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Abstract: This paper demonstrates a five-layer InAs/InP quantum-dash semiconductor optical
amplifier (QDash-SOA), which will be integrated into microwave-photonic on-chip devices for
millimeter-wave (mmWave) over fibre wireless networking systems. A thorough investigation of
the QDash-SOA is conducted regarding its communication performance at different temperatures,
bias currents, and input powers. The investigation shows a fibre-to-fibre (FtF) small-signal gain
of 18.79 dB and a noise figure of 6.3 dB. In a common application with a 300 mA bias current and
25 °C temperature, the peak FtF gain is located at 1507.8 nm, which is 17.68 dB, with 3 dB gain
bandwidth of 56.6 nm. Furthermore, the QDash-SOA is verified in a mmWave radio-over-fibre link
with QAM (32 Gb/s 64-QAM 4-GBaud) and OFDM (250 MHz 64-QAM) signals. The average error
vector magnitude of the QAM and OFDM signals after a 2 m wireless link could be as low as 8.29%
and 6.78%, respectively. These findings highlight the QDash-SOA’s potential as a key amplifying
component in future integrated microwave-photonic on-chip devices.

Keywords: integrated microwave-photonic devices; semiconductor optical amplifier; quantum dot
or dash; 5G; millimeter wave; radio over fibre

1. Introduction

With the proliferation of applications such as the Internet of things, autonomous
vehicles, video streaming, and artificial intelligence, the challenges of low latency and
high bitrate have emerged as significant hurdles for modern wireless-communication
systems [1]. In 5G-and-beyond wireless networking systems, millimeter-wave (mmWave)
bands (25-300 GHz) are considered a remedy to alleviate the congestion in the traditional
sub-6 GHz radio frequency (RF) band. Therefore, in 5G new radio, frequency bands
above 24.25 GHz are standardized as frequency range 2 to significantly increase the signal
bandwidth, resulting in an ultra-high bitrate and low latency [1]. However, the inherent
high attenuation of mmWave signals necessitates the proliferation of base stations. In
addition, generating mmWave electrically is costly and power-consuming, demanding
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the processing of all modulation components at frequencies exceeding 30 GHz [2]. To
address these challenges, optical mmWave generation, known as mmWave over fibre,
has been proposed and developed as a promising solution [2]. Currently, most of the
optical mmWave generation systems are built-up with separate RF and optical components,
which contain laser sources, optical couplers, RF amplifiers, erbium-doped fibre amplifiers
(EDFAs), optical modulators, and optical filters. To further integrate separate components,
using integrated microwave-photonics on a chip is proposed [3,4]. On-chip optical filters [5]
and modulators [6] have been reported over the past decade. For such small-scale on-
chip devices, it is hard to fit an EDFA into the system. Therefore, semiconductor optical
amplifiers (SOAs) have been considered as a potential solution thanks to their chip-level
size and energy efficiency [7].

In a semiconductor optical amplifier, non-linear effects such as cross-talk, pattern
effects, and strong phase fluctuations are driven by interactions that occur through both
the optical field and the charge-carrier distribution [7-10]. These non-linear effects result
in performance degradation when going from a single optical channel to multichannel
amplification networking systems. The use of quantum dashes/dots (QDs) as the gain
medium, rather than the more conventional quantum well (QW), can help overcome these
phenomena. The charge carriers in the QD gain medium are confined in three dimensions
to individual QDs, resulting in a significant reduction in the interactions between the QDs
throughout the charge-carrier distribution [11,12]. Thus the gain medium can be considered
as a collection of weakly interacting independent emitters, an inhomogeneously broadened
gain medium [7,13,14]. This effect, combined with QD size fluctuations, can result in an
increase in gain bandwidth, and can reduce the phase noise, pattern effects, and crosstalk
between different wavelength channels [7,13,14]. Therefore, the QD-SOA is more suitable
than a QW-SOA for optical multichannel communication applications. The advantage of
the QD-SOA, especially its small non-linear effect, has been proven in system experiments
with a single-phase-modulated signal [15], ultra-wideband non-return-to-zero signal [16],
and wavelength division multiplexed phase-modulated signal [17]. The performance of the
QD-SOA is also compared with conventional SOAs in [16,17], in which it shows significant
advantages, provided by the low cross-gain/phase modulation in QD-SOA.

With all these advantages, QD-SOAs have become a popular research topic. Theoreti-
cal research on QD-SOAs has been reported regarding the carrier dynamics [8], gain/noise
saturation [18], non-linear effects [19], gain-clamping [20], and emission characteristics [21].
Furthermore, the physics studies of the QD gain medium has also been conducted in the
past decades [22,23]. In addition to these theoretical studies, many QD-SOAs have been
fabricated and measured experimentally. In [24], researchers report an O-band QD-SOA
with an ultra-wide gain bandwidth of 100 nm, which achieved a chip gain of 20 dB. A
small-signal chip gain of 25 dB was reported in [25], centered at 1450 nm with a minimum
noise figure (NF) of 6.1 dB. In [26], researchers demonstrated a QD-SOA with a minimum
polarization-dependent chip gain of 25 dB over a 110 nm wavelength range centered at
1520 nm. A more recent work reported in [27] presented a QD-SOA with a 22 dB polarization-
independent fibre-to-fibre (FtF) gain centered at 1550 nm. The highest chip gain is re-
ported in [28], where the chip gain is measured to be 35 dB at a 400 mA bias current with
15 dB coupling loss per face, and the calculated NF is reported as 4.59 dB. The temperature
stability of QD-SOAs was also investigated. In [29], a QD-SOA was measured at 82 °C,
which showed a small-signal gain of 20 dB at 1599 nm. This kind of temperature-stable
QD-SOA requires a specific structure or material, i.e., active multi-mode interferometer [30]
or columnar-quantum-dot [31]. The reported QDash-SOA is mainly focus on common
communication conditions around room temperature.

QD-SOAs have been widely used in different applications, such as a traditional
waveguide amplifier [23] or reflective SOA [32]. Similar to other SOAs, QD-SOAs can
also be used as wavelength shifters [33]. Furthermore, QD-SOAs are also reported to be
used in digital-to-analog conversion [34], optical logical components [35], and variable
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optical delays [36]. In communication systems, QD-SOAs are proposed to be integrated
with Mach-Zehnder modulators (MZMs) [37] and QD lasers [32].

Previously, in [12], we have reported and compared the performance of quantum-dash
(QDash) SOAs with different numbers of QDash layers. These results showed that the
eight-layer device had the highest gain and amplified spontaneous emission (ASE) power,
but the ripple of the eight-layer QDash-SOA was also the highest. High ripple usually
suggests a high residual reflection at the facet, which consequently leads to gain fluctuation
in a communication system and significantly degrades its performance. Therefore, in
this work, the five-layer QDash-SOA is measured in detail. We focus on the performance
criteria of QDash-SOAs that highly affect communication applications. We measure the
gain and NF through the S+C band (1460-1565 nm) at different temperatures and bias
currents. Furthermore, we also verify the use of the QDash-SOA in a heterodyne-detected
mmWave over fibre wireless-communication system. The performance results show that
the QDash-SOA has a wide gain wavelength range, up to 62.8 nm, a flat gain spectrum,
and a low NF. In the communication system, the average error vector magnitude (EVM) of
a 32 Gb/s 16-QAM and OFDM signal after a 2 m wireless link can be as low as 8.29% and
6.78%, respectively.

2. SOA Structure and Measurement Methods
2.1. Structure of the QDash-SOA

The QDash-SOA used in this work is an InP-based waveguide which is tilted 7°
to the longitude direction of the chip to minimize facet reflection [12]. The SOAs were
grown using Chemical Beam Epitaxy (CBE) on (001) InP substrates; growth details are
given in ref. [38]. A core containing QDashes rather than QDots was used for these
studies, although similar performance would be expected from Qdot-based devices, as seen
for our laser structures [39]. Multilayer TiO,/SiO; antireflection coatings were applied
on both facets of the QDash-SOA, resulting in a <10~* TE mode reflectivity [12]. The
reflectivity of the TM mode is slightly higher than in TE mode, still less than 10~%. The
top view of the QDash-SOA is shown in Figure 1a, with 3 QDash-SOA devices, while the
whole bar contains 15 identical devices. The dimension of a single QDash-SOA chip is
1.5 mm x 0.8 mm x 0.1 mm. The cross section structure of the chip is shown in Figure 1b,
and the active region of the QDash-SOA contains five layers of InAs QDashes with 10 nm
Ing 816Gag.184A50.392P0.608 (1.15Q) barriers in a 350 nm thick 1.15Q core. The average QDash
density in each active layer is around 1.5 x 10'° cm~2 [40]. The composition of InGaAsP
was chosen to have a photoluminescence peak of 1.15 um at 300 K. Figure 1c,d show the
scanning electron microscope (SEM) image of the cross section and top view of QDash
layer. This QDash structure provides both carrier and optical confinement. The design and
fabrication details of the QDash-SOA are described in [11].

p""-InGaAs Cap

p*-InPRidge

Etch-Stop
p-InP Cladding
InAs QD m InGaAsP

n-InP Cladding

InP Substrate

Figure 1. (a) Top view of QDash-SOA devices. (b) Cross section structure of QDash-SOA. (c) SEM
image of cross section around QDash layers (scale bar is 200 nm). (d) SEM image of top view of a
typical QDash layer (scale bar is 300 nm).
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2.2. Measurement Methods

Figure 2a shows a block diagram of the measurement system. As the core component
of the system, the QDash-SOA bar is mounted onto a gold-plated copper carrier on a
central post to provide mechanical support, as shown in Figure 2b. The bottom of the
QDash-SOA chip is the ground, which is placed on the gold-plated mounting. The top
metal contact of the chip is used as the bias point. Two metal probes are used to bias the
device, two lensed fibres are used to couple the laser into and amplify the signal out of the
measured device. As the waveguide of the QDash-SOA is tilted 7°, the device and its mount
are rotated anticlockwise by 26° so the input and output beam can be parallel to the lensed
fibres after refraction at the facet/air interface. A semiconductor temperature controller is
integrated into the mount to maintain the QDash-SOA at the desired temperature during
measurement. An ILX LDC-3722 laser controller is used to control the bias current and
temperature of the device.

Power Meter|

| & T Controller

@ Isolator  Optical

Tunable Coupler Optical
Laser Spectrum
All PM Fiber Analyzer

Figure 2. (a) Block diagram of the QDash-SOA measurement system (Figure 2 of ref [12]). (b) Picture
of the QDash-SOA holder and lensed fibres.

For the system, an Agilent 81682A tunable laser is used as a seed laser during the
gain and NF tests. Then, the laser is coupled into the QDash-SOA by the input fibre. After
amplification, the laser is received by the output fibre. To minimize back reflections from
the amplified signal, a two-stage polarization-maintained (PM) isolator is added after the
output fibre. A PM coupler is added afterward, 10% of the laser is detected by a Thorlab
PM100D to monitor the power in real-time and 90% of the laser is measured by a Yokogawa
AQ6380 optical spectrum analyzer (OSA). A computer is connected to the tunable laser,
laser controller, and OSA to automatically control all the equipment with Python through
the virtual instrument software architecture (VISA) protocol [41].

In this work, we mainly focused on the performance of our QDash-SOA as part of a
communication system. All the gain and NF in this work is based on the FtF measurement.
Before the measurement, we first determined the reference optical power without the
QDash-SOA, i.e., directly connecting Point 1 and Point 2 in Figure 2a. The seed laser
generates an input signal at the desired power with the wavelength being swept from
1460 nm to 1565 nm with a step size of 0.2 nm. The OSA records the output of the optical
coupler and determines the peak power during each sweep step. The peak power spectrum
density and its corresponding wavelength is recorded. We designate these data as P¢(A) in
dBm, which includes the power and loss information of the system in terms of wavelength.
Figure 3 shows the reference power with a seed laser power of —10 dBm. There was about
a 1.5 dB difference throughout the S+C band.

After we obtained the reference power, the QDash-SOA is added back to the system.
The laser controller sets the temperature and bias current of the QDash-SOA to the desired
value. Once the QDash-SOA is stabilized, the tunable laser generates a seed laser signal
at the desired power and is swept from 1460 nm to 1565 nm with a step size of 0.2 nm.
The seed laser is amplified by the SOA and then analyzed at the OSA. The spectrum at
each laser input wavelength during the sweep was recorded in the OSA. An example of
recorded power spectrum density is shown in Figure 4. The peak power and its wavelength
are recorded as Py,+(A) in dBm. The ASE around the peak is also recorded as Pase(A) in
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dBm, which is the average of four points around the peak power, separated by 0.2 nm.

With the Pout(A) and Pasg (M), we can calculate the optical signal-to-noise ratio (OSNR) at
each wavelength, denoted as OSNR(A), in dB:

OSNR(A) = Pout(A) — Page(A) 1)

146 Power

T T T
1460 1480

T T
1500 1520 1540 1560
Wavelength A (nm)

Figure 3. Reference power of the system without SOA.

-10 4

-40

=50 T T T 1
1559.4 1559.6 1559.8 1560.0 1560.2
Wavelength A (nm)

Figure 4. An example of recorded power spectrum density during gain and NF measurement.

With P.e¢(A) and Pout(A), the gain of the QDash-SOA for a given bias current and
temperature can be calculated by

G<)L) = Pout()\) - Pref(/\) (2)

where G(A) is the gain in dB of the QDash-SOA at wavelength A.
The NF is calculated based on the Pagp(A) and G(A) with following formula:

2 A Pase(A)

NF(}\):h—szHxW 3)

where  is Planck’s constant (6.626 x 10734 J-s), A is the resolution of OSA, and c is the
speed of light in vacuum. In this measurement, the resolution is set to AA = 0.01 nm.

3. Results and Discussion of Device Measurement
3.1. Polarization Dependency of QDash-SOA

The reported QDash-SOA is highly polarized. The extinction ratio of ASE power is
—18.8 dB. The relation between ASE power and polarization is shown in Figure 5a. The
relation between ratio of ASE power and different polarization is shown in Figure 5b.
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Figure 5. The (a) ASE power and (b) ratio of ASE power of QD-SOA at different polarization.

The gain of QDash-SOA is also highly polarization-dependent. The extinction ratio of
gain is —19.4 dB. The relation between gain and polarization is shown in Figure 6.

16 T T T T T T T
14
12 1
—~ 10
[a]
Z 8-
=
© 6
O
4 4
2 -
0
_2_
—u— Gain
-4 T T T

T T T T T
0 10 20 30 40 50 60 70 80 90
Polarization of Input Signal (°)

Figure 6. The gain of QDash-SOA at different polarization.

The result shows that the QDash-SOA is highly polarization-dependent. There is
almost no gain or ASE at the fast axis.

3.2. Fundamental Scenario: 20 °C, 300 mA Bias Current

During the measurement, we captured the output data of QDash-SOA with different
temperatures, bias currents, input powers, and input wavelengths. It is difficult to cover
all the details of each scenario in this paper. Therefore, we will discuss the performance at
a temperature of 20 °C and 300 mA bias current in detail as a fundamental scenario. For
other scenarios, we will summarize the data and compare some of them to the fundamental
scenario to demonstrate the influence of temperature and bias current.

Figure 7a shows the overall ASE output of the QDash-SOA without input; the peak
ASE is found at 1506.6 nm with a power of —35.91 dBm. The 3 dB bandwidth of the ASE is
57.3 nm, from 1534.5 nm to 1477.2 nm. Figure 7b shows a zoomed-in ASE spectrum around
the ASE peak. The ripple of this device is about 0.2 dB, and the distance between two ripple
peaks is 0.21 nm. From this value, the cavity length of QDash-SOA can be calculated by

AAg

Leavity = 57— 4
cavity 2n|/\2_)\1| ( )

where Aj and A, are the wavelengths of two adjacent ripple peaks, and # is the effective
refractive index of the QDash-SOA. The measured refractive index is n = 3.22. Therefore,
the cavity length Lty is calculated to be 1.46 mm, in agreement with the length of QDash-
SOA waveguide (see Figure 1a). In addition, from the ripple, the residual reflectivity is also
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FtF Gain (dB)

)
L

calculated to be 0.0062 by using the transmittance function of the etalon. This is higher
than the theoretical value of the AR coating, caused by the reflection of the lensed fibre.

T== ASE Power
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Figure 7. (a) The overall ASE output of QDash-SOA. (b) Zoomed-in ASE spectrum around ASE peak.

Figure 8a shows the gain through the S+C bands (1460-1565 nm) for different input
powers. For a small-signal scenario (—20 dBm input), the peak gain is found to be 17.7 dB
at 1507.8 nm. Considering the coupling loss is measured to be 3.2 dB/facet, the maximum
chip gain will be 24.1 dB at 1507.8 nm. However, the coupling loss measurement included
a large-area optical meter for total power and a regular optical meter for coupled power.
Although we had calibrated two meters to minimize the error, the final result of coupling
loss is still an estimate. Compared with the peak of ASE, there is a 1.2 nm red shift in the
gain peak. The 3 dB gain bandwidth is 56.6 nm, from 1481.6 nm to 1538.2 nm. Compared
with the ASE, the 3 dB bandwidth is reduced by 1.6 nm. Figure 8b shows the OSNR
versus wavelength for different input powers. In a small-signal scenario, the OSNR can
be up to —45.8 dB. Figure 8c shows the NF versus wavelength with different input power.
In a small-signal scenario, the NF can be as low as 6.3 dB. The chip NF can be further
reduced to 3.1 dB if the coupling loss is considered. From Figure 8b,c, it shows that with
the increase in the input power, the OSNR will decrease almost linearly in dB and the NF
would be almost the same if the input power was lower than —5 dBm. This is caused by
the saturation of the QDash-SOA. With the increasing of the input power, more stimulated
electrons within the QDash gain medium will contribute to the input photon. Therefore,
the electrons contributing to the spontaneous emission will be reduced. Although the gain
is reduced and the ASE noise is also reduced, the NF remains similar. However, if the input
signal is high enough to the saturation level, most of the stimulated electrons have already
been contributed to the input photon, and further increasing input power will not reduce
the ASE noise. Therefore, the NF will increase after the material is fully saturated. This
phenomenon can be found in other QD-SOAs [15].
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—— =5 dBm Input
—— =10 dBm Input
———=15dBm Input
———-20 dBm Input

T T —— 0 dBm Input
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Figure 8. The (a) FtF gain, (b) OSNR, and (c) NF of the QDash-SOA versus wavelength for different
input powers.
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Figure 9a shows the relationship between input power and gain. Two wavelengths,
1507.8 nm and 1550.0 nm, are considered, where 1507.8 nm is the peak of the gain and
1550.0 nm is the most common wavelength used in communication. Figure 9b shows the
relationship between input power and NF. The result shows that with higher input power,
the gain will reduce due to saturation; the 1 dB gain compression power at 1550 nm and
1507.8 nm is around —4.5 dBm and —12.5 dBm, respectively. As for NF, when the input
power is lower than —5 dBm, the NF is almost the same.

——1550.0 nm ——1550.0 nm
——1507.8 nm ——1507.8 nm

~ ~
o [N)
! !

NoisemFigure (dB)
»
L

-20 -15 -10 -5 0 -20 -10
Input Power (dBm) Input Power (dBm)

(a) (b)

Figure 9. The (a) FtF gain and (b) NF of the QDash-SOA versus input laser power at the peak gain
wavelengths (1507.8 nm and 1550.0 nm).

3.3. The Influence of Bias Current

In these series of measurements, the temperature of the QDash-SOA is kept at 20 °C
while the bias current is changed from 150 mA to 400 mA. Figure 10 shows the ASE output
at different bias currents. It shows that with the increase in the current, the center frequency
of ASE is blue shifted from 1518.7 nm to 1479.1 nm, and the 3 dB bandwidth of the ASE is
also increased from 53.7 nm to 77.6 nm. The ripple of the QDash-SOA also increases with
higher bias current, from 0.2 dB at 150 mA to 0.8 dB at 400 mA.

-35

-40 4

-45 -

-50 4

ASIE Power (dBm)

— 150 mA
——200 mA
——250 mA
——300 mA
—350 mA
——400 mA

T T
1500 1550 1600
Wavelength A (nm)

-60 -

-65 -

14‘50
Figure 10. The ASE output of the QDash-SOA at different bias currents.

To further verify the influence of bias current, the gain, OSNR, and NF at different
bias currents are also measured with a small input signal (—20 dBm). Figure 11a shows
that with increasing bias current, the gain is increased. However, the gain only slightly
increases when the current is increased from 350 mA to 400 mA, which suggest the bias
limitation of the QDash-SOA is around 400 mA. This is caused by excess heat produced
under higher bias current that cannot dissipate fast enough to allow temperature control,
leading to a lower gain increase. Figure 11b shows the OSNR of the QDash-SOA at different
bias currents. As the gain is low when the bias current is set to 150 mA or 200 mA, the
OSNR is relatively poor in these two conditions, especially at a lower wavelength. When
the bias current is higher than 250 mA, the OSNR increases slightly at lower wavelengths,
and is almost the same at higher wavelengths. Figure 11c shows the NF versus wavelength
at different bias currents, which shows a similar tendency compared with OSNR. Table 1
summarized the 3 dB gain bandwidth and peak gain wavelength at different bias currents.
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It shows that with the increase in bias current, the peak gain wavelength is blue shifted
and the 3 dB gain bandwidth is increased.

20 . , : : T T T T ’ p 1 —— 150 mA
40

8 )
£ 54 36 -
8 %36
w o
& 04 —— 150 mA —150mA
— 200mA 344 ——200 mA
-5 —— 250 mA — 250 mA
——300 mA ——300mA
104 350 mA 32+ —— 350 mA
—— 400 mA | I | ——400mA ] | ' ' '
T T T
1460 1480 1540 1560 1460 1480 500 1520 1540 1560 1460 1480 1500 1520 1540 1560

T
1500 1520 !
Wavelength A (nm) Wavelength A (nm) Wavelength A (nm)

@) (b) (©)

Figure 11. The (a) FtF gain, (b) OSNR, and (c) NF of the QDash-SOA versus wavelength for different
bias currents.

Table 1. The peak gain wavelength and 3 dB bandwidth at different bias currents.

Bias Current Peak Gain Wavelength 3 dB Bandwidth
(mA) (nm) (nm)
150 1530.4 51.8
200 1518.8 52.2
250 1513.4 54.8
300 1513.4 56.8
350 1510.0 59.0
400 1507.6 62.8

The gain and NF for different input powers at each bias current was also measured
through the C+S bands. However, to simplify the analysis shown here, we chose to show
only the gain and NF at the peak gain wavelength and 1550.0 nm for each bias current.
Figure 12a,b show the gain and NF of the QDash-SOA versus input power at the peak gain
wavelength, as shown in Table 1. Figure 13a,b show the gain and NF of the QDash-SOA
versus input power at 1550.0 nm, respectively. It is clear that the gain increases with the
increasing bias current at both peak gain wavelength and 1550.0 nm. As for the NF, 300 mA
and 350 mA bias current have the lowest NF at peak gain wavelength. As 1550.0 nm is
outside the 3 dB gain bandwidth, the NF does not have a clear tendency with regards to
bias current.

20

T T T —— 150 mA
. 747 ——200 mA
——250 mA
16 7.24
14 ?,
z 7.0
12 5
‘© 2
(O] ™
%mA\ 6.
L y]—150mA S
=z
——200 mA 66
6 250 mA 1
——300 mA
491 ——350 mA 6.4
2 —— 400 mA
T T T T

-20 -15 10 -5 15 -10
Input Power (dBm) Input Power (dBm)

(@) (b)

o
!

~

S

-5 0

Figure 12. The (a) FtF gain and (b) NF of the QDash-SOA versus input power at peak gain wavelength.
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Figure 13. The (a) FtF gain and (b) NF of the QDash-SOA versus input power at 1550.0 nm.

3.4. The Influence of Temperature

In this series of measurements, the current is kept at 300 mA while the temperature of
the QDash-SOA is changed from 15 °C to 40 °C. Figure 14 shows the ASE output of the
QDash-SOA at different temperatures. It shows that with the increase in temperature, the
ASE power is decreased, the center frequency of the ASE is red shifted from 1503.9 nm to
1523.6 nm, and the 3 dB bandwidth of the ASE is also increased from 56.3 nm to 63.7 nm.
The ripple of the QDash-SOA is decreased with increasing temperature, from 0.9 dB at
15 °C to 0.2 dB at 40 °C, due to the drop in gain.

T T T

—15
—20
—25
—30
—35
—40

333330

ASE Power (dBm)

T T
1450 1600

1500 1550
Wavelength A (nm)
Figure 14. The ASE output of the QDash-SOA at different temperatures.

To further verify the influence of temperature, the gain, OSNR, and NF at different bias
currents were also measured with a small input signal (—20 dBm). Figure 15a shows that
with the increase in temperature, the gain is decreased. Figure 15b shows the OSNR of the
QDash-SOA for different temperatures. It clearly shows that with increasing temperature,
the OSNR is reduced. Figure 15c shows the NF versus wavelength at different temperatures,
which shows a similar tendency compared with OSNR, i.e., higher temperature leads to
a higher NF. Table 2 summarized the 3 dB gain bandwidth and peak gain wavelength
for different temperatures. It shows that with the increase in bias current, the peak gain
wavelength increases and the 3 db gain bandwidth also increases.

Table 2. Peak gain wavelength and 3 dB bandwidth at different temperatures.

Temperature Peak Gain Wavelength 3 dB Bandwidth
O (nm) (nm)
15 1501.4 54.8
20 1507.8 55.6
25 1515.6 57.8
30 1514.6 58.4
35 1519.2 59.2

40 1526.2 59.4
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Figure 15. The (a) FtF gain, (b) OSNR, and (c) NF of QDash-SOA versus wavelength with difference
temperatures.

The gain and NF for different input powers at each temperature are also measured
through the C+S band. As before, we chose to show the gain and NF at peak gain wave-
length and 1550.0 nm for each bias current. The peak gain wavelength is shown in Table 2.
Figure 16a,b show the gain and NF of the QDash-SOA versus input power at the peak gain
wavelength. Figure 17a,b show the gain and NF of the QDash-SOA versus input power
at 1550.0 nm. It is clear that the gain decreases with increasing temperatures at both the
peak gain wavelength and 1550.0 nm. Compared with the previously reported QD-SOA
in [29], the gain compression caused by temperature increasing is similar at 1550.0 nm,
which is 2.8 dB in [29] and 2.5 dB for this QDash-SOA. As for the NF, the measurements at
15 °C always have the lowest NF at the peak gain wavelength and 1550.0 nm. For other
temperatures, it mainly follows the tendency that higher temperature leads to higher NE.

—15°C s6]—15°C[] ' '
18 4 —20°C T ]——20°C
—25°C 74]——25°C
—30°C ——30°C
16 —35°C @7-2* ——35°C
g ——40°C =~ {——40°C
-~ i
c 57.0
‘© (=)
8141 2
'8 36.8A
fing S
12 Z6.6
6.4
10
6.2
T T T T T T
-20 -15 -10 -5 0 -20 -15 -10 - 0
Input Power (dBm) Input Power (dBm)

(a) (b)

Figure 16. The (a) FtF gain and (b) NF of the QDash-SOA versus input power at the peak gain
wavelength.
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Figure 17. The (a) FtF gain and (b) NF of the QDash-SOA versus input power at 1550.0 nm.



Photonics 2024, 11, 826

12 of 18

PC,

&

Wave
Shaper

PC,

3.5. Discussion of Device Results

In this section, the performance of the QDash-SOA is investigated as part of a com-
munication system. Given the measurements described in the earlier sections, we could
estimate the characteristics of the QDash-SOA within a common communication system.
In general, lower temperature, higher bias current, and lower input laser power will lead
to higher gain and lower OSNR. However, the peak gain wavelength of the five-layer
QDash-SOA is not located in the C band, which limits its potential in communication
applications. The previously described eight-layer QDash-SOA could solve this problem,
as the peak gain wavelength for this device is located in the C band under most conditions.

4. Heterodyne-Detected mmWave Radio-over-Fibre System Experimentation
4.1. System Setup

To further verify the performance of the QDash-SOA, it is integrated into the heterodyne-
detected mmWave over fibre link shown in Figure 18. The laser source is a 29 GHz spaced
multi-wavelength QDash-MLL, which is the same as the one used in [42]. Then, wavelengths
are separated and filtered by a wave shaper (II-VI 16000A), filtering A; at 1543.476 nm and A,
at 1543.248 nm into different branches. A; is amplified by optical amplifier 1 (OA;) and I/Q is
modulated by an MZM SHF-46215B using a baseband QAM or OFDM 1/Q signal generated
by an arbitrary waveform generator (Keysight M8195A). To maintain an equal optical distance
between A; and A, a delay line is introduced for A;. Subsequently, a 50/50 optical coupler
(OC) combines the two optical signals, which are then amplified by the OA,. The output
undergoes heterodyne detection through a photonic detector (New Focus 1014). The received
mmWave RF signal is subsequently amplified and transmitted over a 2 m wireless link. Finally,
the received wireless signal is analyzed using an oscilloscope (Tektronix DPO733045X). Two
OAs in this system can be replaced by the QDash-SOA. However, due to the limitation of
the current test bed, only one QDash-SOA can be applied into the system. We conduct two
experiments that replace either OA; or OA; with the QDash-SOA the other OA was an EDFA
(Amonics AEDFA-PA-35-B-FA).

29GHz3
A1, A Sireon 7
«<29GHz~> 1
s @%@_'—D > ‘\* *[>j7 Oscilloscope

OA, Power
Delay Line Amplifier

Q
OO

Figure 18. The block diagram of the heterodyne-detected mmWave over fibre system. (PC: polariza-
tion controller).

By replacing OA; with the QDash-SOA, its basic functionality and compatibility is
proven. In addition, it also proves that the reported QDash-SOA will not introduce extra
phase fluctuation and will not affect coherence between two comb lines.

By replacing OA; with the QDash-SOA, the low cross-gain/phase modulation of
reported QDash-SOA can be proved. In this scenario, the optical input signal in the time
domain of OA2 is

Q(t)sin(27mmw1t + @1 (t)) + I(t)cos(27mwrt + @1(t)) + cos(27twat + @a(t)) (5)
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where Q(t) and I(t) are the base band I/Q signals, wj corresponds to the wavelength of A1,
and ¢1(f) and ¢, (t) are the phase noises of carriers A\; and A,. Here, we assume there is no
amplitude noise to simplify the calculation. The intensity P, () of the signal at A; is

Py(t) = ¢/ Q2(t) + I3(t) (6)

In the SOA, there will be cross-gain modulation. As A; is a CW laser without amplitude
noise, it will not generate cross-gain/phase modulation. However, it will be affected by the
power fluctuation of P (t). The affected CW laser at A, will be

G2 x i a, Py (t)cos <2nw2t+ P2(t) + i mez’”(t)> )
m=0

n=0

where G is the constant gain of QDash-SOA, a,, is the coefficient of nth order cross-gain
modulation, by, is the coefficient of the mth order cross-phase modulation. At the optical
receiver, the combined signal is power-detected. The component located around the
mmWave band will be

CxLoy anP3 (1) <Q(t)cos <27t(w2 —w)t+ @a(t) — @1(t) + io bmpy(t)>

o (8)
1(tsin 2wz =)t + 9a0) = a(6)+ £ buP(0)) )

As the laser source is a QD-MLL, the phase noises ¢1(¢) and ¢, () can cancel each other
out, but the amplitude noise and phase noise introduced by cross-gain/phase modulation
persist in the formula, which will degrade the performance of the system. The reported
QDash-SOA has a small non-linear effect, and, hence, adequate performance.

4.2. System Results and Discussion
4.2.1. QDash-SOA at OA;

In this setup, the QDash-SOA is placed at OA1, which is before the MZM. The QDash-
SOA is set at 20 °C and biased at 380 mA. The input power into the QDash-SOA at
A1 (1543.476 nm) is —9.50 dBm, resulting in a total output power of the QDash-SOA of
5.85 dBm, a gain of 14.35 dB. However, the MZM used in the system has a high attenuation
(10 dB) and low modulation index. Therefore, the power of the modulated signal after
MZM is low at —15.70 dBm, which leads to relatively poor performance. An EDFA is
used as OA;, with a gain of 21.41 dB. We utilized a 16- and 64-QAM baseband signal at
symbol rates of up to 6 GBaud, achieving a maximum bitrate of 32 Gb/s with a 4 GBaud
64-QAM signal.

The constellation of the received signal is shown in Figure 19. For the 16-QAM signal,
the EVM of the received signal is 7.19%, 8.09%, and 10.20% for 2 Gbaud, 4 Gbaud, and
6 Gbaud, respectively. For the 64-QAM signal, the EVM of the received signal is 7.77% and
8.75% for 2 Gbaud and 4 Gbaud, respectively.

To further verify the performance of the QDash-SOA mmWave over fibre system, the
OFDM signal is also transmitted. The total bandwidth is 250 MHz and the bandwidth of
each subcarrier is 4 MHz. The constellation of the received signal is shown in Figure 20.
The EVMs of the 16-QAM and 64-QAM OFDM are 7.27% and 7.35%, respectively, which
are less than the 3GPP standard of 5G described in [43].
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(d) (e)

Figure 19. The constellations of received signal of (a) 16-QAM 2 Gbaud, (b) 16-QAM 4 Gbaud,
(c) 16-QAM 6 Gbaud, (d) 64-QAM 2 Gbaud, and (e) 64-QAM 4 Gbaud.

(a) (b)
Figure 20. The constellations of received signal of (a) 16-QAM OFDM and (b) 64-QAM OFDM.

4.2.2. QDash-SOA at OA,

In this setup, the QDash-SOA is placed at OAj,, which is after the OC. As above, the
QDash-SOA is set at 20 °C and biased at 380 mA. The input power of the QDash-SOA is
—13.41 dBm, the total output power is 1.36 dBm, with a gain of 14.77 dB. An EDFA is used
as OAj, with a gain of 24.41 dB. Therefore, in this scenario, the input power at the MZM is
14.91 dBm, which is high enough and leads to better performance. As before, we utilized
16- and 64-QAM baseband signals at symbol rates of up to 6 GBaud, achieving a maximum
bitrate of 32 Gb/s with a 4 GBaud 64-QAM signal.

The constellations of the received signals are shown in Figure 21. For the 16-QAM
signal, the EVM of the received signal is 6.48%, 7.93%, and 8.12% for 2 Gbaud, 4 Gbaud,
and 6 Gbaud, respectively. For the 64-QAM signal, the EVM of the received signal is 6.62%
and 8.29% for 2 Gbaud and 4 Gbaud, respectively.
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(d) (e)

Figure 21. The constellation of received signal of (a) 16-QAM 2 Gbaud, (b) 16-QAM 4 Gbaud,
(c) 16-QAM 6 Gbaud, (d) 64-QAM 2 Gbaud, and (e) 64-QAM 4 Gbaud.

The same as the previous scenario, the OFDM signal is also transmitted. The total
bandwidth is 250 MHz and the bandwidth of each subcarrier is 4 MHz. The constellation
of the received signal is shown in Figure 22. The EVM of the 16-QAM and 64-QAM OFDM
is 6.61% and 6.78%, respectively, which is still less than the 5G standard in both cases [43].

(b)
Figure 22. The constellation of received signal of (a) 16-QAM OFDM and (b) 64-QAM OFDM.

A 10 km single-mode fibre (SMF) is also added to the system to prove the performance
of the QDash-SOA after long distance transmission. The EVM is 7.52% and 9.36% for the
16-QAM 2 Gbaud and 4 GBaud signal after 10 km SMF transmission and 2 m wireless link.
As for the OFDM signal, the EVM after 10 km SMF transmission is 7.91% and 8.33% for the
16-QAM and 64-QAM signal. These results proves that the performance of the QDash-SOA
is adequate in a long-distance mmWave over fibre fronthaul transmission.
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4.2.3. Discussion of System Results

In this section, we applied the QDash-SOA to a mmWave over fibre system. Due to the
limitation of the QDash-SOA measurement system, we could only insert one QDash-SOA
into the system at either OA; or OA;. Compared with the EDFA-only system, the reported
QDash-SOA has a compatible performance. For the 4 GBauds 16-QAM signal, the EVM
of the EDFA-only system is 8.03% [2], while the EVM with reported the QDash-SOA can
be as low as 8.29%. For the OFDM 16-QAM signal, the EVM of the EDFA-only system
is 6.69%, while the EVM with the QDash-SOA can be as low as 6.78%. The results of the
two scenarios prove that the QDash-SOA can replace an EDFA at any position within the
system. The performance of the QDash-SOA is good enough regardless of the modulation
method, and the EVM performance is better than the 3GPP limitation for 5G fronthaul
transmission. These measurements show the strong potential of QDash-SOAs to be used in
mmWave over fibre systems, especially if they can be integrated into an optical-photonic
chip fronthaul system.

5. Conclusions

In this paper, a five-layer QDash-SOA was measured in detail through the S+C band
(1460-1565 nm), focused on communication performance. The maximum gain was 18.79 dB,
achieved at 20 °C and 400 mA. The NF could be as low as 6.2 dB. The influence of tem-
perature and bias current was also investigated. The results show that with the increase
in the bias current, the gain will increase, while the gain spectrum will blue shift and the
3 dB bandwidth will increase. With increasing temperature, the gain will decrease, while
the gain spectrum will red shift, and the 3 dB bandwidth will also increase. These results
show that the performance of the QDash-SOA is good enough to be a potential alterna-
tive to EDFAs in communication applications, especially integrated into laser-photonic
chip systems.

To further verify the performance of the QDash-SOA, especially in a communication
system, a series of experiments were conducted in a mmWave over fibre fronthaul trans-
mission system. One of the OAs was replaced with the QDash-SOA. The result shows that
with a 2 Gbaud 16-QAM signal, the EVM can be as low as 6.48% and the maximum bitrate
of 32 Gb/s is achieved with a 4 Gbaud 64-QAM signal with an EVM of 8.29%. These results
show that the QDash-SOA is capable in a mmWave over fibre system.

In conclusion, in this work, a QDash-SOA was verified in both characteristics and
system performance, showing that the QDash-SOA is an alternative candidate for EDFAs
and a key amplifying component in communication systems.
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