 dB and overall 

averaged NF was about 2.48.  
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Fig. 31. (a) Measured SNR of the input and the output light waves of the NL-SOA; (b) calculated NF. 

Conclusions and future work 

In this report, based on an InP/InGaAsP, platform we have fabricated and characterized different 

SOAs, and successfully fabricated and demonstrated the first monolithic dual-pumped PSA chip 

based on a highly saturated SOA. The amplified spontaneous emission noise of the SOA was 

suppressed significantly due to the high saturation which restricts PIA, while high nonlinearity of 

the SOA benefited the PSA.  

On the chip, two tunable laser pumps coherently injection-locked from sidebands of an external 

modulated tone were generated to enable signal-degenerate dual-pumped phase-sensitive 

amplification in a highly saturated semiconductor optical amplifier. Phase-sensitive amplification 
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was experimentally achieved with approximately 6.3 dB and 7.8 dB extinction of phase-sensitive 

on-chip gain using two different chips. Theoretical simulations based on coupled differential 

equations were performed and agreed well with experimental results. The noise figure of the 

phase-sensitive amplification chip was also estimated, and averaged noise figures of 1.5 – 3.2 dB 

were measured  

However, compared with high nonlinear fiber, the PSA gain is still small. The investigation of 

the chip-scale PSA is not comprehensive due to low current density to the NL-SOA and low 

incident pump power to the NL-SOA. Increasing the current density to the NL-SOA to increase 

the PSA gain more likely causes more heating problems, which either leads to unstable injection 

locking or reduce the laser pump power or possible pump interference. In addition, limited pump 

power to the NL-SOA restricts the saturation level of the NL-SOA, which makes it difficult to 

evaluate the PSA effect given a deeply saturated SOA. The PSA chip layout can be improved to 

allow more incident pump powers to the NL-SOA, such as using directional couplers and 

removing the AMZIs in the PSA chip. 
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