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Abstract: In this paper, we present a real and simulated study of a frequency up mixing employing an
electro-optical sampling semiconductor optical amplifier Mach–Zehnder interferometer (SOA–MZI)
along with the differential modulation schema. The sampling signal is generated by an optical pulse
clock (OPC) at a frequency of fs = 19.5 GHz. The quadratic phase shift keying (QPSK) signal at
an intermediate frequency (IF) f IF is shifted to high frequencies n fs ± f IF at the SOA–MZI output.
Using a simulator entitled Virtual Photonics Inc. (VPI), we generate sampled QPSK signals and
analyze their merits during conversion gains and error vector magnitudes (EVMs). We conducted
simulations of mixing in the SOA–MZI operating in a high-frequency band up to 195.5 GHz. The
positive conversion gain is accomplished over the mixing frequencies. The EVM is used to evaluate
the performance of the electro-optical sampling up-convertor. The EVM reaches 14% at a data rate of
5 Gbit/s at 195.5 GHz. During the experimental work, the results obtained in simulations are set side
by side with the factual ones in the frequency range up to 59 GHz. Thus, the comparison between
them confirms that they have approximately the same performance.

Keywords: electro-optical sampling SOA–MZI; frequency up mixing; quadratic phase shift keying

1. Introduction

Millimeter-wave systems have received great importance thanks to augmented data
rates [1]. Moreover, a variety of mixing appliances have evolved to generate radio frequency
(RF) signals with a 1.5 THz frequency [2,3]. Furthermore, radio over fiber (RoF) systems
have achieved main merits, such as: good optical transmission with little losses, small
weight, and spacious bandwidth. They can be implemented in a wireless fidelity (WiFi),
radar systems [4], and cellular communications.

Optical mixers have some major attributes that play a substantial role in order to
achieve frequency mixing with good performances, especially their nonlinear implementa-
tion, such as the four-wave mixing (FWM) or the cross-phase modulation (XPM) phenom-
ena [4] and the physical characteristics. Mach–Zehnder modulators (MZMs) that achieve
high-performance characteristics [4,5] and electro-absorption modulators (EAM) based on
the cross-absorption modulation (XAM) situation [6,7] can be used for frequency conver-
sion. Furthermore, photodiodes (PDs), especially uni-traveling carrier PDs (UTC-PDs), can
also be employed for frequency mixing because of their response to nonlinear currents [8,9].

Semiconductor optical amplifiers (SOAs) rely on their nonlinearity such as cross-gain
modulation (XGM) [10] and XPM [11–20] can also be used for shifting at the same time in
the layout of a detached apparatus or implemented in an interferometric structure such
as an SOA–Mach–Zehnder Interferometer (SOA–MZI). SOA–MZIs can achieve good per-
formance, such as a frequency range up to 100 GHz [19]. All-optical mixing based on a
sampling SOA–MZI [11–17] has achieved excellent characteristics such as high positive con-
version gain for both experimental and simulation studies. The used SOA–MZI combined
with an optical pulse source that uses a mode-locked laser in order to generate an optical
pulse train can be used up and down conversion simultaneously with good efficiency.
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Frequency up-conversion by an all-optical sampling concept based on a photonic
SOA–MZI is one of the main technologies for producing an optical radio frequency (RF)
signal that is the sampled signal, which is converted to an electrical one through a PD at
a receiver at a range of frequencies, for RoF transmission systems, in order to enhance
the efficiency performance of this optical system. Various setups for the frequency up-
conversion have been elucidated by utilizing nonlinear behaviors of the SOA–MZI in real
and simulation studies [11–17]. At the same time, these architectures offered a very large
bandwidth with respect to the mixing of the IF signal to be up-converted. In this paper, the
use of electro-optical sampling in a differential SOA–MZI of the modulation schema is well
implemented and attained very good performance characterizations.

Frequency mixing can also be achieved by modulating the SOA electrical port in both
arms of the SOA–MZI. Then, this gives rise to modulating the SOAs carrier density for a
differential schema [20–23]. Previously, the technique of an electro-optical up-converter
based on the Reflective SOA (RSOA) has been demonstrated [23]. An IF (intermediate
frequency) signal that loads of quadratic phase shift keying (QPSK) data have been up-
converted to 15 GHz with a good quality signal corresponding to an error vector magnitude
(EVM) less than 6% at a bit rate of 3 Mbit/s [23].

Some novel converter systems built on a generalized proportional integral observer
(GPIO) based dynamic prescribed performance sliding mode control (DPPSMC) approach
is developed to realize high-quality output voltage [24]. This leads to escalation in the
transient effects of the converter system. The switching frequency is limited to 5 kHz due
to the experiment hardware limitation. These types of converters, called nonlinear switch
systems, have been broadly used in communication apparatus and computer systems. The
benefits of these sorts of converted systems are fast response speed and powerful strength
to outer disturbance, which are enhanced through some progressed control techniques
such as sliding mode control (SMC). In comparison with our system, even though they are
different in structures and used devices, they can be implemented in radar systems and
cellular communications.

In this paper, we study, for the first time, novel electro-optical up-converters in a
differential modulation schema based on a real and simulated SOA–MZI sampling mixer.
The sampling signal is injected into the active zones of both SOAs. Moreover, the IF
electrical subcarrier modulates the electrical ports for both SOAs. The proposed electro-
optical sampling mixer shows features including broad bandwidth and high conversion
gains. In order to confirm the simulation results, experimental setups by using a sampling
SOA–MZI from CIP (40G-2R2-ORP) are built to compare with the simulation results.

The major benefits of our study are the novel concept that allows us to reach the
highest, to our knowledge, frequency range of 195.5 GHz, observe EVMs at the data rate
of 5 Gbit/s, and obtain positive conversion gains. This novel concept may pave the way
toward mm-wave and microwave applications and wireless access applications [25].

The paper is arranged into several sections in addition to the introduction. In the
second section, we demonstrate in detail the technique of the electro-optical up-converter
in the modulation schema of the differential mode. In the third section, simulation setups
are given, simulation results for the electro-optical up-converter spectrum are achieved,
conversion gains are obtained, and then EVMs of QPSK data are presented. The real results
are achieved and compared with simulation results in the fourth section. Finally, in the last
section, the conclusions are discussed.

2. Electro-Optical Sampling Principle of Differential Modulation Architectonic

The architecture of the used SOA–MZI in a VPI simulator [26] is propounded in
Figure 1. It explains, for the first time, the electro-optical up converter principle of the
differential modulation based on a sampling SOA–MZI. We have previously demonstrated
the up-conversion process based on a sampling method [11,12]. Furthermore, the approach
of the electro-optical SOA up-converter was explained in [23].
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Figure 1. Electro-optical shifting based on a sampling SOA–MZI using the modulation of differential
schema. MP: Middle Port, OP: Output Port, OC: Optical Coupler, and Att: Attenuator.

The sampling signal is driven by an optical pulse clock (OPC) with a sampling fre-
quency fs is divided into two similar signals to the upper and lower arms of the SOA–MZI
by the middle port (MP). Recently, we have used fs = 19.5 GHz in [14].

The proposed differential modulation relies on two electrical subcarriers in the MZI.
In this scheme, two subcarriers at f IF, which have similar characteristics, are entered into
the electrode of upper and lower SOAs leading to fine-tuning their bias currents. The IF
signals are capable of regulating the carrier density of each SOA by their bias currents
in the upper and lower arm, and then the sampling signal will be directly modulated by
the IF signals in both arms. These two sampled signals are combined at the outer port
of the SOA–MZI, beneficial to acquiring the mixed signal. The benefit of the differential
modulation is to enhance the quality of the harmonics of the sampling signal and the
power level of the replicas of the signal to be mixed. The sampled signal is considerably
ameliorated at the outer port of the SOA–MZI because of enhancing the harmonic power
of the sampling control signal in both arms, which preserves the identical amplitude of its
harmonics regardless of the amounts of the positions of the harmonics n. As we can monitor
from the electrical spectrum of the signal to be mixed that the IF signal is up-converted
from f IF to n fs ± f IF.

3. Setup Characterization Used in a VPI Simulator

The setup used in a VPI simulator of electro-optical up-converter is shown in Figure 2.
In our study, two IF signals with the same characteristics are entered at the electoral port
of each SOA that is biased at the value of the 350-mA bias current. Moreover, the SOA
electrical port is adapted to 50 Ω. The IF signals are intensity modulated by a subcarrier in
the electrical domain at f IF = 0.5 GHz. The modulation power of the data signal is 13 dBm.

The signal is generated by an optical pulse clock (OPC) having a wavelength of
1550 nm at a sampling frequency of 19.5 GHz. The electrical spectrum of this sampling
signal shows a variety of harmonics at Hn = n fs. This signal is an SOA–MZI input through
its MP by using plenty of contrasting optical signal mode fibers. In order to achieve
frequency shifting, the mean optical power of the OPC signal is managed to be −1 dBm.
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Figure 2. Mixing setup used in a VPI simulator counted on the modulation of the differential mode.
ESA: Electrical Spectrum Analyzer, Att: Attenuator, OF: Optical Filter, LNA: Low-Noise Amplifier,
BER: Bit Error Rate, QAM: Quadrature Amplitude Modulation, PD: Photodiode, and OPC: Optical
Pulse Clock.

At the outer port of the used SOA–MZI, the optical filter (OF) adjusted at 1550 nm is
used in order to remove unwanted signals. Then, the sampled signal is passed through a
photodiode (PD) to obtain a photo-detected signal after sampling. This PD has a 300 GHz
bandwidth and a sensitivity of 0.85 A/W. The photo-detected signal is amplified by a
33 dB-gain low-noise amplifier (LNA) and subsequently propounded on an electrical
spectrum analyzer (ESA) to procure the spectrum of the signal to be mixed or used in the
BER_EL-M-QAM module to demodulate the data with a view to finding its EVM. The used
PD for photo-detection in a VPI simulator corresponds to a uni-traveling carrier (UTC)
PD [9].

The use of the VPI simulator assists us in applying plenty of simulations that imitate the
actual work [26]. In order to validate the electro-optical differential modulation principle,
we propound the electrical spectrum of the signal to be mixed at the outer port of the used
SOA–MZI, as seen in Figure 3. It is validated that the data signals are mixed at requested
frequencies n fs ± f IF. The harmonic powers of the OPC signal decrease slightly with the
position of harmonics n. The difference between the tenth harmonic H10 = 10 fs and the
first one H1 = fs is about 8 dB. This degradation is a result of the dynamic behavior of the
used SOA–MZI [11,15] that cannot be avoided. Moreover, the mixed signals are amplified
considerably at high mixing frequencies, as observed in the electro-optical differential
modulation. Hence, the highest frequency range is 10 fs + f IF = 195.5 GHz. In conclusion,
differential modulation enhances the characteristics of the sampled signals [16,17].

To evaluate the sampling mixer efficiency for electro-optical deferential modulation,
the conversion gain Gc is obtained. It is savvied as the difference of electrical powers in
dBm between the signal to be mixed at n fs + f IF and the data signal at f IF.

As apparent in Figure 4, the electro-optical differential modulation considerably
improves Gc. It reaches 24 dB at the frequency of 195.5 GHz, which corresponds to the
maximum frequency of the signal to be mixed. The variation between the initial Gc and the
final one is 14 dB. Moreover, conversion gains that have positive values are obtained for all
mixing frequencies related to Hn due to SOAs gains. Because of the SOA–MZI dynamic
behavior, Gc degrades at frequencies that have top values. Regardless of that, the principle
of differential modulation plays a significant function in the augmentation of the electrical
power of the signal to be mixed at the top frequencies. In fact, it is tricky to acquire similar
power levels of the harmonics as well as the identical replica of the electrical power of the
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signal to be mixed at the outer gate of the SOA–MZI because of the SOA–MZI dynamic
behavior. As a result, the harmonics of the sampling OPC signal play the main role in
improving the mixed signal because they are improved considerably at the top frequencies
due to the modulation schema. This also leads to ameliorating the performance of this
optical transmission system.
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Figure 3. Electrical spectrum that represents the power in dBm of the signal to be mixed at the
outer port of SOA–MZI versus the mixing frequencies n fs ± f IF in GHz for the modulation of
differential mode.
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Figure 4. Conversion gain and EVM of the signal to be mixed that loads QPSK at n fs + f IF.

Up-conversion simulations of the signal to be mixed that loads QPSK data are assessed
at the data rate of 5 Gbit/s. Two subcarriers are entered into the SOAs electrodes for
differential modulation. The quality of the mixing is evaluated through the error vector
magnitude (EVM) [27] calculated in order to estimate the quality of the signal to be mixed.
The BER_El-M-QAM module is employed to compute the bit error rate (BER) of the signal
to be mixed. Hence, EVM values are found from the BER [28]. The EVM boundary of the
QPSK data is 17.5% [29].

As exhibited in Figure 4, the EVM of the signal to be mixed enlarges with its frequency
at 5 Gbit/s. The EVM value upgrades at the top frequencies compared to all-optical
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sampling SOA–MZI [11–16] and electro-optical RSOA [23]. It reaches 14% at 195.5 GHz,
which is beneath the EVM boundary. The EVM of the signal to be mixed at the top
frequency downgrades more than the one at the lowest one because of Hn of the OPC
signal. Following the higher position of harmonics play the essential function of enhancing
the sampled signal because of the electro-optical differential modulation principle.

4. Experimental Setup Characterization

In this experiment, real SOA–MZI and other devices are used in order to create the
experimental setup that is the same as the simulation one (see Figure 2). Moreover, all
the operating points used in the simulations are also used in the actual setup because of
obtaining a fair differentiation between them. During the experimental work, the frequency
range of the signal to be mixed only reached 59 GHz because of the restriction of the ESA
bandwidth. Hence, the contrast of the signal to be mixed between the real and simulated
results will be in the frequency range that corresponds to the frequencies of the signal to be
mixed at the outer gate of the SOA–MZI from fs + f IF = 20 GHz to 3 fs + f IF = 59 GHz.
The spectrum of the shifted signal in the electrical domain is also obtained at the outer port
of the SOA–MZI for the real work. The first three harmonics of the sampling OPC signal,
as well as the duplication of the shifted signal related to these harmonics, are shown in
Figure 5.
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Figure 5. Experimental electrical spectrum of the signal to be up-converted at n fs ± f IF at the outer
port of the SOA–MZI.

Hence, the degradation of the replicas is almost as similar to the ones calculated for
simulations. In both works, the signals to be up-converted follow the retreating of Hn of
the sampling OPC signal. The same results are achieved for simulations seen in Figure 3.
However, the obvious enhancement of the electro-optical modulation of the differential
mode is at the higher frequency range up to 195.5 GHz in simulations.

The Gc of the up-converted signals is measured at fs + f IF, 2 fs + f IF, and 3 fs + f IF, as
shown in Figure 6. It is obtained at the same range as the simulations in order to confirm the
results. The measured Gc is 1 dB below the simulated one as a consequence of the receiver
noise and optical losses of the optical fiber. The experimental work confirms that the Gc
has the same behavior in comparison with the simulations for the differential modulation.
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Figure 6. Conversion gain and EVM of the signal to be up-converted at frequencies ranging from
fs + f IF = 20 GHz to 3 fs + f IF = 59 GHz for simulation (Sim) and Experimentation (Exp) studies.

In order to gauge the quality of the electro-optical differential modulation, the EVM of
the signal to be mixed that carries QPSK data is achieved and compared with the results
obtained by using a VPI simulator at the data rate of 5 Gbit/s as exhibited in Figure 6. The
real EVM values are larger than the ones in simulations due to the unexpected noise in the
actual measurements. For the real experimentation, the EVM degrades 2% in comparison
with the simulations. Moreover, all the EVM values of the mixed signals are below the
EVM limits. This also confirms that the electro-optical differential modulation realizes good
performances in terms of its quality through EVM as well as its efficiency through Gc. It is
worth noting that, for the real study, the real-time oscilloscope used in the experimental
setup is called a digital sampling oscilloscope (DSO) that is used to digitalize the signal
to be up-converted. Then a vector signal analyzer (VSA) software is directly exploited to
compute the EVM values.

Table 1, which is another view of Figure 6, shows the comparison between the real and
simulated results of the electro-optical transmission system based on a sampling SOA–MZI
at 59 GHz in terms of the efficiency through conversion gains and the quality performance
through EVM values. It also displays the characteristics of the sampled signal at 195.5 GHz
in simulation investigations. The simulated conversion gains and EVM values obtained
through the VPI simulator are in very good agreement with those attained through the
real schema. The results in both cases validate the principle of the electro-optical sampling
SOA–MZI in differential modulation architectures.

Table 1. The comparison between the real and simulated work depended on the differential modula-
tion SOA–MZI by the electro optical sampling.

Results

Reality Simulations

Frequency Range (GHz) 3 fs + f IF = 59 3 fs + f IF = 59 10 fs + f IF = 195.5

Conversion gain (dB) 34 35 24

EVM (%) 5.5 4 14
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5. Conclusions

This paper aims to design an electro-optical up-converter based on a sampling SOA–
MZI used as an optical mixer by applying the modulation of the differential mode, for the
first time, to a top frequency up to 195.5 GHz. We have propounded important results
obtained by utilizing a VPI simulator based on an electro-optical SOA–MZI sampling mixer.
The efficiency of this optical transmission system has been assessed by the most important
parameter called conversion gains. Moreover, high conversion gains that have positive
values are reached for the entire range of mixing frequencies. The frequency conversion of
QPSK data offers excellent EVM values at 5 Gbit/s. Furthermore, the EVM of the QPSK
signal to up-converted attains 14% at 195.5 GHz, relevant to the tenth harmonic of the
sampling OPC signal at 5 Gbit/s. In order to confirm the behavior of the simulation results,
the experimental study is inspired. The comparison between them shows that they have
the same performance. Finally, this novel designed system is efficacious, low cost, and
can be stratified to a variety of modernistic applications. Our future work is dependent
on the investigation of the frequency down-conversion process based on an electro-optical
sampling SOA–MZI and compared to the outstanding performance of this system.
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