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Abstract: We present a photonic approach to generating binary phase-coded microwave
signals with large frequency tunability using a dual-parallel Mach–Zehnder modulator
(DPMZM). The DPMZM consists of a pair of sub-MZMs embedded in the two arms of a parent
MZM. In our scheme, one of the sub-MZMs is fed by a sinusoidal microwave signal to be
phase-coded, and the other sub-MZM is driven by a rectangular coding signal. The optical
signals from the two sub-MZMs are destructively interfered by adjusting the dc bias of the
parent MZM. As a result, the optical carrier is binary phase coded. A binary phase-coded
microwave signal is generated by beating between the optical carrier and the sidebands. The
carrier frequency of the phase-coded microwave signal is widely tunable. Phase-coded
microwave signals with two different frequencies at 10 and 20 GHz are experimentally
generated, respectively.

Index Terms: Microwave phase coding, microwave photonics, radar.

1. Introduction
In order to improve the range resolution of the radar systems, microwave pulse compression
techniques have been widely utilized [1]–[3]. Phase coding or frequency chirping is generally
introduced to the microwave pulses to increase the radar resolution via expanding the signal band-
width and to transmit long pulses with a more efficient use of the average power. Phase-coded or
frequency-chirpedmicrowave signals have been generated using photonic technique. Thesemethods
are very attractive thanks to the large bandwidth provided by modern photonics devices and the low
loss of the optical fiber. A lot of photonic-based techniques have been proposed to generate phase-
coded or frequency-chirped microwave waveforms [4]–[14]. In [4] and [5], phase-coded or frequency
chirpedmicrowave pulses were generated utilizing a spatial light modulator (SLM). The system is very
flexible since the SLM is easily reconfigurable. The main drawback of this approach is the complexity
and high insertion loss due to the coupling between the optical fiber and space. All-fiber basedmethods
are, therefore, more promising to generate phase-coded or frequency-chirped microwave signals [6]–
[14]. It was reported that nonlinear frequency-to-time mapping were used to generate frequency-
chirped microwave pulses [6]. Z. Li et al. andM. Li et al. have demonstrated the photonic generation of
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frequency-chirped and phase-coded microwave signals using a Sagnac interferometer and a
Mach-Zehnder interferometer [7], [8], respectively. However, they suffer from the poor stability of
the systems since the interferometers are very sensitive to the environmental fluctuation.

In [9], phase-coded microwave signals were generated using a polarization-maintaining (PM) fiber
and a polarization modulator (PolM). The PM fiber was used to generate two orthogonally polarized
optical signals. The frequency of the generated phase-coded microwave signal is not tunable for a
given length of PMF. This problem was partly solved in [10], [11], where a PM-fiber Bragg grating
(FBG) has been used. The PM-FBG enables frequency tunability in a limited frequency range
because of its limited bandwidth. Phase-coded microwave signals were also generated based on
PolMs and an optical bandpass filter [12], [13]. Again, the frequency tunable range is restricted by the
optical filter. Recently, we have reported a microwave phase-coding technique using cascaded
PolMs [14]. It should be noticed that the transmitters of these systems [6]–[14] are all realized using
several individual components, which makes the transmitters complicated.

This paper presents a photonic binary phase-coded microwave signals generation technique with
wide frequency tunable range using a single modulator. The modulator is actually a commercial
dual-parallel Mach-Zehnder Modulator (DPMZM), which consists of a parent-MZM and two sub-
MZMs. In our scheme, one of the sub-MZMs is driven by a microwave signal to be phase-coded and
the other sub-MZM is fed by a rectangular data signal (i.e. coding signal). The optical carriers at the
output of the sub-MZMs are destructively interfered via tuning the dc bias of the parent-MZM. By
properly choosing the power of the electrical signal and the dc bias of the modulator, binary phase-
coded microwave signals can be generated. We experimentally verified our approach at two
microwave frequencies of 10-GHz and 20-GHz, respectively. The frequency tuning range of the
proposed technique is determined by the bandwidth of the DPMZM.

2. Principle
Fig. 1 illustrates the layout of the DPMZM, which is structured as a parent-MZM (MZM3) and two
sub-MZMs (MZM1 and MZM2). MZM1 and MZM2 are setting in parallel and are combined by
MZM3. There are two high-speed radio-frequency (RF) electrodes integrated in the two sub-MZMs,
respectively. The optical carrier can be expressed as EinðtÞ ¼ E0expðj!0tÞ, where E0 and !0 are the
amplitude and angular frequency of the optical carrier, respectively. A sinusoidal microwave signal
is sent to MZM1. At the output of MZM1, the optical field is given by

EMZM1ðtÞ ¼EinðtÞcosð�1cos!mt þ ’1Þ=
ffiffiffi
2
p

¼EinðtÞ cosð’1Þ J0ð�1Þ þ 2
X1
n¼1
ð�1ÞnJ2nð�1Þcosð2n!mtÞ

" #(

þ2sinð’1Þ
X1
n¼1
ð�1ÞnJ2n�1ð�1Þcos ð2n � 1Þ!mt½ �

)
=
ffiffiffi
2
p

(1)

Fig. 1. Layout of the dual-parallel Mach-Zehnder modulator (DPMZM). MSG: microwave signal
generator.
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where �1 ¼ �Vm=ð2V�Þ, and !m and Vm are the angular frequency and amplitude of the microwave
signal, respectively. V� is the half-wave voltage of the MZM1. ’1 ¼ �Vdc1=ð2V�Þ and Vdc1 is the dc
bias voltage of MZM1. Jnð�Þ is the Bessel function of the first kind of order n. Under small-signal
modulation condition, we only consider the first-order sidebands and (1) is rewritten as

EMZM1ðtÞ¼E0 cosð’1Þexpðj!0tÞ��1sinð’1Þexp jð!0þ!mÞt½ ���1sinð’1Þexp jð!0�!mÞt½ �f g=
ffiffiffi
2
p

: (2)

On the other hand, a rectangular data signal is fed to MZM2. At the output of MZM2, we have the
optical field

EMZM2ðtÞ ¼ EinðtÞcos �2bðtÞ þ ’2½ �=
ffiffiffi
2
p

(3)

where �2 ¼ �VD=ð2V�Þ, VD is the amplitude of the rectangular data signal and bðtÞ ¼ 0 or 1.
’2 ¼ �Vdc2=ð2V�Þ and Vdc2 is the dc bias voltage of MZM2. The outputs of MZM1 and MZM2 are
combined by MZM3. Finally, we can write the output of DPMZM as

EDPMZM ðtÞ ¼ EMZM1ðtÞ þ EMZM2ðtÞexpðj’3Þ½ �=
ffiffiffi
2
p

¼ 1
2
E0 cosð’1Þ þ cos �2bðtÞ þ ’2½ �expðj’3Þf gexpðj!0tÞ

� 1
2
E0�1sinð’1Þexp jð!0 þ !mÞt½ � � 1

2
E0�1sinð’1Þexp jð!0 � !mÞt½ � (4)

where ’3 ¼ �ðVdc3 � VoffsetÞ=ð2V��MZM3Þ is the phase shift between the outputs of MZM1 and
MZM2. It is tunable via adjusting the dc bias of the parent-MZM. V��MZM3 is the half-wave voltage of
MZM3, Voffset is the offset voltage for ’3 ¼ 0. In our scheme, we bias MZM2 at its maximum
transmission point, i.e. Vdc2 ¼ 0 V. The phase shift ’3 is adjusted to be � by setting the dc bias of
the MZM3. It means that the optical carriers at the outputs of MZM1 and MZM2 are destructively
interfered. When the output signal of the DPMZM is detected in a photodetector (PD), the micro-
wave signal is proportional to

iðtÞ ¼ R EDPMZM ðtÞj j2/ �RE2
0 cosð’1Þ � cos �2bðtÞ½ �f g�1sinð’1Þcosð!mtÞ (5)

where R is the responsivity of the PD. For bðtÞ ¼ 0, the microwave current is given by

im0ðtÞ ¼ �RE2
0 cosð’1Þ � 1½ ��1sinð’1Þcosð!mtÞ: (6)

For bðtÞ ¼ 1, the current can be expressed as

im1ðtÞ ¼ �RE2
0 cosð’1Þ � cosð�2Þ½ ��1sinð’1Þcosð!mtÞ: (7)

In order to generate a � phase-coded microwave signal, we have

cosð’1Þ � cosð�2Þ ¼ � cosð’1Þ � 1½ �: (8)

It is worth noting that Eq. (8) is easy to be satisfied, e.g. VD ¼ V�, and Vdc1 ¼ 2V�=3. A schematic
illustration of the principle of the proposed � phase-coded microwave signal generation technique is
illustrated in Fig. 2. The output of MZM1 has three continuous wave (CW) signals, i.e. an optical
carrier and two sidebands. For bðtÞ ¼ 0 or 1, the amplitude of the optical carrier from MZM2
switches between 0 and twice of that from MZM1. As a result, the amplitude and phase of the
sidebands keep constant and the phase of the optical carrier switches between 0 and �, while the
amplitude of the optical carrier keeps unchanged. Binary phase-coded microwave signals are
generated via beating between the optical carrier and the sidebands.

3. Experiments and Results
We carried out an experiment using the setup shown in Fig. 3. A laser diode (LD) emitting at 1550 nm
served as the optical carrier. The output of the LD was coupled to a DPMZM via a PM fiber. A
microwave signal generator (MSG) generated a sinusoidal microwave signal which was fed to MZM1,
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while a rectangular data signal from a pulse pattern generator (PPG) was fed to MZM2. The PPGwas
triggered by the signal from theMSGafter a 1/4 frequency divider. Therefore, the speed of the PPGas
well as the speed of the phase-coded microwave signal is determined by the frequency of the
microwave from the 1/4 frequency divider. The dc bias of the DPMZM and the power of the electrical
signals were adjusted as described in section II. The phase-codedmicrowave signals were generated
in the PD and were captured by a sampling oscilloscope (OSC).

First of all, we checked the phase-coding performance of the proposed system. The output
frequency of the MSG was set at 10-GHz. The electrical data signal was a B0101[ sequence of
2.5 Gb/s. Fig. 4(a) and (b) shows the non-coded and binary phase-coded 10-GHz microwave signal,
respectively. We extracted the phase variation of the generated binary phase-coded 10-GHz signal,
as shown in Fig. 4(c), using the Hilbert transform [15], [16] in MATLAB. It is apparent that the phase-
shift is �180� as predicted in the theoretical section.

The radar receiver operates the cross correlation between the microwave pulse and its echo to
obtain a relatively narrow pulse. The pulse autocorrelation therefore plays an important role on the
radar resolution. Next, we evaluated the pulse compression performance of the system. The data
signal from the PPG was set as a 2.5 Gb/s pseudo-random bit sequence (PRBS) which has a
length of 128 bits. The detection range of the practical radar system is expected to be extended
using a longer PRBS pattern. The generated binary phase coded waveform is shown in Fig. 5(a),
where the inset shows the zoom-in view. The autocorrelation of the generated signal is shown in
Fig. 5(b). The zoom-in view shown in the inset exhibits a full width at half-maximum (FWHM) of
�0.39 ns. The pulse compression ration (PCR) is defined as the ratio of the FWHM of the transmitted

Fig. 2. Schematic illustration of the principle of the � phase-coded microwave signals generation
technique.

Fig. 3. Experimental setup of the proposed � phase-coded microwave signal generation system. LD:
laser diode; DPMZM: dual-parallel Mach-Zehnder Modulator; MSG: microwave signal generator; EA:
electrical amplifier; PPG: pulse pattern generator; PD: photodetector; OSC: oscilloscope.
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pulse to that of the compressed pulse, which is calculated to be �131. The peak-to-sidelobe ratio
(PSR) is defined as the ratio of the peak power of the main lobe to that of the highest sidelobe, which
is calculated to be 9 dB.

Finally, we evaluated the frequency tunability of the proposed system. To this end, the frequency
of the MSG was set at 20-GHz. The electrical data signal from the PPG is a B0101[ sequence at
5 Gb/s. Fig. 6(a) shows the non-coded microwave signal at 20-GHz. The binary phase-coded
microwave signal at 20-GHz is shown in Fig. 6(b). The phase variation of the binary phase-coded
20-GHz signal was extracted using the Hilbert transform as shown in Fig. 6(c). Again, a � phase
shifted microwave signal was achieved. We also evaluated the pulse compression performance of
the system at the frequency of 20-GHz. The output of the PPG was a 5 Gb/s PRBS which has a
length of 128 bits. Fig. 7(a) shows the generated 20-GHz phase-coded waveform and Fig. 7(b)
illustrated its autocorrelation spectrum. The autocorrelation peak has a FWHM of about 0.2 ns. The
PCR is �128 and the PSR is about 8.5 dB. The DPMZM used in our experiment is a commercially
available device with a modulation bandwidth of �20-GHz for each sub-MZM. Therefore, we
verified the proposed system up to a carrier frequency of 20-GHz. The stability of the system is
expected to be significantly improved compared with the previous schemes using individual
components since the DPMZM is an integrated device. Moreover, the dc biases of the DPMZM
were controlled by a commercially available dc bias controller with self-feedback. The system
steadily operated for several hours in our lab.

Fig. 4. (a) Generated non-coded 10-GHz microwave signal, (b) generated binary phase-coded 10-GHz
signal, and (c) the phase-shift of the generated binary phase-coded signal.

Fig. 5. (a) Generated 10-GHz binary phase-coded microwave signal and (b) the calculated
autocorrelation of the signal with a PRBS phase-coding length of 128 bit at 2.5 Gb/s.
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4. Conclusion and Discussion
A photonic approach to generating binary phase-coded microwave signals was proposed and
experimentally verified using a DPMZM. The system complexity at the transmitter side was greatly
reduced since only one integrated modulator was employed. The key feature of the proposed
technique is that the carrier frequency of the phase-coded microwave signal is widely tunable. The
generation of two phase-coded microwave signals at frequencies of 10-GHz and 20-GHz were
experimentally demonstrated, respectively.

The proposed system was theoretically and experimentally demonstrated under small-signal
modulation condition. For the microwave power beyond the small-signal modulation condition, the
distortion of the system should be considered. In this case, the higher order modulation sidebands
cannot be ignored. These higher-order sidebands will generate microwave signals corresponding to
the harmonic of the original microwave signal. These harmonic signals are undesirable and have to
be filtered out using a low-pass filter.
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