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Abstract—In order to perform photonic mixing and Radio
Frequency (RF) generation by frequency up-conversion, the au-
thors analyze the use of a single Semiconductor Optical Amplifier
(SOA) and a Semiconductor Optical Amplifier-Mach-Zehnder
Interferometer (SOA-MZI) structure by computer simulation
using Advanced Design System (ADS) software. It assesses and
compare both devices in terms of RF conversion gain and
Cross Gain Modulation/Cross Phase Modulation (XGM/XPM)
bandwidth. The simulations were carried out as function of
several bias currents by mixing one and two optical input signals.
Results have shown that SOA-MZI presents an average RF
conversion gain 1 dB higher than single SOA.

Keywords— Cross-gain modulation; Cross-phase modulation;
Photonic mixing; Semiconductor optical amplifier; Up-conversion
frequency.

I. INTRODUCTION

The ever growing demand for total data traffic capacity
has been requiring continuous advancing in optical fiber
communication networks technology over the past twenty-
five years [1]-[3]. This can be possible partially due to the
development of new optoelectronic devices and technologies
such as Microwave Photonics (MWP). The latter combines the
radiofrequency and optoelectronics [4].

Optical Amplifiers (OAs) are a key device in MWP and can
be divided in two classes: Optical Fiber Amplifiers (OFAs)
and Semiconductor Optical Amplifiers (SOAs) [1]. Since
OAs are intrinsically broadband devices, it becomes crucial
to overcome issues (signal attenuation, dispersion, crosstalk,
etc...) of radio-over-fiber systems and Wavelength Division
Multiplexing (WDM) networks [2],[3].

SOAs are fed by electrical (bias) current. They have an
active layer in which the optical signal is transmitted in both
forward and backward directions. SOAs are originally and
mostly used for unidirectional or bidirectional optical gain.
However, many researches have been carried out along the
years exploiting other functions of SOAs that are difficult or
impossible to implement with electronics or other types of
OAs: wavelength conversion by using the four-wave mixing
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(FWM) — a coherent nonlinear process — [5], multiplexing/
demultiplexing [6], switching [7], etc.

In MWP, the frequency up-conversion is a nonlinear process
[8] where the lower RF frequency of a modulated signal is
translated to a higher frequency optical signal by keeping its
characteristics by means the photonic mixing. RF frequency
conversion based on photonic mixing are of great interest on
processing, analyzing and detections of signals in the radio-
over-fiber systems and many optical setups [9].

In spite of the fact that the ADS software has been designed
in many applications, mainly in electrical/electronic schemes,
here it has been adapted to perform in photonic simulations.
This is enabled due to an existing model developed in [10]
called Time-Domain Transfer Matrix Model (TDTMM). The
TDTMM can be used to study complex modulation formats
since it can precisely handle with both phase and amplitude of
light signals. This model can be considered as an equivalent
circuit allowing to extract powers in optical domain due to the
electro-optical conversion. The TDTMM can simultaneously
describe the evolution of light signals, Amplified Spontaneous
Emission (ASE) and the carrier density.

Firstly, it will be shown the simulations of the: gain and
frequency response for a single optical input power and the
XGM/XPM Bandwidth (BW) for two optical signals (probe
Continuous Wave (CW) + pump modulated at Local Oscillator
(LO) frequency) for a single SOA system. In a second step, this
work presents the simulation results of a SOA-MZI scheme to
observe the: system phase, output optical powers as function
of pump (control) power, XGM/XPM bandwidth and up-
converted RF gain by mixing of two optical input signals with
wavelengths of 1540 nm and 1550 nm. Furthermore, the main
contribution is the comparison of the XGM/XPM bandwidth
and the converted RF gain between single SOA and SOA-MZI.

The paper is organized as follows. In Section II, the theo-
retical model for SOA-based devices and the implementation
using ADS are presented. In section III, a single SOA system
is described by launching one and two input signals. In section
IV, the SOA-MZI device is explained and their simulation
results are presented. In section V, it is shown the comparison
between single SOA and SOA-MZI device. Finally, in section
VI conclusions are outlined.
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II. THEORETICAL MODEL FOR SOA-BASED
DEVICES

TDTMM is a generalized time-domain approach allowing
an easier development and implementation of physical prob-
lems [10]. The model used for simulations is bi-directional,
i.e. both for signals and ASE can be cascaded. Therefore,
it enables complex optical system simulations [11]-[13] in
both direction of propagation. In addition, it is also a field-
based rate equation model, that is, it allows to deal with
complex modulations as Binary Phase Shifting Key (BPSK),
Quadrature Phase Shift Keying (QPSK), Quadrature Ampli-
tude Modulation (QAM) and Frequency-Shift Keying (FSK)
which can handle with a very high bit rate modulations.

The SOA model can be represented as an equivalent circuit
as shown in Fig. 1, which is important for the use of ADS
to simulate many types of calculations (DC, AC, Transient,
Harmonic Balance, etc.).
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Fig. 1. ADS equivalent circuit of the SOA model [10].

Fig. 1 presents a model that allows to calculate the carrier
density from the current and voltage applied to the SOA. The
active layer of the SOA is divided in k sections along its length
because the carrier density drops with the voltage due to the
bias current as shown in equation (1):

N, Vo — 21,
in (k) _ Va— glak 0
N, nLBT
e

Where V.l is the bias voltage applied and I the bias
current at k sections.

The TDTMM model has been validated in static (gain
and noise figure), slow and fast dynamic (gain recovery time
in a pump-probe configuration) regimes. According to the
simulation model, the gain has reached 0.5 dB of average error
[10].

III. THE SINGLE SOA DEVICE

In this section, first, simulation results of the gain as a
function of wavelength and input optical power are presented.
Subsequently, the frequency response for a single input optical
signal is introduced. The last, but not least, a description of
how the XGM/XPM BW and the conversion gain (CG) was
numerically simulated for two input optical signals is carried
out.

A. Single input optical signal

For the first simulation, the ADS scheme for a single SOA
is given by Fig. 2.
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Fig. 2. The single SOA ADS circuit.

The box on the top represents a circuit in a low hierarchy
that works as a double-sideband (DSB) modulator which
has embedded the input power (F;,), wavelength (\), RF
frequency modulation (freqro) and modulation index (m).
Iprag is the bias current and P,,; is the output power. Since
the results that can be produced by the circuit of Fig. 2
are given by electrical fields with real and imaginary parts,
the yellow box on the bottom becomes necessary to convert
electrical fields to optical powers by means of quadratic
detection.

DC simulations have provided the amplification gain as a
function of wavelengths and input powers as showed in Fig. 3
and Fig. 4, respectively. The frequency response is shown in
Fig. 5. For the simulations, it is used four bias current values:
0.125, 0.25, 0.375 and 0.5 A.
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Fig. 3. Amplification gain as function of wavelength, for several bias current
values at a fixed input power of -10dBm.

To observe the peak gain, results were chosen for Ipras =
0.5 A. Therefore, for P;,, = -10 dBm, -20 dBm and -30 dBm,
the peak gain occurred at 27.7 dB at 1592 nm, at 31.5 dB at
1575 nm and at 32 dB at 1573 nm, respectively.

From the graphic shown in Fig. 4, it can be observed the
saturation effect, i.e. when the maximum input optical power
drops 3 dB. It means that, for 1574 nm (around the highest
peak gain in Fig. 3), the saturation power reached around -12
dBm for every bias current value.

An AC simulation sequence has been done to obtain the
frequency response of the single SOA. Fig. 5 shows the gain
in terms of frequency.

Fig. 5 presents the frequency response for the input optical
signal of -10 dBm at wavelength of 1550 nm. For both low



XLI BRAZILIAN SYMPOSIUM ON TELECOMMUNICATIONS AND SIGNAL PROCESSING - SBrT 2023, OCTOBER 08-11, 2023, SAO JOSE DOS CAMPOS, SP

Gain (dB)

=0.375A
40— 1=0.25A

=0.125A

=2 Tl 1 1 1 1

Pin(dBm)

Fig. 4. Amplification gain as function of input optical power, for several
bias current values at a fixed wavelength of 1574 nm.
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Fig. 5. Frequency response for several bias current, for a fixed input power
of -10 dBm at wavelength of 1550 nm.

and high frequencies, the gain is constant. Non-linear effects
can be observed from 1 to 5 GHz at higher bias current. The
equation (2) can explain this behavior shown in Fig. 5.

wT 2
wT 2
1+ (1+KT5)

Where Kp = P,,/P,,; is the ratio between the average
input optical power and saturation power. G = (6G/SN)T'a; L)
is the average gain of the system and 7 = 1.6974 is the
dynamic time of the carriers at the saturation output power.
It can be observed that at low frequencies, the equation (2)
simplifies to |Ap,y:l = Aps, GA+K7)/(1+K7G) because w <

(1+K7)7 and in high frequencies [Apoutl = Ap;nG, since all
the parameters Kp, G and 7 are constants.

‘Apout| = Apzné (1 + K:Zj
(11 K:rG)

2)

B. Two input optical signals

A DC simulation is required to observe the XGM/XPM
BW. It is primordial to launch a probe CW signal with lower
optical power simultaneously with a pump modulated signal
at freqro with higher optical power into the SOA-circuit.
The XGM is a nonlinear SOA’s effect in which the pump
signal modulates the carrier density and subsequently the SOA
gain. Thus, the probe optical signal will be (cross) modulated
by this process. In addition, the XPM is another nonlinear
SOA’s effect in which the pump signal modulates the refractive

index of the active region due to Kerr effect. It means that the
probe signal will have a phase shift because of the change in
wavelength propagation velocity owing to the new effective
refractive index [14]. At the output, for simulations, just the
probe modulated signal at A; is transmitted and the circuit is
shown in Fig. 6.

Pump (DC+reqro) A2

Pout A1

Probe (DC) A1

Fig. 6. Two input optical signals launched in a single SOA circuit.

In order to simulate the up-converted RF gain it is interest-
ing to use harmonic balance parameter in the ADS. The probe
signal must have the modulation part freq;p. It is chosen to
set the system order at 3 to reach until 3th harmonics and
mixing order at 2 to obtain the 2nd order intermodulation.
It means that ADS gives as results the: DC value, funda-
mental at freqrp and at freqro, four harmonics signals at
2freqrr, 3freqrr, 2freqro, 3freqro and two intermod-
ulation components at freqro-freqrr, freqro+freqrp. It
was chosen the intermodulation components freqro-freqrr
and freqro+freqrr because there is an interest of using
these new RF signals produced to transmit information. The
equation used to calculate the conversion gain is given by CG
= Pout(frRF)-Pin, (frr), where P, ( frr) is the output optical
power at the intermodulated frequency RF and P;,,(frr) is
the pump at Intermediate Frequency (IF).

IV. THE SOA-MZI DEVICE

The simulation circuit of the SOA-MZI device is shown in
Fig. 7.
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Fig. 7. The SOA-MZI schematic in the ADS.

The input optical signal P;,, at a frequency frr and at a
wavelength \; is the data stream signal of the system also
so-called “probe”. The input optical signal P;,, at fro and
wavelength Ao is the control signal also so-called “pump”.
The pump signal precisely controls the phase of the system
since a phase-shift occur between the 2 SOAs by generating
total/partial gain due to constructive interference or loss due to
destructive interference. The P;,, is launched into the lower
input arm of the optical coupler C1 (50:50) and is divided
into equal parts for both output upper and lower arm. On the
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way down, the signal is then launched on upper input arm of
the coupler C3 (50:50) and go through to output upper arm
to reach the lower SOA. The coupler C3 is used in case there
is a need to launch a second control signal into the system to
modify the phase in the lower SOA. On the way up, the signal
is launched into lower input arm of the coupler C2 (50:50) and
mixed with a control signal P;,, that is launched into upper
input arm, both will be transmitted at lower output arm and
reach the upper SOA. Once amplified by the upper SOA, the
mixed signal will pass through a phase control device named
Phase Shift (PS) to ensure the signals are in phase. At the
optical coupler C4 (50:50), the amplified signal that will come
out from the upper SOA will get into lower input arm to be
mixed with the amplified signal from the lower SOA that will
get into lower input arm. P,,;s and P,y are the switched
and unswitched output power, respectively.

It is worth noting that for each optical coupler in the system,
there is a phase shift of 90° between the signals crossing the
arms of the couplers (lower-upper or vice-versa). This explains
the system having two optical powers at the output. The Py,s
is the optical power resulting from the maximum constructive
interference generated by the 90° angle due to the coupler
and P,y is the optical power that undergoes destructive
interference. Depending on the value of the launched optical
power ‘“control” P;,,, the phase will undergo a variation
and the response will vary according to the phase difference
between the signals.

Fig. 8 shows a DC simulation which has given the system
phase characteristics.
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Fig. 8. Circuit simulation output phase for the SOA-MZI device.

Notice that according to the schematic in fig. 8, P,u:s
and P,,;y have a phase-shift of 180°. A 90° phase-shift is
observed every time the signal diagonally crosses the arms of
the coupler, initially on coupler C1 and later on coupler C4.
From that, it was simulated the output optical powers P,,:s
and P,y in relation to the control optical power P;,, to
characterize the device. Fig. 9 shows this characterization. In
addition, it should be noted just in this simulation that the
result generated by the ADS does not take into account the
ASE noise of the system.

Fig. 9 shows the output optical power interferometer pattern
as function of pump power P;,,. For this simulation, it was
chosen the probe power P;,, = -10 dBm and Ipyss = 300
mA. In order to simulate the maximum RF conversion gain
and avoid distortion, the signal must be modulated in a linear
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Fig. 9. SOA-MZI output optical powers at U and S as a function of pump
(control) power.

shape of the curve of P;,,. Therefore, the maximum optical
power P,,:s must be decreased by 3 dB for each value of
P;,, and Ipras chosen. Then, the results of simulation are
shown in Fig. 10:

Operating Points for SOA-
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Fig. 10. Operation points chosen for simulation the maximum RF conversion
gain.

V. COMPARISON OF THE SINGLE SOA AND
SOA-MZI DEVICES

With the aim of comparing both devices, both results are
shown in Fig. 11 and Fig. 12. In Fig. 11 shows the XGM/XPM
BW and Fig. 12 shows the up-converted RF gain of the single
SOA and SOA-MZI devices. Several bias current values are
taken into account.

It was noted in the simulations when using the Fig. 10 values
that the bandwidth of SOA-MZI is slightly lower than the
bandwidth of the single SOA. The latter fact comes from the
SOA-MZI system configuration. In Fig. 7, the optical signal
that has launched into the SOA is not the same one that is
launched directly at the input. There are losses due to two
couplers (C1 and C2). This means that F;,, has decreased
6 dB and P;,, has decreased 3 dB compared to the system
with single SOA. After setting the new values of the operating
points for P;,, and P;,,, the results of the XGM/XPM BW
is similar for both scheme as showed in Fig. 11.

According to the Fig. 10 and the explanation above, for
Ipras = 200 mA, the first five simulations, the BW reached
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Fig. 11.  XGM/XPM BW of single SOA and SOA-MZI for several bias
current values.

around 7.5 GHz. For Ig; a5 = 300 mA, from the sixth to tenth
simulations, the BW reached around 15 GHz. And for Igrag
= 400 mA, the last five simulations, the BW reached around
23 GHz.

CONVERSION GAIN
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# Conversion gain SINGLE SOA CG - 19 GHz
Conversion gain SINGLE S0A CG — 21 GHz
Conversion gain S0A-MZI CG — 18 GHz
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Fig. 12.
values.

Up-converted RF gain by frequency shifting for several bias current

Fig. 12 shows an average difference of 1 dB for SOA-
MZI in comparison with the single SOA to the up-
converted RF gain in the mixing orders freqro-freq;r and
freqrotfreqrr.

Also, for the first five simulations at Igras = 200 mA, the
results give a conversion loss. When applied Ip7 45 = 300 mA
and Ipras =400 mA, at lower powers, it still has a conversion
loss, therefore, at higher powers, conversion gain is obtained.

VI. CONCLUSIONS

It’s of great interest to researchers and telecommunications
enterprises to overcome issues of the WDM systems. SOAs
are, in general, a key device in MWP. Accordingly, this work
aimed to introduce several simulations using SOA device. The
simulation results showed the gain and the frequency response
for a single input optical signal by using a single SOA scheme.
Besides, it presented the SOA-MZI schematic for two input
optical signals. The results of the circuit simulation output
phase and output optical powers were showed. And last, but
not least, a devices comparison of XGM/XPM bandwidth
and RF conversion gain of both schemes were presented.
According to the achieved results, it concludes that the optical

nonlinear effects of XGM/XPM bandwidth are the same for
both single SOA and SOA-MZI devices parameterized by the
bias current. Furthermore, the RF conversion gain for the SOA-
MZI device is 1 dB on average higher than single SOA device
parameterized by the bias current. It is shown that for these
present purposes, the use of single SOA device instead of
SOA-MZI device is more interesting due to the complexity,
use of more devices, market unavailability and high cost. For
the other hand, as the SOA-MZI consists in an interferometer,
there are more possibilities to exploit more researches in order
to improve the bandwidth system or RF conversion gain.
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