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A frequency-multiplying microwave photonic phase shifter
with independent multichannel phase shifting capability is
proposed and demonstrated using an integrated polariza-
tion division multiplexing dual-parallel Mach–Zehnder
modulator (PDM-DPMZM) and a polarizer. By building
a proper power distribution network to drive the PDM-
DPMZM, two sidebands along two orthogonal polarization
directions are generated with a spacing of two or four times
the frequency of the driving signal. Leading the signal to a
polarizer and a photodetector, a frequency-doubled or fre-
quency-quadrupled signal with its phase adjusted by the
polarization direction of the polarizer is achieved. The mag-
nitude of the signal remains almost unchanged when the
phase is adjusted. The proposed approach features compact
configuration, scalable independent phase-shift channels
and wide bandwidth, which can find applications in beam
forming and analog signal processing for millimeter-wave
or terahertz applications. © 2016 Optical Society of America
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Microwave phase shifter is a fundamental component for RF
beam forming, phase locking and analog signal processing, in-
cluding tunable filtering, phase coding, differentiating, signal
synchronization, etc. [1–3]. With the fast development of milli-
meter-wave and terahertz technologies, a high-frequency phase
shifter [4,5] is urgently desired, since preprocessing of the large-
bandwidth millimeter-wave or terahertz signal in the analog
domain before digitizing would be more practical than the full
digital solution due to the lack of a large bandwidth analog-to-
digital converter. However, because of the well-known elec-
tronic bottleneck, direct implementation of the microwave
phase shifter in the electronic domain would suffer from lim-
ited operation bandwidth, slow tuning speed, and frequency-
varied phase shifting. In addition, for most phase shifter-based
applications, simultaneous multichannel phase shifting is always
required, which leads to serious electromagnetic interference.
To solve these problems, photonic microwave phase shifters are

attractive, thanks to large operation bandwidth, good frequency
tunability, low transmission loss, and electromagnetic interfer-
ence immunity enabled by photonic technologies [6–11]. But
the maximal operational frequency of a photonic microwave
phase shifter is restricted by the bandwidths of the electro-optic
modulators, typically less than 50 GHz. To break through this
boundary, a feasible way is to implement simultaneous frequency
multiplying and phase shifting in the optical domain. However,
both technologies need to manipulate polarization, phase and/or
amplitude of the microwave-modulated optical signals at the
same time, which would disturb each other, making the simul-
taneous implementation of photonic frequency multiplying and
phase shifting very difficult. Previously, only very few approaches
could perform the frequency-multiplying phase shifter [12–14].
In [12], a frequency-quadrupling microwave phase shifter is real-
ized, based on orthogonally polarized carrier-suppressed double-
sideband (CS-DSB) modulation and polarization modulation.
An optical notch filter and a phase-shifted fiber Bragg grating
(PS-FBG) with two passbands, respectively, in two orthogonal
polarization directions are employed to achieve the orthogonally
polarized CS-DSB modulation, and a polarization modulator
(PolM) is used to introduce complementary phase shifts to the
two sidebands, making the phase shifter only effective at several
discrete frequencies. To implement a frequency-multiplying
phase shifter with large frequency tunability, in [13,14] a pro-
grammable optical filter based on liquid crystal on silicon is
employed. Because the programmable optical filter can control
the amplitude and phase of any optical spectral component, the
two optical sidebands, i.e., ±1st-order sidebands [13] or ±2nd-
order sidebands [14] can be selected, and a phase shift is intro-
duced to one of the two sidebands simultaneously. However, the
programmable optical filter is usually realized based on free-space
optics, which is bulky and expensive. In addition, it is hard for
this kind of method to implement large-array multichannel
phase shifting, since the output ports of the programmable
optical filter are typically limited to four.

In this Letter, a frequency-multiplying full-range tunable
microwave photonic phase shifter with independent multi-
channel phase shifting capability is proposed and experimen-
tally demonstrated.
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Figure 1 shows the schematic diagram of the proposed
multichannel microwave photonic phase shifter. Each channel
consists of a shared laser diode (LD), a shared integrated polari-
zation division multiplexing dual-parallel Mach–Zehnder
modulator (PDM-DPMZM), two polarization controllers
(PCs), a polarizer, and a photodetector (PD). An optical carrier
generated by the LD is sent to the PDM-DPMZM. A PC
(PC1) is inserted to align the polarization direction of the op-
tical carrier to have an angle of 45 deg to one principal axis of
the PDM-DPMZM. The equivalent schematic of the PDM-
DPMZM is shown in the dotted box in Fig. 1, which consists
of two parallel DPMZMs connected by a polarization beam
splitter (PBS) and a polarization beam combiner (PBC).
The device has four RF input ports and six DC biases, so it
has enough degrees of freedom to manipulate the optical signal.
Suppose the expression of the optical carrier is exp�jωc t� and
those of the RF signals introduced to the four RF ports are
V RF cos�ωRFt�ϕ1�, V RF cos�ωRFt�ϕ2�, V RF cos�ωRFt�ϕ3�,
and V RF cos�ωRFt � ϕ4�, respectively, where ωc is the angular
frequency of the optical carrier, ωRF;ϕi�I � 1; 2; 3; 4�, and
V RF are the angular frequency, phases, and magnitude (as-
sumed to be the same) of the four RF signals, the modulated
signal after the PDM-DPMZM can be written as
8>><
>>:

Ex � cos�ωct��cos�β cos�ωRFt�ϕ1��θ1∕2� exp�jθ3�
�cos�β cos�ωRFt�ϕ2��θ2∕2��
Ey� cos�ωct��cos�β cos�ωRFt�ϕ3��θ4∕2� exp�jθ6�
�cos�β cos�ωRFt�ϕ4��θ5∕2��;

(1)

where x and y represent the two principal axes of the PDM-
DPMZM, β � πV RF∕V π is the modulation index, V π is the

half-wave voltage, θm � πV DCm∕V π�m � 1; 2; 3; 4; 5; 6� are
the phase differences introduced by the DC biases of the
sub-MZMs, and V DCm are the voltages of the DC biases.

To implement the frequency-doubling phase shifter, the four
sub-MZMs are biased at the minimum transmission points by
controlling the DC biases to let θ1 � θ2 � θ4 � θ5 � π and
θ3 � θ6 � 0. Expanding Eq. (1) with Bessel functions and re-
writing it with the exponential form, the signal becomes
8>>>>>><
>>>>>>:

Ex�exp�jωct��−J−1�β� exp�−j�ωRFt�ϕ1��
−J1�β�exp�j�ωRFt�ϕ1��−J−1�β� exp�−j�ωRFt�ϕ2��
−J1�β�exp�j�ωRFt�ϕ2���
Ey�exp�jωct��−J−1�β� exp�−j�ωRFt�ϕ3��
−J1�β� exp�j�ωRFt�ϕ3��−J−1�β� exp�−j�ωRFt�ϕ4��
−J1�β� exp�j�ωRFt�ϕ4���;

(2)

where Jm is the Bessel function of the first kind of order m. In
writing Eq. (2), small-signal modulation is assumed so that the
higher-order (≥ 2) sidebands are ignored. Adjusting the phases
of the RF signals to let ϕ1 � ϕ2 � 0 and ϕ3 � ϕ4 � π∕2,
Eq. (2) can be simplified to8>><

>>:

Ex � exp�jωct��−2J−1�β� exp�−j�ωRFt��
−2J1�β� exp�j�ωRFt���
Ey � exp�jωct��−2J−1�β� exp�−j�ωRFt � π∕2��
−2J1�β� exp�j�ωRFt � π∕2���:

(3)

Ascanbe seen, twoCS-DSB-modulated signals are generated along
the two orthogonal polarization directions. In addition, the phase
difference between the two −1st-order sidebands in Ex and Ey is
π∕2, while that of the +1st-order sidebands is −π∕2. The two
orthogonally polarized CS-DSB-modulated signals are then com-
bined by the PBC and sent to the polarizer, which has an angle ofα
to one principal axis of the PDM-DPMZM. We obtain that

Eout�t� � cos αEx � sin αEy

� exp�jωct��−2J−1�β� exp�−j�ωRFt � α��
− 2J1�β� exp�j�ωRFt � α���: (4)

Leading the signal inEq. (4) to the PD for square-lawdetection,we
can obtain an electrical current given by

IAC�t� ∝ J−1�β�J1�β� cos�2ωRFt � 2α�: (5)

As can be seen from Eq. (5), the generated signal has an angular
frequency of 2ωRF and a phase term of 2α. By simply controlling
the angle α between the polarization direction of the polarizer and
one principal axis of the PDM-DPMZM, the phase of the gener-
ated signal canbe continuously tuned.As a result, a frequency-dou-
bling phase shifter is realized. Figure 1(b) depicts the schematics of
the optical spectra under this condition.

If the sub-MZMs are biased at the maximum transmission
points by controlling the DC biases of the PDM-DPMZM to
let θ1 � θ2 � θ4 � θ5 � 0 and θ3 � θ6 � π, the output of
the PDM-DPMZM becomes
8>>>>>><
>>>>>>:

Ex � exp�jωct��J−2�β� exp�−j2�ωRFt � ϕ1��
�J2�β� exp�j2�ωRFt � ϕ1�� − J−2�β� exp�−j2�ωRFt � ϕ2��
−J2�β� exp�j2�ωRFt � ϕ2���
Ey � exp�jωct��J−2�β� exp�−j2�ωRFt � ϕ3��
�J2�β� exp�j2�ωRFt � ϕ3�� − J−2�β� exp�−j2�ωRFt � ϕ4��
�J2�β� exp�j2�ωRFt � ϕ4���:

(6)
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Fig. 1. (a) Schematic of the proposed frequency-multiplying micro-
wave photonic phase shifter with independent multichannel phase
shifting capability, and schematics of the optical spectra after different
devices for (b) frequency-doubling and (c) frequency-quadrupling
operations. LD: laser diode; PC: polarization controller; OC: optical
coupler; PDM-DPMZM: polarization division multiplexing dual-
parallel Mach–Zehnder modulator; PBS: polarization beam splitter;
PBC: polarization beam combiner; PD: photodetector.
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Then adjusting the phases of the input RF signals to let ϕ1 �
0;ϕ2 � π∕4, ϕ3 � 0, and ϕ4 � −π∕4, we obtain8>><

>>:

Ex � exp�jωct��−
ffiffiffi
2

p
J−2�β� exp�−j2ωRFt � jπ∕4�

−
ffiffiffi
2

p
J2�β� exp�j2ωRFt − jπ∕4��

Ey � exp�jωct��−
ffiffiffi
2

p
J−2�β� exp�−j2ωRFt − jπ∕4�

−
ffiffiffi
2

p
J2�β� exp�j2ωRFt � jπ∕4��:

(7)

As can be seen, CS-DSB-modulated signals with only ±2nd-or-
der sidebands are generated along both polarization directions.
The phase difference between the two −2nd-order sidebands in
Ex and Ey is π∕2, while that of the +2nd-order sidebands is
−π∕2. When the two signals are combined by the PBC, trans-
mitted through the polarizer, and beat at the PD, we can
achieve an output current with the form of

IAC�t� ∝ J−2�β�J2�β� cos
�
4ωRFt −

π

2
� 2α

�
: (8)

As can be seen, a frequency-quadrupling phase shifter is imple-
mented as the generated current has an angular frequency of
4ωRF and a phase of 2α. The schematics of the optical spectra
after different devices for frequency-quadrupling operation are
shown in Fig. 1(c).

It should be noted that the PC placed before the polarizer,
which is used to adjust α, can be replaced by an electronically
controlled PC or a PolM, so the proposed microwave photonic
phase shifter can be tuned at a very fast speed (as fast as 50 Gb/s
[15]). In addition, due to the phase shifting is independently
controlled by the PC placed before the polarizer, the output of the
PDM-DPMZMcan be split intoN paths, and in each path, a PC,
a polarizer, and a PD is inserted to implement phase shifting inde-
pendently. Thereby, a scalable multichannel frequency-multiplying
phase shifter can be realized with compact configuration.

To demonstrate the feasibility of the proposed frequency-
multiplying phase shifter, a proof-of-concept experiment is car-
ried out based on the configuration of Fig. 1. A light wave from
a tunable laser source (Agilent N7714A) with a wavelength of
1552.52 nm and a power of 13 dBm is sent to a PDM-
DPMZM (Fujitsu FTM7977HQA). The 3 dB bandwidth and
half-wave voltage of the PDM-DPMZM are 23 GHz and
3.5 V, respectively. The modulator is driven by four RF signals
obtained by splitting one RF signal from a signal generator
(Agilent 8257D) with electrical power dividers (2–18 GHz),
a 90 deg hybrid (1.7–36 GHz), and/or a 180 deg hybrid
(2-18 GHz). By carefully adjusting the phases of the driving
signal and the DC biases of the modulator, CS-DSB signals
with ±1st-order sidebands or ±2nd-order sidebands are gener-
ated. A PC and a PBS are inserted to serve as a polarizer, and
a PD with a bandwidth of 40 GHz and a responsivity of
0.65A/W is used to perform optical-to-electrical conversion.
An erbium-doped fiber amplifier (EDFA) is employed to com-
pensate the insertion loss. The optical spectra are measured by
an optical spectrum analyzer (OSA, AQ6370C), and the wave-
forms of the generated signals are observed by a digital sampling
oscilloscope (Agilent 86100C).

For the frequency-doubling phase shifter, the PDM-
DPMZM is driven by RF signals with phases of ϕ1 � ϕ2 �
0;ϕ3 � ϕ4 � π∕2. To achieve such RF signals, a 7.5-GHz sig-
nal from the RF source is split into two parts using a broadband
90 deg hybrid, and further split into four portions using two
power dividers, as shown in Fig. 2(a). The DC biases are
adjusted to let θ1 � θ2 � θ4 � θ5 � π and θ3 � θ6 � 0.
Figure 3 shows the spectrum of the CS-DSB-modulated signal.

As can be seen, two ±1st-order sidebands with a spacing of
15 GHz are generated, and the optical carrier is suppressed
to be 24 dB lower than the sidebands.

Figure 4 shows the waveforms of the generated frequency-
doubled 15 GHz signal with its phase tuned from −180 deg to
180 deg. As can be seen, full-range phase tunability is con-
firmed, and the amplitude of the generated signal during phase
shifting remains almost unchanged. The very small amplitude
variation is mainly introduced by the uneven insertion loss of
the PC. To confirm the frequency agility of the proposed sys-
tem, a RF signal with a frequency of 13 GHz is also applied to
the system. The waveforms of the generated signals with differ-
ent phase shifts are shown in Fig. 5. By simply adjusting the
angle between the polarization direction of the polarizer and
one principal axis of the PDM-DPMZM, the phase can be con-
tinuously tuned while the amplitude remains unchanged.

To realize the frequency-quadrupling phase shifter, the
phases of the input RF signals and the DC biases are adjusted
to let ϕ1 � 0;ϕ2 � π∕4;ϕ3 � 0, ϕ4 � −π∕4; θ1 � θ2 �
θ4 � θ5 � 0, and θ3 � θ6 � π. In order to obtain broadband
0, π∕4, and −π∕4 phase shifts, another power distribution

Fig. 2. Experimental setup of the PDM-DPMZM for (a) frequency-
doubling and (b) frequency-quadrupling phase shifters. EPD: electrical
power divider; EPC: electrical power combiner.

Fig. 3. Optical spectrum of the CS-DSB-modulated signal at the
output of the PDM-DPMZM for frequency-doubling phase shifter.

Fig. 4. Waveforms of the generated frequency-doubled 15 GHz sig-
nals with the phase tuned from −180 deg to 180 deg.
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network is designed, which is shown in Fig. 2(b). The RF signal
from the signal generator is first split into two paths with an
electrical power divider (EPD1). The signal in the upper path
is further split into two parts with another electrical power
divider (EPD2) to achieve two RF signals with a phase of 0,
while that in the lower path is used to generate two RF signals
with phases of −π∕4 and π∕4, respectively, via one 90 deg hy-
brid, one 180 deg hybrid, one power divider, and two power
combiners. Due to the bandwidth of the 90 deg hybrid, the
180 deg hybrid, the power divider, and the power combiner
can be very large; the �45 deg phase shifts can be almost
frequency-independent in the frequency range of interest.
Figure 6 shows the optical spectrum of the CS-DSB-modulated
signal generated at the output of the PDM-DPMZM when an
electrical driving signal with a frequency of 8 GHz is applied.
As can be seen, two ±2nd-order sidebands are obtained, and
the optical carrier is about 27 dB lower than the sidebands.
Figure 7 shows the waveforms of the generated signal, where
different curves represent waveforms with different phase shifts.
During the phase shifting, the amplitude of the generated signal
remains unchanged. The frequency of the generated signal is
calculated to be 32 GHz. When a 10 GHz RF signal driving
signal is applied, 40 GHz signal with full-range phase tunability
is also generated, showing that the proposed system has a good
frequency agility. The noise among the signals is mainly due to

the small modulation index of the PDM-DPMZM and the am-
plified spontaneous emission of the EDFA. If the modulation
index is increased, the signal-to-noise ratio can be increased.

It should be noted that the proposed system could have a
large operation bandwidth due to the frequency-multiplying
operation. Given that the operational frequency range of the
180 deg hybrid used in the experiment is 2–18 GHz, the
proposed phase shifter can be operated in a frequency range
from 4 to 72 GHz. If electrical devices with larger operation
bandwidth are used, phase shifters operated in the higher-fre-
quency regime can be realized.

In conclusion, a novel microwave photonic phase shifter fea-
turing frequency-multiplying and independent multichannel
phase-shifting capability was proposed and demonstrated based
on a PDM-DPMZM. In a proof-of-concept experiment, a
26 GHz frequency-doubled signal and a 40 GHz frequency-
quadrupled signal were generated, with their phases tuned from
−180 deg to 180 deg. The magnitude of the signal kept almost
unchanged when the phase was adjusted. The approach can be
used for millimeter-wave or terahertz signal processing and
beam forming [16–18].
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Fig. 5. Waveforms of the generated frequency-doubled 26 GHz
signals with different phase shifts.

Fig. 6. Optical spectrum of the CS-DSB-modulated signal at the
output of the PDM-DPMZM for frequency-quadrupling phase shifter.

Fig. 7. Waveforms of the generated frequency-quadrupled 32 GHz
signals with different phases.
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