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Phase-Coded Microwave Signal Generation Based on
a Segmented Silicon Mach–Zehnder Modulator

Gangqiang Zhou , Linjie Zhou , Liangjun Lu, Yuyao Guo, and Jianping Chen

Abstract—We demonstrate novel phase-coded microwave signal
generation based on a two-segment single-drive push–pull silicon
Mach–Zehnder modulator. The coding signal and the microwave
frequency are each applied to one of the separate segments. The
phase-coded microwave signal is generated by properly setting
the working point of the modulator. The precise π phase shift is
determined by the sign of the coding signal. Both theoretical anal-
ysis and experimental demonstration are performed to verify the
concept. The modulator successfully generates a 10-GHz (20-GHz)
phase-coded microwave signal with a 5-Gb/s (10-Gb/s) coding data
rate and the measured pulse compression ratio is 133.0 (156.8).

Index Terms—Microwave photonics, silicon modulator, silicon
photonics, phase-coded microwave signal.

I. INTRODUCTION

IN MODERN radar systems, in order to obtain a high resolu-
tion and a large detection range simultaneously, phase-coded

microwave signals have been widely used [1]. Traditionally,
the phase-coded microwave signal is generated in the electrical
domain. However, due to the bandwidth limitation of the electri-
cal devices, the operation frequency is usually low. High-speed
microwave signal generation by photonic approaches possesses
the merits of a larger bandwidth and more flexible tunabil-
ity compared to electrical ones. One method for phase-coded
microwave signal generation is to first produce two optical
sidebands by RF modulation and then perform phase coding
on one sideband [2]–[6]. After optical-to-electrical conversion,
a phase-coded microwave signal is generated. An optical filter
[2]–[4] or a polarization maintaining fiber [5], [6] is necessary
to separate the two sidebands. Another method is based on
the optical carrier phase-shifting technique using a modulator
usually with two branches, such as a dual-parallel Mach-Zehnder
modulator (MZM) [7], a dual-polarization modulator [8], a
dual-polarization dual-parallel MZM [9]. In these structures,
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one branch is modulated by the coding signal to change the
phase of the optical carrier, and the other branch is driven by
the microwave signal with the optical carrier suppressed to
generate the two sidebands. The phase-coded microwave signal
is generated upon combining the two branches. Besides the
above two common methods, phase-coded microwave signals
can also be generated from a dual-drive MZM by properly setting
the working point and the coding signal [10], [11]. All-optical
generation of binary phase-coded microwave signal based on
cross-polarization modulation in a highly nonlinear fiber has
also been demonstrated [12].

With the recent rapid development of integrated microwave
photonics (MWP), MWP systems can be reduced in footprint
and complexity considerably [13]. Indium phosphide (InP) [14],
silicon nitride (SiN) [15], and silicon-on-insulator (SOI) [16] are
the three key material platforms for monolithic MWP integra-
tion. The InP platform enables the integration of various passive
and active photonic components. However, it is not compatible
with the complementary metal-oxide-semiconductor (CMOS)
process and lacks the potential for low-cost and mass production.
On the SiN platform, it is hard to realize high-speed modulation
unless hybrid integration with other materials is employed. The
SOI platform features CMOS compatibility and high-density
photonic integration as the waveguide size and bending radius
are much smaller than those on the InP and SiN platforms.

Electro-optic modulators on the SOI platform have been
intensively investigated in recent years [17]–[22]. They have
been employed in multiple integrated MWP signal generation
and processing applications. For example, an integrated mi-
crowave photonic filter (MPF) has been implemented by using
a high-speed phase modulator (PM) followed by a thermally
tunable high-Q micro-disk resonator (MDR) and a high-speed
photodiode (PD) [23]. An integrated optical frequency comb
has been realized by using a micrometer-scale ring resonator
modulator (RRM) [24]. A frequency-doubled microwave signal
has been generated by employing a coupling-modulated ring res-
onator [25]. As for phase-coded microwave signal generation, a
silicon micro-ring modulator together with an external intensity
modulator has been used [26]. In this method, to realize the
precise π phase shift, the amplitude of the coding signal should
be set properly.

In this paper, we demonstrate phase-coded microwave signal
generation using a two-segment single-drive push-pull silicon
MZM. The segmented silicon modulators have previously been
developed for pulse-amplitude-modulation (PAM) [27], [28]. A
two-segment MZM has been used to realize 128 Gb/s PAM-4
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modulation [27]. A three-segment MZM has been used for
114 Gb/s PAM-8 modulation [28]. Here, we show that such seg-
mented modulators can also be used for phase-coded microwave
signal generation. The longer segment is driven by a coding
signal and the shorter segmented is driven by a microwave
signal. The principle is similar to the phase-coded microwave
signal generation based on a dual-drive modulator. However,
compared to the dual-drive configuration, the single-drive one
has a smaller capacitance as the PN junctions in the two arms
are connected in series. This greatly improves the modulation
bandwidth [29]. To the best of our knowledge, this is the first
time to realize phase-coded microwave signals using only one
integrated modulator on the SOI platform. Besides, the precise π
phase shift is independent of the amplitude of the coding signal.
Both theoretical analysis and experimental demonstration are
performed to verify the concept. Microwave signals at 10 GHz
and 20 GHz frequencies have been generated with phase-coded
data rates of 5 Gb/s and 10 Gb/s, respectively.

The rest of this paper is divided into the following sections.
Section II presents the device structure of the segmented modula-
tor. In Section III, theoretical analysis is performed for the phase-
coded microwave signal generation. Section IV describes the
characteristics of the segmented modulator. The experimental
results are reported in Section V. Finally, we draw conclusions
in Section VI.

II. DEVICE STRUCTURE

Fig. 1(a) shows the structure of the segmented silicon
MZM with two signal-drive push-pull traveling-wave electrodes
(TWE). The modulator consists of two multimode interferom-
eters (MMIs) as the input optical splitter and the output optical
combiner. This segmented modulator was originally designed
for PAM-4 modulation driven by two binary electrical signals
with an identical peak-to-peak voltage. Therefore, the two seg-
ments have lengths of 3 mm and 1.5 mm. Each segment is
integrated with a pair of horizontal PN junctions connected in
series. The modulator is based on an imbalanced MZI with an
arm length difference of 90 μm. Thus, the operation point of the
modulator can be changed by varying the input light wavelength.
To facilitate RF packaging, we add 1.5-mm-long auxiliary TWE
at the end of the short segment and put the GSGSG electrode
pads along the chip edge. The waveguide is routed away at the
end of the output MMI and the auxiliary TWE has no modulation
effect on the device.

The inset of Fig. 1(a) shows the cross-section of the mod-
ulation arms. The designs of the PN junction and TWE are
identical for the two segments. The waveguide width is 500 nm
and the height is 220 nm with a 90-nm-thick slab. The horizontal
PN junction is formed inside the waveguide and is offset from
the center by 190 nm towards the n-doped region. The p-type
doping concentration is ∼4 × 1017 cm−3 and the n-type doping
concentration is ∼8 × 1017 cm−3. The concentrations of the
heavily n++- and p++-doping regions are ∼1 × 1020 cm−3 to
form good ohmic contacts. They are separated by 500 nm away
from the edge of the rib waveguide to make a compromise
between the free-carrier absorption loss and the modulation

Fig. 1. (a) Schematic structure of the segmented Mach-Zehnder modulator.
The inset shows the cross-section of the modulation arms. (b) Microscope image
of the fabricated device. (c) Scanning capacitance microscopy image of one
modulation arm. The blue color represents the n-type doping region and the
bright green color represents the p-type doping region.

bandwidth. The TWE is made of two layers of aluminum metals.
The metal line is optimized to have low microwave attenuation
and 50 Ω characteristic impedance, and meanwhile make the
microwave effective refractive index match to the optical group
index. The widths of metal-1 and metal-2 are 17 μm and 45 μm,
respectively. The gap separations between the signal and ground
metal traces for metal-1 and metal-2 layers are 35μm and 50μm,
respectively. A direct current (DC) bias line is connected to the
n++-doping region in the middle of the two arms of the MZI so
that the PN junctions can be reverse-biased.

The device was fabricated using CMOS-compatible processes
in IME (now AMF), Singapore. The top silicon layer and the
buried silicon oxide layer thicknesses are 220 nm and 2 μm,
respectively. 248-nm deep ultra-violet (DUV) photolithography
was used to pattern the silicon waveguides. Fig. 1(b) shows the
microscope image of the fabricated device. The two-segment
modulator has a footprint of 0.7 mm × 3.6 mm. Fig. 1(c)
shows the scanning capacitance microscopy (SCM) image of one
modulation arm. A horizontal PN junction is clearly discerned
inside the waveguide.

III. THEORETICAL ANALYSIS

A binary coding signal c(t) is applied on the longer segment
and a microwave signal with an amplitude of Vrf is applied
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on the shorter segment. Assuming the electric field of the input
optical wave is 1, then the output electric field can be written as

Eout =
1

2
ej[2πfct−(ϕ1+ϕ2)]

[
ej(−θ1+θ2) + ej(θ1−θ2+Δθ)

]
(1)

where fc is the frequency of the optical carrier, ϕ1 = Vd1
/Vπ1

and ϕ2 = Vd2/Vπ2
are the phase shifts when the DC bias volt-

ages Vd1 and Vd2
are applied on the two segments, respectively,

θ1 and θ2 are the phase shifts caused by the coding signal and the
microwave signal, respectively, and Δθ is the phase difference
between the two arms. The phase shifts are given by

θ1 = πc(t)/(2Vπ1) (2)

θ2 = πVrf cos (2πfrf t)/(2Vπ2) (3)

where frf is the frequency of the microwave signal, Vπ1
and Vπ2

are the half-wave voltages of the longer and shorter segments,
respectively. The generated photocurrent in the PD is

iout ∝ Eout(t)Eout(t)
∗

∝ 1

2
{1 + cos [πVrf cos (2πfrf t)/Vπ2

− πc(t)/Vπ1 −Δθ]} (4)

Using Bessel expansion, we could get the photocurrent of the
PD as

iout ∝ 1

2

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

[
J0 (θ3) + 2

∞∑
m=1

(−1)mJ2m (θ3)

× cos (4mπfrf t)] cos (θ4)

−2
∞∑

m=0
(−1)mJ2m+1 (θ3)

× cos [(4m+ 2)πfrf t] sin (θ4) + 1

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

(5)

where Jn is the nth-order of the first Bessel function,
θ3 = πVrf/Vπ2

, and θ4 = πc(t)/Vπ1
+Δθ. Neglecting the DC

and the higher-order terms, we could get the output of the PD as

iout ∝ J1 (πVrf/Vπ2) cos (2πfrf t) sin [−πc(t)/Vπ1 −Δθ]
(6)

When Δθ = π, we have

iout ∝ J1 (πVrf/Vπ2) cos (2πfrf t) sin [πc(t)/Vπ1] (7)

From (7), we observe that the amplitude of the generated
microwave signal is modulated by a sine function. When c(t)
> 0, the phase of the generated microwave is “0”. When c(t) <
0, the phase of the generated microwave is “π”. Therefore, the
phase of the generated microwave signal changes by “π” and
the magnitude remains the same at the two levels of the coding
signal. Although the amplitude of the generated microwave
signal depends on the amplitude of the coding signal, theπ phase
shift of the generated microwave signal is independent. To get a
strong phase-coded microwave signal, the peak-to-peak voltage
(Vpp) of the coding signal should set close to Vπ1

. We arbitrarily
choose to apply the coding signal on the longer segment and the
microwave signal on the shorter one. The reverse should also
work. Fig. 2 shows the simulated phase-coded microwave signal
together with the driving microwave and coding signals.

Fig. 2. (a) Waveform of the 20 GHz microwave signal. (b) Waveform of the
5 Gb/s square wave coding signal. (c) Generated 20 GHz phase-coded microwave
signal.

Fig. 3. (a, b) Transmission spectrum of modulator when the voltage is applied
on (a) the longer segment and (b) the shorter segment. (c, d) Extracted phase
shift versus bias voltage for (c) the longer segment and (d) the shorter segment.

IV. CHARACTERIZATION OF THE MODULATOR

Figs. 3(a) and 3(b) show the measured transmission spectra of
the segmented MZM when the reverse bias voltage is applied on
one arm of the longer segment and of the shorter segment, respec-
tively. The fiber-to-fiber insertion loss of the segmented MZM is
about 16.5 dB at zero bias. Given the fiber-to-chip coupling loss
of 3 dB/facet, the on-chip insertion loss of the modulator is about
10.5 dB at zero bias. Figs. 3(c) and 3(d) show the extracted phase
shift as a function of the bias voltage. For the longer segment,
the π phase shift is achieved at the −7 V bias voltage and the
modulation efficiency is 1.53 V·cm at −1 V bias. For the shorter
segment, Vπ is larger than 10 V and the modulation efficiency
is 1.65 V·cm at −1 V bias. The modulation efficiency (VπL) is
calculated based on the expression VπL = πVbiasL/Δϕ, where
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Fig. 4. (a)–(d) Small-signal electro-electro (EE) responses of the TWE in
(a, c) the longer segment and (b, d) the shorter segment with the auxiliary TWE.
Both transmission (EE-S21) and reflection (EE-S11) are measured. (e) and
(f) Small-signal electro-optic (EO) responses of (e) the longer segment and
(f) the shorter segment.

Vbias is the applied reverse bias voltage, Δϕ is the phase shift
at this voltage and L is the length of the phase shifter [30]. We
attribute the slight difference in modulation efficiency to the
fabrication error-induced non-uniformity.

Next, we measured the electro-electro (EE) S-parameters of
the TWE at various DC bias voltages using a 67-GHz vector
network analyzer (VNA, Keysight, N5247A). The RF signal
from the VNA was applied to TWE through a 40-GHz ground-
signal (GS) probe and the transmitted RF signal was fed back
to the VNA through another GS probe. Figs. 4(a) and 4(b)
show the EE-S21 curves of the first TWE (longer segment)
and the second TWE (shorter segment concatenated with the
auxiliary one). Both the EE-S21 curves were normalized to the
starting frequency of 100 MHz. For the first TWE, the 6.4-dB
bandwidth is 23.9 GHz at−1 V bias and it increases to 29.7 GHz
at −3 V bias. For the second TWE, the 6.4-dB bandwidth is
24.8 GHz at −1 V bias and increases to 30.2 GHz at −3 V
bias. Because the second TWE incorporates two equal sections,
the short segment in the modulator essentially has a much larger
bandwidth than the measured value. Figs. 4(c) and 4(d) show the
EE-S11 responses of the two TWEs. The RF reflection is below
−10 dB from 100 MHz to 40 GHz, indicating reasonably good
impedance match of the modulator TWE with the RF cable. The
EO-S21 response of the segmented modulator was measured
using a lightwave component analyzer (LCA, Keysight,
N4373C). Fig. 4(e) shows the EO-S21 responses of the longer

Fig. 5. Experimental setup for generating the phase-coding microwave sig-
nal. PPG: pulse pattern generator; AMP: electrical amplifier; PC: polarization
controller; EDFA: erbium-doped fiber amplifier; BPF: bandpass filter; PD:
photodiode; OSC: oscilloscope.

segments. The 3-dB EO bandwidth is 17.1 GHz at −1 V bias
and increases to 24.7 at −3 V bias. Fig. 4(f) shows the EO-S21

responses of the shorter segment. The 3-dB EO bandwidth is
32.9 GHz at −1 V bias, much larger than that of the longer
segment [27]. The 3-dB EO bandwidth is below the 6.4-dB EE
bandwidth probably due to the mismatch between the microwave
effective refractive index and the optical group index. The char-
acteristic impedance of the TWE is not exactly equal to 50 Ω,
which also slightly decreases the 3-dB EO bandwidth.

V. EXPERIMENTAL RESULTS

Fig. 5 depicts the experimental setup for the phase-coded mi-
crowave signal generation. The pseudo-random binary sequence
(PRBS) signal was generated from a pulse pattern generator
(PPG, Keysight, N4960A and N4951B). The Vpp of the PRBS
signal was amplified to 7 V and applied to the longer segment.
The microwave signal was generated from a microwave source
(Anapico, APSIN20G). The Vpp of the microwave signal was
also amplified to 7 V and applied to the shorter segment. The
DC bias voltage was applied through a DC probe to ensure the
modulator to work in the carrier-depletion condition. The DC
voltages on the longer and shorter segments were both 2 V. Light
at the 1549.6 nm wavelength from a tunable laser was set to
the transverse-electric (TE) polarization before coupling to the
modulator, which is the minimum optical transmission (carrier
suppression) point. The modulated signal was amplified by an
erbium-doped optical amplifier (EDFA) and filtered before it
was detected by a 50-GHz photodiode (PD, U2t, XPDV2120R).
The output of the PD was received by a real-time oscillo-
scope (Lecroy, LabMaster 10-36Zi-A) with a sampling rate
of 80 GS/s.

We set the microwave frequency at 10 GHz and the coding
signal at a data rate of 5 Gb/s with a pseudo-random binary
sequence (PRBS) pattern with a length of 27 − 1. Fig. 6(a)
shows the measured waveform and Fig. 6(b) shows the zoom-in
of the signal. The recovered phase change from the measured
signal was obtained through the Hilbert transform as shown in
Fig. 6(c). It can be seen that the phase changes between “0” or
“π”.

In order to verify the pulse compression ability of phase
coding, we first calculated an autocorrelation trace based on
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Fig. 6. (a) Measured waveform of a 10-GHz microwave signal phase-coded
by a 27 − 1 PRBS signal with a coding data rate of 5 Gb/s. (b) Zoom-in of
the generated phase-coded signal. (c) Recovered phases from the phase-coded
signal.

the simulated signal and calculated it based on the experimen-
tally recorded signal. Fig. 7(a) shows the autocorrelation of the
simulated signal. The insets are the zoom-in of the main lobe of
the autocorrelation traces. The peak-to-side lobe ratio (PSR) is
10.75 dB. The pulse compression ratio (PCR) is 127. Fig. 7(b)
shows the autocorrelation of the measured signal. The PSR is
10.17 dB and the full-width at half-maximum (FWHM) of the
main lobe is about 0.191 ns. The RF signal length is 25.4 ns, so
the PCR is 133.0.

The microwave frequency and the coding data rate can be
easily changed by resetting the RF source and PPG. Figs. 8(a)
and 8(b) show the overall and zoom-in waveforms of a 20-GHz
microwave signal phase-coded at a data rate of 10 Gb/s. Fig. 8(c)
presents the recovered phase change. We also calculated the
autocorrelation of the simulated and measured signals at this
frequency. Fig. 9(a) shows the autocorrelation of the simulated
signal. The peak-to-side lobe ratio (PSR) is 10.73 dB. The pulse
compression ratio (PCR) is 127. Fig. 9(b) shows the autocor-
relation of the measured signal. The PSR is 8.42 dB and the
FWHM of the main lobe is about 0.081 ns. The RF signal length
is 12.7 ns, so the PCR is 156.8.

Figs. 10(a) and 10(b) show the comparison of the autocor-
relation main lobe between the simulated and the measured
results. The FWHM measured from the experiment is smaller

Fig. 7. Autocorrelation traces of (a) the simulated and (b) the measured
10-GHz phase-coded microwave signals at a coding data rate of 5 Gb/s. The
insets show the zoom-in of the main lobe.

Fig. 8. (a) Measured waveform of a 20-GHz microwave signal phase-coded
by 27 − 1 PRBS signals with a coding data rate of 10 Gb/s. (b) Zoom-in of
the generated phase-coded signals. (c) Recovered phases from the phase-coded
signal.

than that from the simulation. Thus, it results in a higher pulse
compression ratio. Figs. 10(e) and 10(f) present the electrical
spectra of the measured signals. There are extra frequency
components around 5 GHz when the coding data rate is 5 Gb/s.
When the coding data rate is 10 Gb/s, the 10 GHz frequency
component is also present. It is possibly caused by the amplitude
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Fig. 9. Autocorrelation traces of (a) the simulated and (b) the measured
20-GHz phase-coded microwave signals at a coding data rate of 10 Gb/s. The
insets show the zoom-in of the main lobe.

Fig. 10. (a, b) Measured (black line) and simulated (red line) main lobes.
(c, d) Filtered (black line) and simulated (red line) main lobes. (e, f) Power
density spectrum of the measured signal. (g, h) Power density spectrum of
the measured signal after filtering. The left column shows the results of the
microwave frequency at 10 GHz with a coding data rate of 5 Gb/s and the right
column shows the results of the microwave frequency at 20 GHz with a coding
data rate of 10 Gb/s.

Fig. 11. Experimental setup for measuring the SFDRSHD of the shorter
segment.

chirp when the binary phase-shift keying (BPSK) modulation is
realized in the longer segment. Besides, due to the nonlinearity
of the modulator, high-order harmonic frequency components
of the applied microwave signal may generate. From Figs. 10(e)
and 10(f), we can observe that the high-order harmonic fre-
quency components are very small. The measured spurious-free
dynamic range (SFDR) for the second-order harmonic distortion
(SHD) of the shorter segments is SFDRSHD = 90.32 dB·Hz1/2

(See Appendix). These frequency components could be elim-
inated by an electrical filter or an antenna. We removed these
frequency components by using a Butterworth filter. The power
density spectra after filtering are shown in Figs. 10(g) and 10(h).
Then we calculated the autocorrelation of the measured signal
after filtering. The retrieved FWHM of the main lobe is about
0.219 ns and 0.107 ns at the coding rates of 5 Gb/s and 10 Gb/s,
respectively. The corresponding PCR is 116.0 and 118.7, close
to the simulation results. Figs. 10(c) and 10(d) compare the
autocorrelation main lobe between the filtered experimental
results and the simulation results. They agree very well with
each other. Thus, we can infer that those unwanted frequency
components lead to higher PCR in the unfiltered signal.

VI. CONCLUSION

We have demonstrated a novel integrated photonic approach
to generate phase-coded microwave signals based on a two-
segment single-drive push-pull silicon MZM. The phase coding
signal is applied to the longer segment and the microwave
signal is applied to the shorter segment. As a proof-of-principle
demonstration, we successfully generate two phase-coded mi-
crowave signals at 10 GHz with a coding rate of 5 Gb/s and at
20 GHz with a coding rate of 10 Gb/s. The PCR of the measured
phase-coded microwave signal is 133.0 and 156.8 at 10 GHz
and 20 GHz, respectively. The successful generation of a phase-
coded microwave signal in an optical beam marks a significant
step forward in full integration of microwave photonic signal
generators on a single chip and it can find potential applications
in radar systems.

APPENDIX

Fig. 11 shows the experimental setup for measuring the
SFDRSHD of the shorter segment. The microwave signal gen-
erated from a microwave source (Rohde&Schwarz, SMB100A)
was applied to the shorter segment. The frequency of the mi-
crowave signal was 1 GHz. The input laser wavelength was set
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Fig. 12. Measured SFDRSHD of the shorter segment at the quadrature opera-
tion point. The dots represent the measured data and the straight lines represent
linear fits.

at the quadrature point. The modulated light was amplified and
filtered before entering a 50 GHz PD. The DC voltage was set at
2 V. The SFDRSHD was obtained by measuring the fundamental
and SHD components on an RF spectrum analyzer (Keysight,
N9000B). Five data points were measured and linearly fitted for
both fundamental and SHD components, as shown in Fig. 12.
The fundamental and the SHD has linear and quadratic responses
to the input RF power with a slope of 0.998 and 2.005, respec-
tively. The noise floor of the RF spectrum analyzer is -163 dBm.
The SFDRSHD is hence 90.32 dB·Hz1/2.
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