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Abstract

Concurrent up- and down-frequency conversion is central to radio-over-fiber (RoF) and
millimeter-wave (MMW) system design. However, existing all-optical mixers based on
semiconductor optical amplifiers (SOAs) typically exploit a single nonlinear mechanism,
such as four-wave mixing (FWM), cross-gain modulation (XGM), or cross-phase modulation
(XPM), and therefore generally provide several frequency conversions. Their performance
is further constrained by the available mixer bandwidth and by noise contributions from
sampling, thermal, and shot noise. Combining multiple such mechanisms in cascade to
concurrently generate both up- and down-mixed replicas at GHz-range frequencies has,
to our knowledge, not previously been demonstrated. We address this by proposing and
experimentally validating a three-stage electro-optical architecture, denoted SOA1_SOA-
MZI_SOA4, combining two single SOAs (SOA1, SOA4) with an SOA-based Mach–Zehnder
interferometer (SOA-MZI) to generate concurrent third-order replicas through sequential
FWM, XPM, and XGM interactions. In the first stage, FWM at the SOA1 output generates
third-order components; in the second, these are further processed by XPM-XGM within
the SOA-MZI; in the third, the resulting signal is amplified at the SOA4 output. Measured
electrical spectra confirm the simultaneous up- and down-conversion of the third-order
signal at each stage, reaching a conversion efficiency of up to 14 dB at 15 GHz. These results
show that concurrent third-order up- and down-mixing, combining FWM, XPM, and XGM
in a single cascaded architecture, is achievable with potential application in high-frequency
electro-optical signal processing.

Keywords: electro-optical concurrent up- and down-mixing; four-wave mixing;
cross-phase modulation; cross-gain modulation; semiconductor optical amplifier
Mach–Zehnder interferometer

1. Introduction
The terahertz (THz) and millimeter-wave (MMW) regions of the electromagnetic

spectrum have attracted growing interest in their wide range of applications, motivating
the development of mixing devices capable of generating high-power radiofrequency (RF)
pulses up to 1.5 THz [1–6]. Radio-over-fiber (RoF) technology, with its low-loss transmission
and broad bandwidth, is a key enabler for such systems, supporting applications including
wireless fidelity (Wi-Fi), surveillance radar, and cellular and satellite communications [7].

Up- and down-mixing are central to RoF and MMW system design. Concurrent mix-
ing has been implemented using a variety of electro-optical mixers, including electro-optic
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modulators (EOMs) [8], electro-absorption modulators (EAMs) [9], and photodiodes [10,11].
All-optical frequency mixing offers an alternative route, exploiting the intrinsic nonlineari-
ties of semiconductor optical amplifiers (SOAs) through cross-gain modulation (XGM) [12]
and four-wave mixing (FWM) [13,14]. Among these, the SOA-based Mach–Zehnder in-
terferometer (SOA-MZI) is particularly attractive, as its cross-phase modulation (XPM)
nonlinearity enables simultaneous frequency conversion [15–23], which makes it a valuable
building block for RF communication and MMW systems. Beyond frequency conversion,
the SOA-MZI can also serve as an active element for optical signal generation and all-optical
gating [24–37]. By incorporating the SOA-MZI into an optical feedback cavity, different
laser configurations can be realized, including ring, linear, and Fabry–Pérot-type cavities,
where the SOA provides the required optical gain [38–56]. The nonlinear interferometric
response of the SOA-MZI can further enable optical switching and gating, providing control
over the generated optical signal. Thus, the SOA-MZI offers a versatile platform that can
combine laser light generation, optical gating, and simultaneous frequency conversion
within a single photonic architecture.

FWM-based frequency generation in an SOA arises from the nonlinear interaction
between an optical intermediate-frequency (IF) signal and an optical local-oscillator (LO)
signal, governed by three mechanisms. Carrier density modulation (CDM), referring to
gain and refractive-index fluctuations induced at the beat frequency of the input signals, is
set by the SOA carrier lifetime, which reflects interband transitions between the conduction
and valence bands; it dominates at low detuning frequencies (below a few GHz). At higher
detuning, spectral hole burning (SHB) and carrier heating (CH) take over: SHB arises from
the redistribution of carriers within the gain spectrum, while CH results from stimulated
emission and free-carrier absorption, both of which modulate the carrier population and,
in turn, the optical gain. Because SHB and CH are intraband effects, they occur on sub-
picosecond timescales (~100 fs), allowing efficient FWM generation at frequencies above a
few GHz [57,58].

Beyond these intrinsic mechanisms, SOA nonlinearities support all-optical mixing
across a broad range of applications [59]. Frequency conversion can also be achieved by
driving the electrical port of a single SOA or of the SOAs within an SOA-MZI: modulat-
ing the carrier density in either arm directly modulates the photonic gain, which lends
this approach considerable flexibility [23]. Its bandwidth is nonetheless limited by the
optical mixer itself, particularly in SOA-MZI configurations, and is further constrained
by sampling noise, which attenuates harmonics and signal replicas, as well as by ther-
mal noise, shot noise, and aliasing, all of which can degrade signal integrity and overall
system performance.

In this work, we present an approach for generating concurrent up- and down-mixed
third-order replicas using a cascaded electro-optical SOA1_SOA-MZI_SOA4 architecture,
based on the combined nonlinear interactions of FWM, XPM, and XGM. Input signals
at 5 dBm and wavelengths of 1560 nm and 1565 nm are applied to SOA1, whose FWM
nonlinearity generates third-order up- and down-mixed replicas at its output. In the second
stage, these FWM-generated replicas undergo further frequency conversion within the
SOA-MZI via XPM-XGM interactions, providing additional control over the resulting
spectral components. In the third stage, the replicas are amplified at the SOA4 output. To
our knowledge, this is the first application of combining FWM-XPM-XGM interactions
to third-order mixing in a cascaded SOA1_SOA-MZI_SOA4 configuration. We verify the
resulting up- and down-mixed signal generation experimentally through electrical spectra
measured at each stage, together with an evaluation of conversion efficiency, and discuss
potential applications in wireless access [60] and MMW systems.
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2. Performance Analysis of Concurrent Third-Order Up-
and Down-Mixing in an Electro-Optical SOA1_SOA-MZI_SOA4 Design
2.1. Electro-Optical Concurrent Mixing Setup

Figure 1 illustrates the experimental setup for simultaneous electro-optical up- and
down-conversion utilizing the SOA1_SOA-MZI_SOA4 architecture [22,61]. The fundamen-
tal properties and mixing characteristics of the SOA-MZI have been extensively studied in
prior research [62]. In this setup, the RF signal at a wavelength of λRF = 1560 nm is injected
into SOA1 through its electrical interface. The modulation of SOA1 is controlled by the
combination of a bias current and the RF signal, which ensures precise operation. The bias
current of SOA1 is set to 600 mA, while the electrical ports of the SOAs are configured with
a 50 Ω impedance. A second RF generator (Gen2), operating at fRF = 6 GHz, modulates
the RF signal based on its intensity. The incoming RF power is adjusted to 13 dBm at the
input of the second Mach–Zehnder modulator (MZM2), with an average optical power of
5 dBm, corresponding to −20 dBm in the electrical domain, which is critical for conversion
efficiency (CE) calculations.

 

Figure 1. Concurrent electro-optical up- and down-mixing setup dependent on the combination of
FWM-XPM-XGM effects in the cascaded SOA1_SOA-MZI_SOA4 design. ESA: electrical spectrum
analyzer, FWM: four-wave mixing, Gen: generator, LO: local oscillator, LNA: low-noise amplifier,
MZM: Mach–Zehnder modulator, OA: optical attenuator, OBPF: optical band-pass filter, PD: pho-
todiode, RF: radio frequency, VOA: variable optical attenuator, BV: bias voltage, XGM: cross-gain
modulation, and XPM: cross-phase modulation.

Conversely, the local oscillator (LO) signal, with a wavelength of λLO1 = 1565 nm and
frequency FLO1 = 5 GHz, is generated by Gen1 and injected into the optical port of SOA1.
The LO signal’s average power is also 5 dBm. Electro-optical mixing between the RF and
LO signals is driven by the FWM effect, leading to the generation of third-order replicas at
the SOA1 output, as detailed in Table 1. Notably, FWM emerges as the dominant nonlinear
effect as input power increases. To ensure precise FWM mixing and suppress amplified
spontaneous emission (ASE), an optical band-pass filter (OBPF) is applied at the SOA1
output, finely tuned to the wavelength of the RF signal.

Consequently, the FWM-mixed signal, incorporating third-order modulation, is in-
troduced into the central port of the SOA-MZI after its incoming power is increased to
10 dBm and subsequently optimized using a variable optical attenuator (VOA). This at-
tenuation ensures the optimal average power required for effective mixing within the
SOA-MZI. A second LO signal, with a wavelength of λLO2 = 1570 nm and a frequency of
fLO2 = 8 GHz, is injected into the electro-optical gate of the SOA-MZI, with its peak power
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set to 5 dBm. Additionally, the bias currents for SOA2 and SOA3 are precisely tuned to
600 mA to maintain optimal operating conditions.

Table 1. Frequency components of the simultaneous electro-optical up- and down-mixing at the
SOA1 output based on the FWM nonlinear effects.

Frequency Components (GHz)

Input SOA1 Ports
fRF = 6

fLO1 = 5

Output SOA1 Port

fRF = 6

fLO1 = 5

2 fLO1 − fRF = 4

2 fRF − fLO1 = 7

Within the SOA-MZI, the combined effects of XPM and XGM enable the interaction
between the FWM signal and the second LO signal, resulting in the generation of new up-
and down-mixed replicas at higher frequencies. Consequently, the third-order replicas
initially produced at the SOA1 output are further frequency-shifted within the SOA-MZI,
as detailed in Table 2. It is important to emphasize that the generation and frequency
conversion of third-order modulation constitute the core focus of this study.

Table 2. Frequency components of the simultaneous electro-optical up- and down-mixing at the
SOA-MZI output based on the XPM-XGM nonlinear effects.

Frequency Components (GHz)

Input SOA-MZI Ports

fRF = 6

fLO1 = 5

fLO2 = 8

2 fLO1 − fRF = 4

2 fRF − fLO1 = 7

Output SOA-MZI Port

Up-Mixed Replicas

fLO2 + 2 fLO1 − fRF = 12

fLO2 + 2 fRF − fLO1 = 15

fLO2 + fLO1 = 13

fLO2 + fRF = 14

Down-Mixed Replicas

fLO2 − 2 fLO1 + fRF = 4

fLO2 − 2 fRF + fLO1 = 1

fLO2 − fLO1 = 3

fLO2 − fRF = 2

Down-Mixed Replicas

|2 fLO1 − fRF − fLO2| = 4

|2 fRF − fLO1 − fLO2| = 1

| fLO1 − fLO2| = 3

| fRF − fLO2| = 2

At the SOA-MZI output, the second OBPF (OBPF2) is precisely tuned to the wave-
length of the FWM signal, which corresponds to the RF signal wavelength. To enhance the
quality of the up- and down-mixed replicas derived from the sampled FWM-XPM-XGM
signal, a fourth SOA (SOA4) is introduced, operating with a bias current of 600 mA. The
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primary role of SOA4 is to amplify the sampled FWM-XPM-XGM signal by approximately
20 dB, with the amplification level varying based on the frequency of the third-order
replicas because the amplification at a higher frequency is higher than the one at a low
frequency due to its amplification process. The SOA4 operates purely as an amplifier,
providing gain to the signal without any mixing. The amplification process still depends
on the current for the carrier injection into the SOA, which enables gain for the input
FWM-XPM-XGM signal.

Following amplification, the FWM-XPM-XGM signal is filtered using a third OBPF
(OBPF3) to effectively suppress ASE. The refined signal then undergoes a detection process
using a uni-traveling carrier photodiode (UTC-PD) [63,64], which ensures a high-speed
and low-noise optical-to-electrical conversion. Subsequently, the resulting electrical signal
is further amplified by a low-noise amplifier (LNA), which provides an additional 35 dB
gain. To comprehensively evaluate the performance of the up- and down-mixed replicas, a
detailed spectral analysis is conducted using a high-resolution electrical spectrum analyzer
(ESA), specifically the 82407R model from Adler.

Integrating the FWM mixed signal generated by SOA1 with the XPM-XGM mixed
signal produced by the SOA-MZI and employing the auxiliary SOA4 for amplification to
concurrently generate third-order up- and down-mixed replicas presents a challenging task
that demands meticulous synchronization of multiple components. At the output of SOA1,
four frequency components are acquired, as outlined in Table 1, resulting from the FWM
nonlinear effect within the initial SOA. The input signal at fRF manifests as a down-mixed
FWM replica at 2 fLO1 − fRF and an up-mixed FWM replica at 2 fRF − fLO1 at the SOA1
output. These FWM replicas are attained due to the third-order mixing phenomenon in
SOA1. It is worth noting that leveraging the swift response time of SOAs [65], we employ
ultrafast switching at the picosecond or femtosecond scale in the SOA1_SOA-MZI_SOA4
design, making use of FWM-XPM-XGM interactions.

For the identification of replicas, the application of the basic sampling concept is
employed for up-conversion, whereas down-conversion utilizes band-pass sampling [66]
at both the SOA-MZI output and the SOA4 output. The output frequency components
initially range from fLO2 − 2 fRF + fLO1 = 1 GHz to fLO2 + 2 fRF − fLO1 = 15 GHz. As
outlined in Table 2, there are four up-mixed replicas and eight down-mixed replicas.
During the up-conversion process, there are also four replicas corresponding to the down-
conversion replicas due to their frequencies aligning with the down-conversion princi-
ple. Consequently, the simultaneous FWM-XPM-XGM signal undergoes up-conversion
at fLO2 + 2 fLO1 − fRF, fLO2 + 2 fRF − fLO1, fLO2 + fLO1, and fLO2 + fRF and undergoes
down-conversion at fLO2 − 2 fLO1 + fRF, fLO2 − 2 fRF + fLO1, fLO2 − fLO1, and fLO2 − fRF.
The utmost achieved frequency span is fLO2 + 2 fRF − fLO1 = 15 GHz. To validate this
concept, conducting trials with the electrical spectrum emerges as the most efficient
confirmation technique.

The proposed cascaded SOA1_SOA-MZI_SOA4 design, based on simultaneous FWM-
XPM-XGM mixing, has several practical implications for optical communication and signal
processing. The architecture supports wavelength conversion, concurrent handling of
multiple signals, and flexible manipulation of signal characteristics through the SOA-
MZI, while the combined FWM-XPM-XGM interactions improve signal quality relative
to a single-effect mixing stage. These properties make the design applicable to electro-
optical signal processing, high-speed data transmission, optical regeneration, and compact
photonic integrated circuits (PICs) for signal routing and switching, and the system’s
adaptability allows it to be reconfigured for a range of RoF and MMW applications. More
broadly, cascaded FWM-XPM-XGM mixing of this kind is relevant to ultrafast photonic
switching architectures, and the underlying SOA-MZI platform has also been explored
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for applications such as quantum key distribution (QKD), suggesting directions for future
extensions of this work [67–73].

2.2. Electrical Spectra for the Concurrent Third-Order Up- and Down-Mixed Replicas

In our experiments, we present the electrical spectrum of the FWM signal that con-
tains third-order upward and downward components concurrently at the first stage of
the SOA1_SOA-MZI_SOA4 design (SOA1 output), as depicted in Figure 2. This spectrum
serves as evidence of the underlying principle in the electro-optical design, enabling si-
multaneous up- and down-conversion through the FWM nonlinearity within the SOA1.
Importantly, the original input RF signal undergoes up-conversion at the frequency com-
ponent of 2 fRF − fLO1 = 7 GHz and down-conversion at 2 fLO1 − fRF = 5 GHz. The
third-order up- and down-mixed powers are, respectively, −39.5 and −42.5 dBm.

Figure 2. Electrical spectrum of the concurrent third-order up- and down-converted replicas at
mixing frequencies 2 f LO1 − fRF and 2 f RF − fLO1, respectively, at the SOA1 output using the FWM
interaction for the first stage of the electro-optical SOA1_SOA-MZI_SOA4 design. The frequency of
the RF signal is fRF = 6 GHz, and the first LO frequency is fLO1 = 5 GHz.

The electrical spectrum of the sampled signal resulting from the third-order FWM
signal, modulated at two frequency components, is illustrated in Figure 3. Examination
of the spectrum reveals a frequency up-conversion of the input third-order FWM signal
at 2 fRF − fLO1 = 7 GHz and 2 fLO1 − fRF = 4 GHz. This up-conversion occurs at fre-
quencies fLO2 + 2 fRF − fLO1 and fLO2 + 2 fLO1 − fRF, accompanied by down-conversion at
fLO2 − 2 fRF + fLO1 and fLO2 − 2 fLO1 + fRF. Additionally, the original RF signal at fRF and
LO1 signal at fLO1, both concurrently present at the SOA-MZI input, also undergo frequency
up-conversion at frequencies fLO2 + fRF and fLO2 + fLO1, along with down-conversion at
fLO2 − fRF and fLO2 − fLO1, respectively.

Figure 3, following the band-pass sampling concept, demonstrates the frequency
down-conversion of the input third-order FWM signal and both original RF and LO1
signals at four distinct output frequencies as outlined in Table 2. Notably, these output
frequencies align with those generated through the basic sampling process. Specifically,
for the down-conversion process, two replica powers are achieved at identical frequencies:
|2 fLO1 − fRF − fLO2| = fLO2 − 2 fLO1 + fRF = 4 GHz, |2 fRF − fLO1 − fLO2| = fLO2 − 2 fRF +

fLO1 = 1 GHz, | fLO1 − fLO2| = fLO2 − fLO1 = 3 GHz, and | fRF − fLO2| = fLO2 − fRF =

2 GHz. It is noteworthy that the frequency of the amplified third-order FWM replica
at 2 fLO1 − fRF = 4 GHz at the SOA-MZI output matches the frequency related to up-
and down-mixed replicas, which are converted from the third-order FWM signal, at
|2 fLO1 − fRF − fLO2| = fLO2 − 2 fLO1 + fRF = 4 GHz.
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Figure 3. Electrical spectrum of the concurrent third-order up- and down-converted replicas at the
SOA-MZI output for the second stage of the electro-optical SOA1_SOA-MZI_SOA4 design using
XPM-XGM interactions. The second LO frequency is fLO2 = 8 GHz.

Consequently, the maximum frequency range of the FWM-XPM-XGM concept extends
to 15 GHz, although the frequency span of the incoming FWM signal shown in Figure 2
reaches only 7 GHz. SOA4 provides approximately 20 dB of amplification in electrical
power for the concurrent third-order up- and down-converted replicas across the full range
of output frequencies, as illustrated in Figure 4; the noise power is also slightly increased.

 

Figure 4. Electrical spectrum of the amplified concurrent third-order up- and down-converted replicas
at the SOA4 output for the third stage of the electro-optical SOA1_SOA-MZI_SOA4 design.

2.3. Third-Order Replica Validation

In our experimental setup, we observe that the generation of third-order replicas at
the SOA1 output is limited to higher input power levels within a specific wavelength range,
a behavior attributed to the FWM interaction. Because FWM is a third-order nonlinear
process, its efficiency increases with input power, as shown in Figure 5. At low power
levels, the FWM-driven nonlinearity is not strong enough to produce measurable third-
order replicas, and other nonlinear effects, such as XGM, dominate instead. This power
dependence likely reflects both the intrinsic wavelength dependence of FWM efficiency and
the specific material characteristics of SOA1; operating near, but below, the SOA’s saturation
power may further enhance the nonlinear interactions responsible for the observed replicas.
Characterizing these properties of the setup, the optical components, and the conditions
that favor FWM is therefore important for understanding this behavior and for optimizing
the third-order up- and down-mixed replicas generated through the SOA-MZI.
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Figure 5. The third-order replica at 2 f LO1 − fRF = 4 GHz at the SOA1 output for different wavelengths
as well as different average RF powers.

The FWM efficiency depends on the carrier-density modulation depth, but once the
total optical power approaches the SOA’s saturation power, gain compression clamps that
modulation depth, so the nonlinear (third-order) mixing efficiency stops increasing and
falls even though input power keeps rising.

The pronounced dependence of third-order power on the nominal RF wavelength
reflects the wavelength-dependent gain/loss characteristics of the components generating
the electrical RF drive, rather than optical detuning within SOA1 itself, because the RF tone
is injected electrically. Small wavelength-dependent variations in the effective electrical
drive power delivered to SOA1 are amplified into the observed spread in output power
due to the steep dependence of mixing efficiency on RF drive amplitude.

Figure 5 shows that the third-order replica at 4 GHz is generated more efficiently
when the RF signal has a wavelength of 1560 nm and an average optical power of 5 dBm,
consistent with the electrical spectrum in Figure 2. At this same power level, the third-order
replica power drops from −39.5 dBm at 1560 nm to −60 dBm at 1550 nm. Figure 6 shows
the electrical spectrum of the concurrent third-order up- and down-converted replicas at
4 GHz and 7 GHz, respectively, generated at the SOA1 output via FWM (the first stage of
the SOA1_SOA-MZI_SOA4 design), measured at an RF wavelength of 1550 nm and the
same RF power of 5 dBm. This spectrum shows a 20 dB reduction in third-order replica
power relative to Figure 2, confirming that 1560 nm yields the higher replica power for
this design.

 

Figure 6. Electrical spectrum of the concurrent third-order up- and down-converted replicas. The
wavelength of the RF signal is λRF = 1550 nm, and the first LO wavelength is λLO1 = 1565 nm.
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2.4. Conversion Efficiency of the Third-Order Up- and Down-Mixed Replicas

The conversion efficiency (CE) is determined by comparing the electrical power of the
RF signal at the input of SOA1 with that of the third-order up- and down-mixed replicas
at each stage’s output. The initial electrical power of the RF signal is −20 dBm. The
CE is exclusively assessed for replicas associated with third-order conversion, although
it is feasible to evaluate the CE for other replicas detailed in Figure 3. Notably, the CE
exhibits lower values at the SOA1 output (first stage), as illustrated in Table 3, where
third-order replicas arise through FWM interaction. These replicas undergo amplification
and conversion to higher and lower frequencies at the SOA-MZI output (second stage),
which results in elevated CE values. A significant amplification of CE, approximately
14.5 dB for down-mixed replicas at fLO2 − 2 fRF + fLO1 = 1 GHz and 10.5 dB for up-
conversion replicas at fLO2 + 2 fRF − fLO1 = 15 GHz, occurs. This phenomenon can be
elucidated by considering that the replicas generated for both up- and down-conversions
result from the interplay of carrier density modulation and electrical replica power, as
displayed in Figure 7. These replica terms induce carrier density modulation at distinct
frequencies for up- and down-conversions. In our specific scenario, the frequency response,
characterized by a low-pass behavior [62], leads to higher carrier density modulation at
lower frequencies, as illustrated in Figure 7a. Consequently, we can ascertain that the CE is
elevated for the down-mixed replica difference at these lower frequencies.

Table 3. Conversion efficiency (CE) of the third-order up- and down-mixed replicas at the output of
each stage.

Third-Order Up-Mixed Replicas Third-Order Down-Mixed Replicas

Output Frequency (GHz) CE (dB) Output Frequency (GHz) CE (dB)

First Stage:
SOA1 Output 7 −22.5 4 −19.5

Second Stage:
SOA-MZI Output

15 −9 4 −8

12 −12 1 −5

Third Stage:
SOA4 Output

15 14 4 10

12 16 1 14

 

Figure 7. Conceptual diagram of the frequency response of the carrier density (a) and SOA frequency
response (b). Curves are qualitative and not to scale; frequency markers correspond to the replica
frequencies discussed in the text.
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At the third stage’s output (SOA4 output), where amplification alone is achieved,
the CE reaches 14 dB for down-mixed replicas, compared to the −5 dB at the SOA-MZI
output at fLO2 − 2 fRF + fLO1 = 1 GHz. Similarly, for up-conversion, the CE reaches 14 dB,
contrasting with the −9 dB at the SOA-MZI output at fLO2 + 2 fRF − fLO1 = 15 GHz. Due
to the frequency response of the SOA [62], there is an additional 11 dB of amplification for
up-conversion, as shown in Figure 7. Throughout the frequency response of the employed
SOAs, as illustrated in Figure 7b, the amplification of signal replicas sampled at high
frequencies exceeds that at low frequencies. On the other hand, the signal has a lower
modulation efficiency based on the frequency response of the SOA carrier density as shown
in Figure 7a.

3. Conclusions
The cascaded SOA1_SOA-MZI_SOA4 design experimentally demonstrates a third-

order electro-optical mixing scheme based on combined FWM-XPM-XGM interactions,
enabling the concurrent generation of third-order up- and down-mixed replicas over a
frequency range extending up to 15 GHz. Generating and validating these replicas requires
careful control of the input signal parameters, including sufficiently high input power
within a specific wavelength range; this was verified through electrical spectrum analysis
at the output of each stage of the SOA1_SOA-MZI_SOA4 architecture. The design achieves
a conversion efficiency of up to 14 dB at 15 GHz at the SOA4 output, which indicates that
this SOA-MZI-based concurrent mixing approach is applicable to optical communication
and signal processing systems.

The present work establishes the experimental feasibility of concurrent third-order
up- and down-mixing in a cascaded SOA1_SOA-MZI_SOA4 architecture. Building on
our prior theoretical treatment of XPM- and XGM-based mixing in a standalone SOA-
MZI [62], future work will develop a complete theoretical model of the full three-stage
SOA1_SOA-MZI_SOA4 design, incorporating FWM in SOA1, combined XPM-XGM in the
SOA-MZI, and gain saturation in SOA4, to quantitatively predict the conversion efficiency
and frequency response.
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Abbreviations

ASE amplified spontaneous emission
BV bias voltage
CDM carrier density modulation
CE conversion efficiency
CH carrier heating
EAM electro-absorption modulator
EOM electro-optic modulator
ESA electrical spectrum analyzer
FWM four-wave mixing
IF intermediate frequency
LNA low-noise amplifier
LO local oscillator
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MMW millimeter wave
MZI Mach–Zehnder interferometer
MZM Mach–Zehnder modulator
OBPF optical band-pass filter
PD photodiode
PIC photonic integrated circuit
QKD quantum key distribution
RF radio frequency
RoF radio-over-fiber
SHB spectral hole burning
SOA semiconductor optical amplifier
SOA-MZI semiconductor optical amplifier Mach–Zehnder interferometer
UTC-PD uni-traveling carrier photodiode
VOA variable optical attenuator
WiFi wireless fidelity
XGM cross-gain modulation
XPM cross-phase modulation
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