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Abstract: A novel reconfigurable Microwave Photonics (MWP) mixer is presented in this paper,

which can be configured to work as a frequency hopper, ASK modulator and phase shifter. This mixer

is based on a cascaded Mach–Zehnder Modulator (MZM) structure. A general nonlinear analytical

model for the structure is presented. This model is platform free, which means it can be applied

to several MWP and integrated MWP platforms. Based on the analytical model, the performance

of the structure and output results, such as the optical and electrical spectrum of the structure, are

derived in mathematical closed-form expressions. The results of the presented analytical model are

compared and evaluated with the results obtained from the simulation to prove the correctness of the

analytical model. The presented structure has a simple form, which can be fabricated at a low cost.

In addition, according to the obtained results from the analytical model, there is no need to change

the arrangement of the structure to operate in any of the mentioned configurations, and the desired

function is achievable only by changing the bias voltage of the modulators at the desired frequency.

Keywords: analytical; microwave photonics; mixer; nonlinear

1. Introduction

Microwave Photonics (MWP) science is an interdisciplinary science that combines
Radio Frequency (RF) or microwave with optic fields. MWP, because of its advantages
such as low noise, high bandwidth, photonic integration capability and immunity to elec-
tromagnetic waves interference, has been able to attract the attention of researchers in
the fields of optics, telecommunications and electronics [1]. Extensive research has been
conducted to explore the benefits of MWP, resulting in the emergence of numerous MWP
applications. The applications of microwave photonics include analog-to-digital convert-
ers [2], microwave signal processing (for example, adjustable filters) [3,4], beamforming of
phased array antennas [5], frequency converters [6], phase shifters [7], microwave wave-
form generators, microwave carriers [8,9], microwave imaging [10,11] and electro-optic
oscillators [12,13].

Nonlinear Optical Materials (NLO) have been used in fabrication of lasers, photonics
circuits and optical communication devices such as modulators and mixers. For example,
Graphene has been used as an NLO material for a wide range of topics such as optical
modulation [14], optical frequency mixing [15] and lasers [16]. As of today, some research
has been performed on studying NLO materials and their applications specially in quan-
tum communication [17,18]. For example, the problem of measuring an optical phase is
particularly relevant in quantum communication, as is reported in [19]. However, the lack
of a general model for describing nonlinear behavior of electro-optic devices in optical
systems is felt, therefore one is presented in this paper.
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A mixer is a three-port instrument that creates frequencies in such a way that the Radio
Frequency (RF) and the Local Oscillator (LO) frequency are applied to mixer input ports,
and, at the mixer output port, combinations of LO frequency and RF frequency are obtained.
Until now, in microwave photonics, various types of mixers or frequency conversions have
been reported [20–26]. A Dual Parallel Mach–Zehnder Modulator (DPMZM) mixer with
high conversion efficiency was reported in [20]. A cascaded Mach–Zehnder Modulator
(MZM) mixer, with low loss, was reported in [21]. A reconfigurable mixer, which is an
arranged Dual Drive Mach–Zehnder Modulator (DDMZM) bias-free in parallel structure
with a phase modulator, was reported in [22]. A Dual Drive Dual Parallel Mach–Zehnder
Modulator (DD-DPMZM) mixer, with high conversion efficiency and the ability to avoid
power fading, was reported in [23]. An MWP mixer with 0–2π phase shift capability was
reported in [24]. A reconfigurable MWP mixer based on Dual Polarization MZM (DPol-
MZM) by changes in the detection part to achieve the IQ mixer, double balanced mixer,
image reject and single-ended mixer was reported in [25]. A reconfigurable MWP mixer
based on polarization division multiplexing DPMZM (PDM-DPMAZ) with the functionality
of single-ended and double-balanced mixer by changing the detection structure and also
due to the use of a phase shifter in structure, full phase shifting can be reached as reported
in [26].

MWP mixers are not just used as frequency converters. They can also be used as
devices for phase shifters, frequency doublers, beam forming, satellite repeaters, broadband
microwave measurements, etc. [6,22]. As a device, it has the ability to do several tasks, it is
more optimal to have one device that carries out several tasks instead of a separate device
for each operation. By adjusting the modulator bias voltage or changes in the detection
part of the mixer configuration, it can reach some functionality such as a phase shifter,
frequency doubler, IQ, double balanced mixer, etc. Until now, various reconfigurable MWP
mixers have been reported [22,24–26].

In this paper, we proposed a reconfigurable MWP mixer based on Cascaded MZM,
which can be configured to work as a phase shifter, digital modulator and frequency
hopper. The proposed structure model consists of two modulators that are connected
in series. MZMs employed in this structure can be different, they can be a single-arm
MZM or a dual-arm MZM. In the proposed structure, we employed single-arm MZMs
in both stages. Thanks to the simplicity of the proposed structure, a novel simple digital
ASK modulation in high frequencies can be achieved, which can be used in beyond 5G
telecommunications. Additionally, phase tuning and frequency hopping can be mentioned
as other functionalities of the proposed structure. In this structure, just by adjusting the
bias voltage of one or both modulator(s), we can reach the mentioned functionalities easily.
There is no further need to make changes to optical or detection parts.

The paper is organized as follows. In Section 2, analytical and close-form models
for the proposed structure and also structure parameters are presented and investigated.
In Section 3, various configuration results, comparisons and validations of the software
simulation and analytical simulation that were carried out are presented. In Section 4, the
work is summarized.

2. Analytical Model

In this section, the mathematical expression of the cascaded MZM mixer is theoretically
investigated by considering the nonlinear behavior of the refractive index and its effects on
the cascaded MZM mixer. Both MZMs are considered single-arm, and each MZM consists
of just one Phase Modulator (PM).

2.1. PM Analytical Model

The PM is a waveguide surrounded by an electrode, which is illustrated in Figure 1.
By applying an RF signal to the electrode, the signal is modulated on an optical carrier that
enters the modulator from the laser source. If we assume that the optical signal entered into
the modulator, its mathematical expression will be Ein = E0ejω0t and RF signal voltage that
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is directly applied to the modulator is expressed as Vg = V0 + VRFcos(ωRFt + φRF). There-
fore, the output optical signal from the modulator can be expressed as Equation (1) [27].

Eout = E0exp(jω0t − j
ω0lm

c
∆Nm

r (Vg)) (1)

where ω0, lm, c and ∆Nm
r , respectively, are the angular frequency of laser light, length of the

modulator, light velocity and change of refractive index. ∆Nm
r is defined as the difference

of refractive index at any voltage compared to zero voltage, and it can be computed by
Equation (2).

∆Nm
r (V) = Nm

r (V)− Nm
r (V = 0) (2)

The nonlinear refractive index can be modeled by a second-degree polynomial. This
model can be expressed as Equation (3).

∆Nm
r (V) = p2V2 + p1V + p0 (3)

The behavior of this model is illustrated in Figure 2. It clearly shows the nonlinear
behavior of the refractive model. Table 1 shows the coefficients of the nonlinear model and
linear approximation.

~ VRF

Laser

source

Ein Eout

Waveguide Electrodes

Figure 1. Phase modulator or electro-optic modulator. The blue lines refer to electrical paths and the

red lines refer to optical paths.
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Figure 2. Refractive index behavior by changing applied voltage.
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Table 1. Nonlinear and linear refractive index model coefficients.

Model p2 p1 p0

Nonlinear −1.6 × 10−5 10 × 10−5 0.1 × 10−5

Linear 0 5.2 × 10−5 2.499 × 10−5

One of the important optical modulator parameters is Vπ . Vπ is defined as the amount
of voltage that is created π radians of phase change between the input and output light of
the modulator. This parameter is directly related to the refractive index of the modulator.
Figure 3a, shows optical phase changes with respect to voltage changes. Vπ in our model,
as shown in the Figure 3, occurs at 2.7 V in the nonlinear model and 2.5 V in the linear
model, which have π radians phase difference. Figure 3b shows the optical signal power of
the modulator. The reason for the power drop at the voltages of 2.5 and 2.7 V is because
of the cancellation of two optical waves in the arms of MZM that occur at these voltages.
In Figure 3a, the influence of the nonlinear behavior of the refractive index of the modulator
on the phase of the optical wave is clearly visible. In the case where the linear approximation
of the refractive index is used for the modulator, the phase decreases with a constant slope
with respect to the voltage change. However, in the case where the nonlinear model of
the refractive index is used, the phase changes with respect to the voltage are not with
a constant slope and in an approximate way. It behaves as a parabola.
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Figure 3. (a) Optical carrier phase changes for PM, (b) optical output power for MZM.

By replacing Equation (3) in Equation (1) and simplifying it, Equation (4) is obtained.

Eout = E0exp(jω0t)exp[(−jβ0)lm]×exp[((−jβ1)lmcos(ωr f t + φr f ))]×exp[((−jβ2)lmcos(2ωr f t + 2φr f ))] (4)

The new parameters can be calculated by Equation (5):

β0 =
ω0

c
[p0 + p1V0 + p2V2

0 +
p2V2

r f

2
]

β1 =
ω0

c
[p1Vr f + 2p2V0Vr f ]

β2 =
ω0

c
[
p2V2

r f

2
]

(5)

It should be noted that if we use p2 = 0, the first-order model will be obtained.
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The Fourier series of Equation (1) can be obtained by using the Jacobi–Anger expan-
sion (6) [28].

ejzcos(α) =
n=+∞

∑
n=−∞

jn Jn(z)e
jnα (6)

where Jn(z) is a first-kind Bessel function of integer order n.
By using Jacobi–Anger expression (6) in Equation (4), the PM optical spectrum can be

expressed as Equation (7) [29].

Eout = E0ejω0texp[(−jβ0)lm]×
N=+∞

∑
N=−∞

(−j)N JN(β1lm)exp[jN(ωr f t + φr f )]×
N′=+∞

∑
N′=−∞

(−j)N′
JN′ (β2lm)exp[jN′(2ωr f + 2φr f )] (7)

2.2. MZM Analytical Model

As illustrated in Figure 4, each MZM consists of one PM. To drive the MZM analytical
model, it needs to use the PM analytical expression that was achieved in Section 2.1. The
MZM analytical general form can be reached by Equation (8).

EMZM =
1

2
(Ein + EPM) (8)

where EPM = Ein×HPM, in this way, can express the PM transfer function (HPM) as
Equation (9).

HPM =
EPM

Ein
= exp[(−jβ0)lm]×

N=+∞

∑
N=−∞

(−j)N JN(β1lm)exp[jN(ωr f t + φr f )]×
N′=+∞

∑
N′=−∞

(−j)N′
JN′ (β2lm)exp[jN′(2ωr f + 2φr f )] (9)

Laser
source

~
RF

~
LO

MZM1 MZM2

Ein Em Eout

PM2PM1

Figure 4. Cascaded MZM mixer that employs single arm MZM. The blue lines refer to electrical paths

and the red lines refer to the optical paths. PM: phase modulator.

By replacing Equation (7) in Equation (8) and employing Equation (9), we can reach
a nonlinear model for MZM. This is achieved by Equation (10).

E =
Ein

2
(1 + HPM) (10)

To derive the transfer function for MZM, we can use the same method as described
for PM. Therefore, the MZM transfer function can be expressed as Equation (11).

HMZM =
1

2
(1 + HPM) (11)

2.3. Cascaded MZM Mixer Model

In the proposed structure, the cascaded MZM mixer consists of two MZMs in series,
as shown in Figure 4. The general form for this structure is achieved by Equation (12).

Eout = Ein×HMZM1×HMZM2 (12)
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Therefore, by replacing Equation (11) in Equation (12), the nonlinear model for the
cascaded MZM is achieved and can be expressed as Equation (13).

Eout =
Ein

4
×[HPM1

HPM2
+ HPM1

+ HPM2
+ 1] (13)

The optical spectrum of the mixer is illustrated in Figure 5, which is achieved by
using Equation (13) and a simulation of the proposed structure in Lumerical. In the
simulation and the analytical, both modulators are biased in quadrature points. Laser, RF
and LO frequencies, respectively, are set at 193.41 THz, 3 GHz and 4 GHz. Additionally,
laser power is set at 0 dBm. As can be seen from the figure, the simulation results are
in very good agreement with the analytical output, which indicates the accuracy of the
analytical expression.
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Figure 5. Nonlinear mixer optical spectrum according to Table 1 parameters.

In Figure 6, the results of the linear and nonlinear mixer are also compared. As it is
clear, if we do not consider the effect of the nonlinear behavior of the modulator and only
implement the modulator and mixer based on the linear model, we will have some errors
in the optical spectrum.
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2.4. Photo Diode Current and Frequency Combination

So far, the optical behavior of the cascaded mixer has been described. In general,
the frequency mixing part requires nonlinear components. The mixing operation can be
done by a nonlinear optical-to-electrical transformer device such as a photodiode. One of
the advantages of photodiodes is a highly nonlinear behavior, and another advantage of
photodiodes is the simplicity of this component. Therefore, considering these advantages
of photodiodes, this make it suitable for employing in mixer structures. Therefore, this
component is one of the most typical devices in microwave photonics, as it converts the
optical signal to an electrical signal at the same time as it mixes the frequency.

The following Equation (14) shows the relation between photodiode current and
optical signal of the mixer [27,30].

Ipd = RP (14)

where R is photodiode responsivity and P is the power of the optical signal applied to
a photodiode, which can express power as Equation (15).

P∝EoutE
∗
out (15)

note that ∗ is conjugate operation.
By replacing Equation (15) in Equation (14), the photodiode current can be rewritten

as Equation (16).
Ipd∝REoutE

∗
out (16)

To obtain the photodiode current in the cascaded single-arm MZM configuration, we
just need to replace Equation (13) in Equation (16).

Photodiode current in the proposed structure of the cascaded single-arm MZM config-
uration can be expressed as Equation (17).

Iouts =
|E0|

2

16
[HPM1

HPM2
+ HPM1

+ HPM2
+ 1]×[HPM1

HPM2
+ HPM1

+ HPM2
+ 1]∗ (17)

The electrical spectrum of the mixer is illustrated in Figure 7. The simulation results
compared with analytical results completely match each other. The 1 and 7 GHz frequencies
are down-conversion and up-conversion frequencies, respectively. A comparison of the
linear mixer electrical spectrum and non-linear mixer electrical spectrum is shown in
Figure 8. It is clear from the figure we have significant errors in some frequencies between
the mixer with linear and non-linear models.
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Figure 7. Mixer electrical spectrum.



Photonics 2023, 10, 916 8 of 15

0 1 2 3 4 5 6 7 8 9

Frequency (GHz)

-65

-60

-55

-50

P
o
w

e
r 

(d
B

m
)

Simulation Nonlinear Result

Analytical Linear Result

Analytical Nonlinear Result

Figure 8. Electrical spectrum comparison of mixers with linear and nonlinear modulators.

2.5. Conversion Loss

Conversion loss of the mixer is defined as the ratio of the output power at an Inter-
mediate Frequency (IF) to RF applied power. This also can be expressed as Equation (18).

CL =
SIF

SRF
(18)

The Conversion Loss (CL) of the mixer is demonstrated in Figure 9. As expected,
the mixer shows linear behavior at low voltages or small signal regimes, and, as the power
of the IF signal increases, it goes above the small signal regime; hence, the mixer shows
more nonlinear behavior. According to the behavior of the CL, it follows a constant value
up to 25 dBm RF power; after 25 dBm, it suddenly and nonlinearly follows a new path,
which determines the voltage of the signal in the large signal regime, and the mixer does
not follow linear approximation behavior. It is worth mentioning that, by considering
Equation (17), we come to the conclusion that the CL is directly related to the mixer optical
input power. Therefore, the mixer conversion loss can be improved by increasing the
entrance mixer’s optical power.
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Figure 9. IF conversion loss.
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3. Various Configurations

In Section 2, the analytical model’s proposed structure was expressed and the analytical
results were compared and evaluated with the simulation results. The results obtained
from the simulation and analytical were well matched, which proves the correctness of the
analytical expression for the nonlinear proposed structure. By using the analytical results,
carried out functionalities, such as frequency hopping, amplitude shift key modulation
and phase shifting, will be presented in the rest of this section.

3.1. Frequency Hopping

Frequency hopping is a wireless communication technology that sends the data using
a special algorithm at the moment on a specific frequency. MWP frequency hopping is 103

to 106 times faster relative to electronic frequency hopping [31]. Moreover, MWP frequency
hopping can be done at high frequencies due to no bandwidth limitation. For example,
in this study, 15 and 16 GHz frequencies have been considered for research, and other
frequencies can also be used.

In Figure 10, the electrical power level difference between 15 and 16 GHz frequencies
by considering changes in bias voltage of MZM1 and MZM2 is shown. Where the RF signal
modulates the optical carrier with MZM1 and the LO signal modulates the optical carrier
with MZM2. The simplicity of using the proposed structure for frequency hopping is the
advantage of this structure because only by changing the bias voltage of mixer modulators
one frequency can be easily suppressed compared to another frequency.

Figure 10. Power difference between 15 GHz and 16 GHz by changing RF and LO modulator bias.

The areas specified in Figure 10 are laid out in such a way that for the switch from
one frequency to another, if the bias voltage of the modulators has an error or is close to
the voltage required for the frequency switch, the power level does not change suddenly
and sharply. Assume at first that the system parameters set for 15 GHz frequency are
maximum, where this parameter is MZM1 bias voltage (VbRF) and MZM2 bias voltage
(VbLO), where VbRF and VbLO, considering Figure 10, are set at 2.15 volt for both of the
bias voltages. Therefore, by setting the bias voltages of the structure to these voltages,
the 15 GHz frequency is maximum and the 16 GHz frequency is suppressed. In a similar
manner, for a switch from 15 to 16 GHz, it is just needed to adjust the bias voltage of the
mixer, which, in this case, results in VbRF = 1.05 and VbLO = 1.6.

Figure 11a shows the modes for the 15 GHz frequency to be maximum and 16 sup-
pressed, and Figure 11b shows the mode where the 16 GHz frequency is maximum and
15 suppressed. The area of the suppressed frequency is shown with a black arrow.
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Figure 11. Frequency hopping operation for 16 GHz (a) and 15 GHz (b).

This functionality can be easily achieved from the proposed structure without any
changes in the structure and only by adjusting the bias voltage of the modulators, which is
one of the features of this structure. In addition, frequency hopping can be done for other
frequencies by adjusting the bias voltage; in this section, these frequencies are only selected
as samples. Moreover, it is worth mentioning that achieving Figure 10 is a consequence
of having an analytical model. Therefore, one advantage of having an analytical model is
optimizing the structure for specific functions.

3.2. Amplitude Shift Key Modulation (ASK)

Digital modulations are the basic foundation of digital communication and radar sys-
tems. Amplitude Shift Keying (ASK), Phase Shift Keying (PSK) and Frequency Shift Keying
(FSK) modulation can be mentioned as typical digital modulations. Digital modulation,
which is performed in the electrical field, has limitations such as bandwidth and high-
frequency generation, which can be overcome by using MWP techniques and performing
the modulation in the light field. Therefore, digital modulations that are done with MWP
systems do not experience an electrical bottleneck. Reducing the Size, Weight and Power
consumption (SWaP) is another advantage of MWP digital modulation.

From the proposed structure and analytical expressions, we carried out ASK mod-
ulation functionality. MWP ASK digital modulation, which is presented, operates by
considering the modulator’s applied bias voltages. Figure 12 shows the power level
at 8 GHz frequency by considering changes in bias voltages of RF and LO modulators.
With attention to the figure, some areas have higher power relative to others, so by selecting
two points from the figure that have minimum and maximum power and with voltages of
these points, ASK modulation can be done. The sequence of data to be modulated should
be in the form of binary, where it is directly connected to the modulator bias. Therefore,
with changes in modulator bias, the amplitude of desired frequency changes with respect
to the sequence of the data.
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Figure 12. Power level at 8 GHz frequency by changing RF and LO modulator bias.

In the studied case, the desired frequency is 8 GHz, VbLO is 1.5 V constant and VbRF

changes between 0.3 and 1.5 V when bias voltages of modulators are 1.5 V (VbLO) and 0.3 V
(VbRF). The amplitude of desired frequency is minimum relative to when the modulators’
bias voltages are 1.5 (VbLO) and 0.3 (VbRF) V according to Figure 12. Therefore, by switching
the bias voltages of the modulators, the amplitude of 8 GHz frequency in proportion to the
sequence of the data changes in a certain time period.

Figure 13 shows the ASK modulation by employing the proposed structure. Figure 13a
shows the sequence of the data, and Figure 13b shows the normalized modulated sequence
of the data on 8 GHz frequency. In addition, ASK modulation can be done for other
frequencies in this section; these frequencies are only selected as examples. Again, as
mentioned before, achieving Figure 12 is a consequence of having an analytical model.
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Figure 13. (a) Sequence of the data applied to RF modulator; (b) simulated normalized modulated

signal at 8 GHz.
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3.3. Phase Shifter

Phase shifting has an important role in phase array antennae, beam forming and radar
systems [32–34]. Microwave phase shifters have limited phase range and bandwidth
and significant SWaP. However, the use of MWP can help overcome these limitations.
The most important limitation of electrical phase shift is bandwidth limitation, which does
not exist in MWP solutions.

The other functionality carried out from the proposed structure is phase shifting,
which can control the phase of various frequencies. To illustrate, the proposed functionality
was demonstrated using a 9 GHz frequency. It should be noted that this structure can
control the phase of other frequencies besides 9 GHz, and the selection of 9 GHz was for
illustrative purposes.

Figure 14a shows the power level at 9 GHz frequency by considering the changes in
the modulators’ bias voltages, and Figure 14b shows phase behavior at 9 GHz frequency by
considering the changes in the modulators’ bias voltages. According to Figure 14b, in the
part inside the green area from top to bottom, the phase changes linearly between −π/2
and π/2 approximately.

Figure 14. (a) Power level with respect to the bias voltage changes at 9 GHz frequency. (b) phase of

9 GHz frequency with respect to the bias voltages changes.

According to Figures 14a and 15, in this region of the bias voltage of the modulators,
the power level at the frequency of 9 GHz has a difference of 12 dB between the maximum
value and the minimum value. In addition, it changes almost linearly with phase change
and does not behave suddenly.

Figure 15 shows the power level with respect to the phase changes. In the selected
region, for phase shifting, VbLO can have a voltage between 0.3 and 1 V, but it must be
fixed because VbLO set at a fixed voltage and VbRF changing from 0 to 3 V will cause phase
shifting according to Figure 14. With the change of VbRF from 0 to 3 V, phase changes
in a smooth and linear behavior, which brings the ability to control the phase of desired
frequency by adjusting the VbRF. Moreover, as shown in Figure 15, by changing the VbLO

within the mentioned range, there is no significant difference in the phase behavior and it
continues to change linearly.
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Figure 15. Power level with respect to the phase changes at 9 GHz frequency.

As mentioned, various LO bias voltages between 0.3 and about 1 V can be set for phase
shift in structure, but all the voltages in this range are not suitable and the phase changes
do not behave linearly and smoothly. Figure 16a shows the Mean Square Error (MSE) of
phase changes in the range of 0 to 3 V LO bias voltages according to the estimation of
first-order phase changes. As it is clear from the figure, in the range of 0.3 to 1 V, the phase
changes have very little error and it has nearly linear behavior with respect to bias voltages,
which shows the ability of the structure to control the phase for the mentioned applications.
In addition, the error is very small in the area shown in Figure 14b.
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Figure 16. (a) MSE of phase changes related to linear estimation (b) Comparison between phase

changes and its linear estimation for minimum MSE at VbLO = 0.6 volt.

From the results of Figure 16a, the minimum error occurs when the LO bias voltage
is 0.6 volts. Therefore, the most linear behavior of the phase is obtained at this voltage.
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Figure 16b shows the behavior of the phase changes in the 0.6 V constant LO bias voltage
in relation to the change in the RF bias voltage.

4. Conclusions

A cascaded MZM reconfigurable MWP mixer is presented, analyzed and simulated.
The structure consists of two cascaded single-arm MZM modulators. Two single tone
frequencies (RF and LO) are applied to MZM modulators, which makes this structure
a MWP mixer. The general analytic model for the spectra (both power and phase) of
a PM, MZM and mixer is derived and verified by the simulation results. In the proposed
model, the nonlinear behavior of PM is considered, which makes this model more general
and independent of the electro-optic platform. The proposed analytic model enables
us to optimize the structure for different functionalities, such as frequency hopper, ASK
modulator and phase shifter in some frequencies, by changing the bias voltages applied to
MZMs. Having analytical expressions of the spectra, these configurations were investigated,
and the performance of the structure in these configurations is discussed. The frequency
hopping configuration was reached by suppressing one frequency while maximizing
another neighbor frequency. The ASK modulator configuration is optimized by finding
maximum and minimum power at a special frequency for applied bias voltages. Phase
shifting occurred in some frequencies where they have the most linear phase behavior
while having constant power behavior simultaneously.
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