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Simultaneous Multi-Frequency Phase-Coded
Microwave Signal Generation at Six Different

Frequencies Using a DP-BPSK Modulator
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Abstract—An approach to the generation of a multi-frequency
phase-coded microwave signal at six different microwave carrier
frequencies using a laser diode and a dual-polarization binary
phase-shift keying (DP-BPSK) modulator is proposed and experi-
mentally demonstrated. The key component in the proposed system
is the DP-BPSK modulator, which consists of two dual-drive Mach–
Zehnder modulators (DD-MZMs) that are driven by a binary cod-
ing signal and a microwave reference signal. By controlling the bias
points of the DD-MZMs, and the power of the coding signal and the
microwave reference signal, phase-coded microwave signals at six
different frequencies are generated at the output of a photodetec-
tor. An experiment is performed. A multi-frequency phase-coded
microwave signal at six different carrier frequencies in a frequency
range from 1 to 19.5 GHz is generated. The performance in terms
of phase recovery accuracy and pulse compression capability is
evaluated. The interferences between different channels are also
evaluated and no significant interferences are observed.

Index Terms—Microwave photonics, multiband radar, phase
coding, photonic signal generation, pulse compression.

I. INTRODUCTION

PHASE-CODED microwave signal is one of the microwave
waveforms that are widely used in modern radar systems

for pulse compression [1], [2]. A phase-coded microwave sig-
nal is usually generated in the electrical domain using an elec-
tronic circuit. However, with the rapid development of radar
systems, new requirements for phase-coded microwave signals
have emerged, such as higher frequency, wider frequency tun-
able range, and broader bandwidth. These requirements are dif-
ficult to fulfil using conventional electrical generation methods.
Microwave photonics, taking advantages of the wide bandwidth
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and high operating frequency offered by photonics, is a solu-
tion to these problems [3]–[5]. In the past few years, numerous
techniques based on microwave photonics for phase-coded mi-
crowave signal generation have been proposed.

A phase-coded microwave signal can be generated using free-
space optics. The key advantage of using free-space optics is its
high reconfigurability, which can enable reconfigurable wave-
form generation. However, a free-space optics based system is
usually lossy and bulky [6]. Pure fiber-optics based approaches
have been proposed to avoid the problems existing in a free-
space optics based system. For example, a phase-coded mi-
crowave signal can be generated based on fiber-optics based
optical spectrum shaping and frequency-to-time mapping [7].
However, the time duration of the generated waveform is very
short due to the limited dispersion employed for frequency-to-
time mapping, which makes the waveform have a small time
bandwidth product (TBWP). Optical external modulation is a
simple and effective solution to generate a phase-coded mi-
crowave signal with a long time duration [8]–[11]. With the
rapid development of radar systems, phase-coded microwave
signals are desired to be generated at an even higher frequency
and wider bandwidth for applications such as high-resolution
microwave imaging. Photonic-assisted phase-coded microwave
signal generation at a higher frequency based on frequency mul-
tiplication has been researched and demonstrated recently [12]–
[14]. However, in the approaches reported in [12]–[14], only a
single frequency phase-coded microwave signal is generated. A
radar that operates at multiple frequency bands may be more
resilient to electromagnetic interferences. In addition, different
frequencies for a radar system may have very different observa-
tion capability [15]–[17]. Therefore, it is highly desirable that
a multiband radar system, which can observe targets using a
multiband signal at different frequency bands, is employed to
overcome the problems encountered in a single-frequency radar
system and to enhance the observation capabilities [15], [16].

As early as in 1960s, National Aeronautics and Space Admin-
istration began to support studies on multiband radar systems
[17]. To allow multiband operation of a radar system, we can
make full use of different observation characteristics of radar
signals at different frequency bands. However, if the multiband
operation is achieved simply using multiple radar systems in
different frequency bands, the system becomes extremely com-
plex and costly. One solution is to integrate different functions
of multiple radar systems at different frequency bands into a
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single radar system. To do so, a key step is to generate a multi-
band radar signal. A few approaches have been proposed re-
cently. One method is to up-convert a phase-coded intermediate
frequency signal to the RF bands at multiple frequencies using
a mode-locked laser [18]. However, the phase coding process is
still implemented in the electrical domain. In [19], [20], photonic
phase coders with simultaneous multi-frequency phase coding
were proposed using a multi-wavelength laser source. The struc-
tures of the two methods are simple and phase-coded microwave
signals at multiple frequencies can be generated simultaneously.
However, in the experimental demonstration, a multiband signal
with only two frequencies were demonstrated. In addition, the
use of a multi-wavelength laser source would increase the cost
of the system. Furthermore, it is difficult to control the power
of each frequency component individually unless the power of
each individual wavelength of the multi-wavelength laser source
can be controlled independently.

In this paper, we propose an approach to generate a multi-
frequency phase-coded microwave signal at six frequencies us-
ing a single wavelength laser diode (LD) and a dual-polarization
binary phase-shift keying (DP-BPSK) modulator. The key com-
ponent of the system is the DP-BPSK modulator, which consists
of two dual-drive Mach–Zehnder modulators (DD-MZMs). By
biasing the DD-MZMs at specific bias points, and by controlling
the power of the driving coding signals and the microwave refer-
ence signals, a multi-frequency phase-coded microwave signal
at six different microwave carrier frequencies can be generated
at the same power level. To the best of our knowledge, this is
the first time that a photonic-assisted multiband phase-coded
microwave signal at six carrier frequencies is generated. Com-
pared with the previous work for multi-frequency phase-coded
microwave signal generation, the proposed scheme is simpler as
no multi-wavelength laser source is needed. A proof-of-concept
experiment is performed. Simultaneous generation of a multi-
frequency phase-coded microwave signal at six different carrier
frequencies in a frequency range from 1 to 19.5 GHz is achieved.
The performance in terms of phase recovery accuracy and pulse
compression capability is evaluated. The interferences between
the different channels are also evaluated and no significant in-
terference is observed.

II. PRINCIPLE

Fig. 1 shows the schematic diagram of the proposed
multi-frequency phase-coded microwave signal generator. A
continuous-wave (CW) light wave generated from an LD is
injected into a DP-BPSK modulator, which consists of a 3-dB
optical coupler, two DD-MZMs (DD-MZM1 and DD-MZM2),
a 90° polarization rotator (PR), and a polarization beam com-
biner (PBC). For each DD-MZM, a microwave reference signal
and a coding signal are applied to the DD-MZM via the two RF
ports. The polarization state of the optical signal from the lower
DD-MZM is rotated by 90° via the PR, and then combined with
the optical signal from the upper DD-MZM at the PBC. The op-
tical signal from the DP-BPSK modulator is sent to a PD, where
a multi-frequency phase-coded microwave signal is generated.

Assuming the optical signal from the LD is E0(t), the mi-
crowave signal and the coding signal applied to DD-MZM1

Fig. 1. Schematic diagram of the proposed multi-frequency phase-coded
microwave signal generator. LD, laser diode; DP-BPSK modulator, dual-
polarization binary phase-shift keying modulator; DD-MZM, dual-drive Mach–
Zehnder modulators; PBC, polarization beam combiner; PR, 90° polarization
rotator; MSG, microwave signal generator; AWG, arbitrary waveform generator;
EA, electrical amplifier; PD, photodetector.

are Vr1 cos(ω1t) and Vc1s1(t), and the microwave signal and
the coding signal applied to DD-MZM2 are Vr2 cos(ω2t) and
Vc2s2(t), the optical signal at the output of the DP-BPSK mod-
ulator can be expressed as[

Ex (t)

Ey (t)

]

=
√

2
4

αE0 (t)

[
exp (jm1 cos ω1t) + exp (jδ1s1 (t) + jϕ1)

exp (jm2 cos ω2t) + exp (jδ2s2 (t) + jϕ2)

]
,

(1)

where α and Vπ are the insertion loss and the half-wave volt-
age of the modulator, Vr1 and Vr2 are the amplitudes, ω1 and
ω2are the angular frequencies of the two microwave signals, re-
spectively, Vc1 and Vc2 are the amplitudes of the coding signals
s1(t) and s2(t), respectively, m1 = πVr1/Vπ , m2 = πVr2/Vπ ,
δ1 = πVc1/Vπ , δ2 = πVc2/Vπ , and ϕ1 and ϕ2 are the phase
shifts introduced by the bias voltages of the two DD-MZMs.

When the optical signal from the DP-BPSK modulator is
detected at the PD, the photocurrent at the output of the PD is
given by

i (t) =
1
4
α2RE2

0 [2 + cos (m1 cos ω1t−δ1s1 (t)−ϕ1)

+ cos (m2 cos ω2t − δ2s2 (t) − ϕ2)] , (2)

where R is the responsivity of the PD, and E0 is the amplitude
of the optical signal from the LD.

If δ1 = δ2 = π, s1(t) and s2(t) are both unipolar sequences
(0, 1), and a1(t) and a2(t) are the corresponding bipolar
sequences (1, −1), (2) can be written as

i(t) =
1
4
α2RE2

0 {2+a1(t) cos (m1 cos ω1t−ϕ1)

+ a2 (t) cos (m2 cos ω2t − ϕ2)}

=
1
4
α2RE2

0

{
2 + a1 (t)

[
J0 (m1) cos ϕ1

+ 2 cos ϕ1

∞∑
n=1

(−1)nJ2n (m1) cos 2nω1t
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− 2 sin ϕ1

∞∑
n=1

(−1)nJ2n−1 (m1) cos (2n − 1) ω1t

]
.

+ a2 (t)

[
J0 (m2) cos ϕ2

+ 2 cos ϕ2

∞∑
n=1

(−1)nJ2n (m2) cos 2nω2t

− 2 sin ϕ2

∞∑
n=1

(−1)nJ2n−1 (m2) cos(2n − 1)ω2t

]}
(3)

It can be seen from (3) that multiple binary phase-coded mi-
crowave signals are generated at frequencies that are integral
multiples of the frequencies of the two input microwave ref-
erence signals in addition to two baseband components. The
amplitude of each frequency component is jointly determined
by the amplitude of the microwave reference signal and the bias
point of the modulator. We can control the amplitude of the
microwave reference signal and the bias point of the modulator
to generate different multi-frequency phase-coded microwave
signal.

Specifically, a six-frequency phase-coded microwave signal
with identical power can be generated when the following con-
ditions are satisfied,{

J1 (m1) sin ϕ1 = J3 (m1) sin ϕ1 = ±J2 (m1) cos ϕ1

J1 (m2) sin ϕ2 = J3 (m2) sin ϕ2 = ±J2 (m2) cos ϕ2
. (4)

By solving the equations above, we get m1 = m2 = 3.054,
ϕ1 = ϕ2 = 0.991 or − 0.991. Under this condition, phase-
coded microwave signals at ω1 , ω2 , 2ω1 , 2ω2 , 3ω1 and 3ω2
are simultaneously generated with an identical signal power.
The sequences carried by the carriers at ω1 , 2ω1 and 3ω1 are
determined by the coding signal s1(t), whereas the sequences
carried by the carriers at ω2 , 2ω2 and 3ω2 are determined by the
coding signal s2(t). In addition, when (4) is satisfied, the signal
generation efficiency at each carrier frequency, which is defined
as the power ratio of the generated phase-coded microwave sig-
nal to the input microwave reference signal, can be expressed
as

η =
π2α4R2E4

0 J2
1 (m1) sin2ϕ1

4m2
1V

2
π

. (5)

III. EXPERIMENTAL RESULTS

An experiment is carried out based on the setup shown in
Fig. 1. An 8-dBm CW light wave centered at 1552.722 nm from
an LD (Anritsu MG9638A) is sent to the DP-BPSK modula-
tor (Fujitsu FTM 7980EDA) with a 3-dB bandwidth of about
20 GHz. Two binary coding signals generated from an arbitrary
waveform generator (AWG, Agilent AWG7102) are amplified
by two electrical amplifiers (EAs, Multilink, MTC5515) with
each having a gain of 23 dB, and then applied to the DP-BPSK
modulator via two RF ports. Two microwave reference sig-
nals generated from two microwave signal generators (MSG1,
Agilent E8364A, MSG2, Agilent E8254A), are also applied
to the DP-BPSK modulator via two other RF ports. The mi-

Fig. 2. Autocorrelation of the selected 64-bit binary sequence.

Fig. 3. Electrical spectra of the generated multi-frequency phase-coded mi-
crowave signals with coding speed of (a) 100 Mbps, (b) 200 Mbps, when the
two microwave reference signals are 1.5 and 2 GHz.

crowave signal from MSG1 is amplified by an EA (Multilink,
MTC5515) because the maximum output power of MSG1 is
limited to 8 dBm. The optical signal from the DP-BPSK mod-
ulator is then sent to the PD (in the experiment, two PDs are
used, Nortel PP-10 G having a bandwidth of 10 GHz with a
preamplifier and New Focus Model 1414 having a bandwidth
of 25 GHz). The generated signal is monitored by a real-time
oscilloscope (OSC, Agilent DSO-X 93204A), and its spectrum
is measured by an electrical spectrum analyzer (ESA, Agilent
E4448A).

In the experiment, the two coding signals are the same
and are generated from the AWG. The coding signal is
selected to be a 64-bit binary sequence, with a code pattern of
“1111001100001000011001100010101000000101001001000
110100111110001”. To get a better pulse compression
performance, the coding signal is selected to have a high
peak-to-sidelobe ratio (PSR). Fig. 2 shows the autocorrelation
of the selected coding sequence. As can be seen, the PSR is
9.61 dB. The theoretical PSR of this coding sequence is better
than most reported results using 64-bit random sequence as the
coding sequence.

Then, the generation of the multi-frequency phase-coded mi-
crowave signal is evaluated. In the experiment, the frequencies
of the two microwave reference signals applied to the modulator
are set at 1.5 and 2 GHz, and the data rate of the coding signal
is set at 100 or 200 Mbps. The PD used in this study has a
bandwidth of 10 GHz. The electrical spectra of the generated
phase-coded microwave signals at two data rates of 100 or 200
Mbps are shown in Fig. 3. It can be seen that phase-coded mi-
crowave signals are generated at six different frequencies that
are integral multiples of 1.5 or 2 GHz. The coding speed is
limited to 250 Mbps because the minimum frequency spacing
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Fig. 4. A section of the waveform of the generated multi-frequency phase-
coded microwave signal (a), and the corresponding extracted waveform with
carrier frequencies of (b) 1.5 GHz, (c) 2 GHz, (d) 3 GHz, (e) 4 GHz,
(f) 4.5 GHz, and (g) 6 GHz.

between the six frequencies are 500 MHz. In this study, we use
200 Mbps as the maximum coding speed. As can be seen from
Fig. 3, the power difference between the six frequencies is less
than 2 dB.

Fig. 4(a) shows a section of the waveform from the generated
multi-frequency phase-coded microwave signal when the coding
sequence is 100 Mbps. Since the six phase-coded microwave
signals are superimposed in the time domain, to be able to see
each of the six signals, a digital filter with a center frequency
tuned at each of the six frequencies is employed to select one
signal at one time. Fig. 4(b)–(g) shows the waveforms of the six
phase-coded signals. It can be seen that the six waveforms are
well recovered with different carrier frequencies and obvious
phase jumps.

Then, the phase information from each of the six waveforms
is extracted, which is done by Hilbert transform. The results are
shown as dotted lines in the left figures of Fig. 5. The recov-
ered phase information is in consistent with the selected binary
coding sequence, and approximate π phase jumps between adja-
cent “0” and “1” can be clearly observed. The pulse compression
performance of the generated phase-coded microwave signals
is also verified as shown in the right figures of Fig. 5. The dot-
ted lines in these figures show the theoretical autocorrelation.
As can be seen the experimental measurements demonstrate
good agreement with the theoretical results. The PSRs of the
six phase-coded microwave signals are 9.21, 9.27, 8.59, 8.59,
9.17, and 9.31 dB, which are very close to the theoretical PSR of
the selected coding sequence shown in Fig. 2. The insets show
the zoom-in views of the autocorrelation peaks. The full-width
at half-maximums (FWHMs) of the autocorrelation peaks are
10.42, 11.51, 12.46, 11.50, 10.54 and 11.45 ns, corresponding to
pulse compression ratios (PCRs) of 61.42, 55.60, 51.36, 55.65,
61.67 and 55.89. When the bit rate of the coding sequence is
200 Mbps, similar results are obtained.

Then, the frequencies of the microwave reference signals
are set at 2 and 2.5 GHz, and 1 and 2.5 GHz to evaluate the
frequency tunability of the proposed system, with the electrical
spectra shown in Fig. 6. Phase-coded microwave signals are

Fig. 5. Temporal waveforms and the recovered phase information (left), and
the corresponding pulse compression performance (right) when carrier frequen-
cies are from 1.5 to 6 GHz. The dotted line in the right figures are the theoretical
autocorrelation of the coding sequence used in the experiment, and the insets of
the right figures show the zoom-in views of the autocorrelation peaks.

Fig. 6. Electrical spectra of the generated multi-frequency phase-coded mi-
crowave signals with coding speed of (a) 100 Mbps, (b) 200 Mbps, when the
two microwave reference signals are 2 and 2.5 GHz; electrical spectra of the
generated multi-frequency phase-coded microwave signals with coding speed
of (c) 100 Mbps, (d) 200 Mbps, when the two microwave reference signals are
1 and 2.5 GHz.

simultaneously generated at six different frequencies that are
integral multiples of the two microwave reference signals. Some
intermodulation components are observed in Fig. 6(c) and (d).
However, they are more than 13 dB suppressed, and will be
eliminated after the mixed spectrum is sliced by six digital filters.
It is also found that the power consistency of the six frequencies
is not as good as that shown in Fig. 3, which is mainly caused
by the relatively low-power highest frequency component. The
highest frequency shown in Fig. 6 is increased compared with
that shown in Fig. 3, so its power is correspondingly attenuated,
which is associated with the frequency response of the PD.

The phase recovery accuracy and pulse compression capabil-
ity are also evaluated. We only show the results of the wave-
form corresponding to the spectrum shown in Fig. 6(d) here.
Hilbert transform is used to extract the phase information from
one period of each waveform at different frequencies from 1 to



CHEN AND YAO: SIMULTANEOUS MULTI-FREQUENCY PHASE-CODED MICROWAVE SIGNAL GENERATION 2297

Fig. 7. Temporal waveforms and the recovered phase information (left), and
the corresponding pulse compression performance (right) when carrier frequen-
cies are from 1 to 7.5 GHz. The dotted line in the right figures are the theoretical
autocorrelation of the coding sequence used in the experiment, and the insets of
the right figures show the zoom-in views of the autocorrelation peaks.

Fig. 8. Electrical spectra of the generated multi-frequency phase-coded mi-
crowave signals with coding speed of 400 Mbps, when the two microwave
reference signals are (a) 4 and 5 GHz, (b) 5 and 6.5 GHsz, (c) 1.5 and 6.5 GHz.

7.5 GHz, with the results shown in dotted lines in the left fig-
ures of Fig. 7. The recovered phase information is in consistent
with the selected binary coding sequence, and approximate π
phase jumps between adjacent “0” and “1” can be clearly ob-
served. The pulse compression performance is also evaluated,
as shown in the right figures of Fig. 7. The dotted lines in these
figures show the theoretical autocorrelation of the coding se-
quence. The experimental measurements also show very good
consistency with the theoretical results. The PSRs of the six
phase-coded microwave signals are 8.71, 8.35, 8.04, 8.95, 8.13,
and 8.76 dB, and the corresponding PCRs are 55.65, 57.76,
63.49, 58.61, 47.98 and 58.29.

The frequency of the generated multi-frequency phase-coded
microwave signal can be further increased by increasing the
frequencies of the microwave reference signals. Fig. 8 shows
the spectra of the generated multi-frequency phase-coded mi-
crowave signals when the frequencies of the microwave ref-
erence signals are 4 and 5 GHz, 5 and 6.5 GHz, and 1.5 and

Fig. 9. Temporal waveforms and the recovered phase information (left), and
the corresponding pulse compression performance (right) when carrier frequen-
cies are from 1.5 to 19.5 GHz. The dotted line in the right figures are the
theoretical autocorrelation of the coding sequence used in the experiment, and
the insets of the right figures show the zoom-in views of the autocorrelation
peaks.

6.5 GHz, respectively. As can be seen, six different frequency
components are simultaneously generated. The PD used in this
experiment has a bandwidth of 25 GHz, so the power of the
highest frequency is relatively lower if it is close to 25 GHz. In
addition, the 25-GHz PD does not integrate preamplifier in it,
so the power of the generated signals is lower than those shown
in Figs. 3 and 6.

The phase recovery and pulse compression performance are
also verified. We only show the results of the waveform corre-
sponding to the spectrum shown in Fig. 8(c) here. The left figures
of Fig. 9 show the temporal waveforms and the corresponding
recovered phase information of the six different phase-coded
microwave signals from 1.5 to 19.5 GHz. It can be seen that the
recovered phase changes according to the selected binary coding
sequence, and the phase jumps between adjacent “0” and “1”
are approximately π. The pulse compression performance of the
phase-coded microwave signals is also verified, as shown in the
right figures of Fig. 9. Compressed narrow pulses are obtained.
The PSRs for the phase-coded microwave signals from 1.5 to
19.5 GHz are 8.28, 8.45, 8.45, 8.62, 8.02, and 8.13 dB, and the
corresponding PCRs are 56.74, 44.94, 55.36, 57.97, 56.34, and
54.98.

In the experiments, the mixed phase-coded microwave sig-
nals from the PD is post-processed by Matlab to distinguish
each frequency component by using digital filters with different
central frequencies. From the performance in terms of the phase
recovery accuracy and pulse compression capability obtained
from the experiments, no significant crosstalk is observed be-
tween the desired frequency component and other frequency
components. We can consider the very small crosstalks from
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other phase-coded microwave signals as another contribution to
the total noise of the desired phase-coded microwave signal in
addition to the conventional thermal noise, shot noise and rela-
tive intensity noise, which may reduce the signal-to-noise ratio
of a generated phase-coded microwave signal. The highest fre-
quency of the phase-coded microwave signals generated in the
experiment is 19.5 GHz, which is mainly limited by the band-
width of the OSC used in the experiment. A typical DP-BPSK
modulator has a 3-dB modulation bandwidth of 20 GHz, which
means the highest frequency of the generated multi-frequency
phase-coded microwave signal can reach 60 GHz. The 6-dB
modulation bandwidth of a DP-BPSK modulator is larger than
40 GHz. If microwave reference signals with even higher fre-
quency are applied, phase-coded microwave signals higher than
120 GHz can be generated at the cost of an additional 3-dB
optical power loss, which can be compensated by an optical
amplifier in the optical domain. From (4), we know that the
modulation indices of the system should be properly set to en-
sure that the power of the generated six phase-coded microwave
signals is equal. Under this condition, the signal generation ef-
ficiency expressed in (5) is related to the insertion loss and the
half-wave voltage of the modulator, the responsivity of the PD,
and the power of the input optical signal. To increase the signal
generation efficiency, we can use a modulator with a small in-
sertion loss and low half-wave voltage, increase the power of the
input optical signal, or employ a PD with a high responsivity.

There is always a trade-off between the system complexity
and the number of phase-coded microwave signals that can be
generated. The proposed technique provides a good solution
to generate phase-coded microwave signals at six different fre-
quencies using a relatively simple structure. As demonstrated in
the theory, the six phase-coded microwave signals are divided
into two groups. The frequency of each group is determined by
one of the two microwave reference signals, and the sequence
on each group is determined by one of the two coding signals.
The proposed system can only generate phase-coded microwave
signals with frequencies that are integral multiples of the fre-
quencies of the two microwave reference signals, and with se-
quences that are associated with the two coding signals applied
to the modulator. In the experimental demonstration, several
pairs of microwave reference signals are chosen to verify the
performance of the system. Actually, in practical applications,
the frequencies of the two microwave reference signals can be
flexibly chosen. However, due to the six frequencies are integral
multiples of the frequencies of the two microwave reference sig-
nals, it should be avoided that the first three harmonics of one
microwave reference signal is close to those of the other mi-
crowave reference signal to ensure that phase-coded microwave
signals at six different frequencies can be generated without
spectrum aliasing. The minimum spacing between these six fre-
quencies determines the maximum bandwidth of the generated
phase-coded microwave signals.

Fig. 10 shows the relationship between the bandwidth and
a typical frequency distribution of the multi-frequency phase-
coded microwave signal. As can be seen from Fig. 10(a), when
the minimum frequency spacing is fixed, the maximum band-
width of the phase-coded microwave signal is identical to the
minimum frequency spacing if the two groups of phase-coded

Fig. 10. Schematic diagram of the relationship between the bandwidth and a
typical frequency distribution of the multi-frequency phase-coded microwave
signals.

microwave signals are coded using coding sequence with the
same data rate. However, we can also increase the bandwidth
of one group of the six phase-coded microwave signals and de-
crease that of the other group to make the system more flexible.
The only thing should be noticed to guarantee six usable phase-
coded microwave signals is that the sum of the bandwidths of
the two groups of phase-coded microwave signals should be
equal to twice the minimum frequency spacing, as shown in
Fig. 10(b). If phase-coded microwave signals with even larger
bandwidth is required, we can still increase the bandwidth of
the two groups of phase-coded microwave signals as shown in
Fig. 10(c) at the cost of reducing the number of phase-coded mi-
crowave signals that can be used. In this case, the phase-coded
microwave signals centered at f1 and f2 overlap each other, so
we can only use the phase-coded microwave signals at other
four frequencies.

For the detection of the multi-frequency phase-coded mi-
crowave signals, a solution is to use an optical-frequency-comb-
based frequency down-conversion method, to work jointly with
analog-to-digital conversion and digital signal processing [15].
The number of carriers in the multi-frequency phase-coded mi-
crowave signals is six, which is larger than that reported in Ref.
[15]. However, the frequency down-conversion and detection of
the six-carrier multi-frequency phase-coded microwave signal
generated in this paper can also be implemented using an optical
frequency comb.

IV. CONCLUSION

In summary, we have theoretically and experimentally in-
vestigated a photonic-assisted multi-frequency phase-coded mi-
crowave signal generator based on an LD and a DP-BPSK mod-
ulator. The key component in the system was a DP-BPSK mod-
ulator consisting of two DD-MZMs that were both driven by
a binary coding signal and a microwave reference signal. By
controlling the bias points of the DD-MZMs, and the power
of the coding signals and the microwave reference signals, a
multi-frequency phase-coded microwave signal at six different
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microwave carrier frequencies were generated at the same power
level. An experiment was performed. Phase-coded microwave
signals at carrier frequencies that were integral multiples of 1.5
and 2 GHz, 1 and 2.5 GHz, 1.5 and 6.5 GHz were generated,
with the performance in terms of phase recovery accuracy and
pulse compression capability evaluated. The generated phase-
coded microwave signals can achieve a PSR of more than 8 dB,
and a PCR of more than 55. The proposed technique provides a
new way to generate multi-frequency phase-coded microwave
signals, which may find applications in multiband radar systems.
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