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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.
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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 (P1A) 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 x(2)-based
nonlinear materials, such as periodically poled LiNbO3; (PPLN) waveguides [5, 6], or using four-
wave mixing (FWM) in x(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 & relative to the sum of two pumps’ phases (in-phase
components), and maximally attenuates the signal when its phase is w/2 or 3w/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 x., which is so distinguished from the transmission
curve of a conventional two-arm Mach—Zehnder interferometer (MZI). Such a n-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.
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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.
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Fig. 2. Proposed schematic of a chip scale dual-pump PSA




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.



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 (QWSs) [11] because such a platform is capable of
maximizing the mode overlap with the QWSs in an SOA, enhancing the nonlinearity and
maximizing the FWM.
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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
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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. CI2/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 pm 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.
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Fig. 5.(a)Schematic diagram of the PSA chip; (b)mask layout of the PSA-chip for fabrication



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.

N 2.3:mmSOAs _~  High-speed ‘o 1-mm SOAs A

R

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 um; (middle) high-speed SOAs with a length of 50, 100 and 150 um; (right) 1-mm SOAs
consisting of three identical SOAs with a length of 333um.

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.

Bias RF
L» Bias-Tee '—J
DUT

0.95 nm
PC  EDFA BPF

el |2 —D>—[vorl - sn f—s3z—[esa

Fig. 7. SOA lifetime measurement setup

The length of the SOA under test is 150 um, biased with a current density of 6.67 kA/cm?. 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 50um 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 um as the input power
increases to about 21 mW.
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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-um SOAs to characterize its
gain profile. The setup is shown in Fig. 10. Since the 1-mm SOA has three cascaded 333-um
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-um SOA was
reverse-biased to detect the amplified light wave power at the output of the first SOA.

Bias1 Bias2

0.95 nm
PC  EDFA BPF
D

bu

SOA2 _=
(detector)

T

Fig. 10. SOA gain measurement setup

Comparing the measured input power and the power after amplification, we can obtain the gain
for a 333-um SOA. Changing the forward bias current and the input wavelength, and tripling the

10



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? The
transparent current density, given different wavelengths, is varied in the range between 1 kA/cm?
and 1.5 kA/cm®. 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?. 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.
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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?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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Fig. 12. Measured output power of the SOA with respect to the input power

Dispersion measurement:
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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.
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Fig. 13. SOA dispersion measurement setup

>
»

N
o
|

[any
a1
1

----- Measured
Standard

Dispersion
(ps/nm-km)
=
o
|

1

o O

1450 1500 1550 1600
Wavelength(nm)

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
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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.

Temperature:

0dBm

1540 1560 1580

Input power:
Chromatic dispersion (fs/nm, 200/div)

10dBm

1520 1540 1560 1580 1520 1540 1560 1580
Wavelength(nm) Wavelength(nm)

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

N Ve

1:3 3:3\

wavegui

7

ELLY

AMZI (longer arm)
(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.

14



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

Spurious signal interference:
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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 m-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®®
gives m 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 2m-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®® gives m phase
shift, which agrees well with the result obtained based on previous method (1 mA®® gives n
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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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
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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®® gives & phase shift of the signal and one period
oscillation of the signal. Clearly, such a signal power oscillation over one n instead of 2z 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®® gives one © 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
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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.

Signal power (dBm)

Signal phase change (1r-rad)

08 1

1.4

1.6

08 1 1.2

0.6 1.6
Square root of current (mA”0.5)
(@)

23



Signal phase change (1r-rad)
0 0.33 0.66 1.0 1.33 1.66 2.0

. : —_._. _______ ‘_._.1 M P S
experiment ' '

Signal power (dBm)

0 0.5 1 15 2 25 3 35
Square root of current (mA”*0.5)

(b)
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.
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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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