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Abstract— A polarization-based photonic microwave phase
shifter that implemented with an orthogonal circularly-/
linearly-polarized wavelength generator incorporated with a
polarizer provides advantages of high scalability, high-speed
phase tuning, large operation bandwidth, full-360-degree tunabil-
ity, flat power response, and compact configuration, making it a
key enabler for tunable microwave photonic filtering, optically
controlled beamforming, high speed phase coding, large time-
bandwidth product signal generation, phase noise measurement,
and co-site RF signal cancellation. In this paper, the recent
advances of polarization-based photonic microwave phase shifters
are reviewed. A general model of the polarization-based photonic
microwave phase shifter is established, and the applications
of the polarization-based photonic microwave phase shifter are
described and discussed.

Index Terms— Microwave photonics, phase shifter, frequency
multiplying, frequency mixing, signal processing.

I. INTRODUCTION

S IGNAL processing for extraction, suppression, transfor-
mation, recognition, analysis, synthesis, and modification

of an existing signal is widely used in radars, communi-
cations, and electronic warfare systems [1]–[3]. With the
fast development of microwave, millimeter-wave and ter-
ahertz technologies, pre-processing of analog signals with
high center frequencies and large instantaneous bandwidths
in the analog domain would be more practical than the full-
digital solution due to the lack of high performance and
large bandwidth analog-to-digital converters (ADCs). Even if
the high-performance ADCs can be achieved, the latency to
deal with the huge amount of data after the ADCs would
also be unbearable [4]. Although analog signal processing
using purely electronic schemes are well developed [5], [6],
they usually suffer from limited instantaneous bandwidth
and complicated configurations. To overcome this problem,
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microwave photonic signal processing was proposed to pre-
process the large-bandwidth signals in the optical domain,
which provides distinct features in terms of high frequency,
broad instantaneous bandwidth, low transmission loss and
immunity to electromagnetic interference [7]–[10].

Microwave photonic signal processing is generally per-
formed by upconverting the microwave signal to the
optical domain and manipulating them with photonic
approaches [9], [10]. Due to the factor that the frequency
of the optical carrier is around 193 THz and that of the
microwave signal is only tens of GHz, the fractional band-
width of the optical microwave signal is very small, so it
is quite easy for photonic systems to handle the broadband
microwave signals. In the past decades, considerable efforts
have been devoted to realizing various microwave photonic
signal processing functions [7]–[10], of which the basis is
how to manipulate the magnitude and phase of the microwave
signals. Since the magnitude can be easily tuned by an optical
attenuator or amplifier, a photonic microwave phase shifter
is considered as a fundamental element and key technical
enabler for many microwave photonic signal processing, such
as tunable microwave photonic filtering, optically controlled
beamforming, high-speed phase coding, large time-bandwidth
product (TBWP) signal generation, high precision phase noise
measurement, and RF interference cancellation. Therefore,
the performance of these functions will be significantly influ-
enced by the bandwidth, operational frequency range, tuning
speed, and reconfigurability of the photonic microwave phase
shifter.

Previously, different approaches were proposed to imple-
ment the photonic microwave phase shifter, which can gen-
erally be divided into three categories, i.e., slow-light-based
method [11]–[15], optical vector-sum technique [16], [17], and
optical heterodyne technique [18]–[22]. The slow-light-based
photonic microwave phase shifter is implemented through
slowing down the optical carrier and/or sidebands in a medium
with a tremendous effective refractive index, so the phase of
the signal can be continuously tuned by adjusting the time
delay introduced by the slow light effect. The main problem
associated with this method is the large power variation
accompanied with the phase shifting thanks to the well-known
Kramers-Kronig relations. The phase shifter based on the
optical vector-sum technique is realized by combining two
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TABLE I

COMPARISON OF THE TYPICAL PHOTONIC MICROWAVE PHASE SHIFTERS

microwave signals with different ratio of the initial phases
in the optical domain. By adjusting the amplitude of the
two signals, the phase of the combined signal can be tuned.
Also, this method would suffer from severe power variation,
and the configuration is usually complex [16], [17]. In the
optical heterodyne technique, a phase difference is introduced
to two phase-correlated wavelengths. Beating the two phase-
correlated lightwaves at a photodetector (PD), a microwave
signal is obtained, with its phase equaling to the phase
difference of the two wavelengths. This method is simple,
and the phase can possibly be tuned with no change of the
amplitude [23].

The key challenge of the optical heterodyne technique is
to introduce a phase difference to the two phase-correlated
wavelengths while maintaining the phase correlations of
them. To do so, polarization-sensitive modulators can be
applied [23]–[38], which generate two orthogonal linearly-
or circularly-polarized wavelengths. With a polarizer to com-
bine the two wavelengths, a microwave signal with the
phase continuously tuned by the polarization direction of
the polarizer would be generated at a PD. Since the two
wavelengths experience the same environmental variations in
all the optical components, the phase correlations between
the two wavelengths are maintained. The polarization-based
photonic microwave phase shifters have the features of wide
bandwidth, high tuning speed, flat power response and excel-
lent scalability. Table I compares the performance of the
typical microwave phase shifters in different categories.

In this paper, techniques for implementing the polarization-
based photonic microwave phase shifters are discussed, and
analog signal processing based on these phase shifters is
overviewed and discussed with an emphasis on the operational
principles and system architectures. The paper is organized as
follows. In Section II, the principle of the polarization-based
photonic microwave phase shifter is introduced, and tech-
niques to generate two orthogonally-polarized wavelengths for
the phase shifter are overviewed. In Section III, analog signal
processing functions enabled by a polarization-based photonic
microwave phase shifter are described, including microwave
photonic filtering, optically controlled beamforming, high-
speed phase coding, LFM signal generation, high-precision
phase noise measurement, and RF interference cancellation.

In Section IV, some concluding remarks and discussion are
provided.

II. POLARIZATION-BASED PHOTONIC MICROWAVE

PHASE SHIFTER

A. General Principle

To implement the polarization-based photonic microwave
phase shifter, two circularly-polarized wavelengths with oppo-
site rotation directions (which is also defined as orthogonal
circularly-polarized wavelengths) should be generated first,
which can be expressed as

E (t) = A1 exp ( jω1t)
[
exp

(
j
π

2

)
x̂ + ŷ

]

+ A2 exp ( jω2t + jφ0)
[
− exp

(
j
π

2

)
x̂ + ŷ

]
(1)

where x and y represent the two orthogonal polarization
directions, ω1 and ω2 are the angular frequencies of the two
wavelengths, A1 and A2 are the amplitudes, and ϕ0 is a
static phase difference between the two wavelengths. With a
polarizer to combine the signals along the two polarization
directions, the signal in (1) becomes,

E (t) = A1 exp ( jω1t) [ j sin α + cos α]

+ A2 exp ( jω2t + jφ0) [− j sin α + cos α]

= A1 exp ( jω1t+ jα) + A2 exp ( jω2t+ jφ0 − jα) (2)

where α is the angle between the polarization direction of the
polarizer and one of the principal axes of the signal in (1).
Directing the signal in (2) to a PD, the AC term of the output
current is,

IAC(t) ∝ RA1 A2

2
cos [(ω1 − ω2) t + 2α − φ0] (3)

where R is the responsivity of the PD. As can be seen from (3),
a microwave signal is generated with a frequency that equals
to the wavelength difference of the two wavelengths and a
phase which is linearly proportional to the polarization angle
α of the polarizer. By adjusting α, the phase of the microwave
signal can be continuously tuned while the amplitude main-
tains unchanged. As a result, a photonic-assisted microwave
phase shifter is implemented. Although (1)-(3) is obtained by
single-microwave-frequency excitation, they are also suitable
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Fig. 1. The illustration of the polarization-based photonic microwave phase
shifter. Pol: polarizer; PD: photodetector.

for broadband excitation, by which A2 exp ( jω2t + jφ0) in

(1) is replaced by
∝∑

n=2
An exp ( jωnt + jφn) if small-signal

modulation is assumed.
Since the phase shift is solely adjusted by the polarizer,

the system can be easily scaled to implement independent
multi-channel phase shifting, by splitting the two circularly
polarized wavelengths into a number of channels and each
channel incorporates with a polarizer. In addition, the phase
shifter can be tuned with an ultra-high speed if the polarizer
is replaced by an electrically-controlled polarizer.

B. Generation of Orthogonal Linearly-Polarized Wavelengths

From (1)-(3), the generation of two orthogonal circularly-
polarized wavelengths is the key to implement the
polarization-based photonic microwave phase shifter. To obtain
the two circularly-polarized wavelengths, one can first generate
two orthogonal linearly-polarized wavelengths, and then con-
verting the two wavelengths from linear polarization to circular
polarization via a polarization controller (PC). Mathematically,
the two linearly-polarized wavelengths can be represented as,

E (t) = A1 exp ( jω1t) x̂ + A2 exp ( jω2t + jφ0) ŷ (4)

If a PC is used to rotate the two wavelengths in (4) by
45 degree (denote the new orthogonal polarization direc-
tions as x ′ and y ′) and introduce an additional phase shift
of 90 degree between x ′ and y ′, the signal in (4) can be
rewritten as

E (t) ∝ [
A1 exp ( jω1t) − A2 exp ( jω2t + jφ0)

]
exp
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π

2

)
x̂ ′

+ [
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]
ŷ ′

= A1 exp ( jω1t)
[
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2
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π

2
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x̂ ′ + ŷ ′] (5)

As can be seen, a signal which has the same expression of (1)
is obtained. Therefore, if the two orthogonal linearly-polarized
wavelengths can be generated, the polarization-based photonic
microwave phase shifter can be easily realized.

An intuitional way to generate the two orthogonal
linearly-polarized wavelengths is to combine two phase-
correlated optical wavelengths with a polarization beam com-
biner (PBC) [24]–[26]. One critical problem associated with
this method is that the two wavelengths must be spatially
separated before the PBC, as shown in Fig. 2 (a), which would

Fig. 2. The illustration of the (a) PBC-, (b) DGD- and (c) SBS-based
orthogonally-polarized wavelength generator. HNLF: highly nonlinear fiber.

introduce serious phase jitter to the generated microwave
signal.

Another method for the generation of the orthogonal
linearly-polarized wavelengths is based on first-order polar-
ization mode dispersion (PMD) [27]–[29]. The principle of
this kind of approach is illustrated in Fig. 2 (b). When
two phase-correlated wavelengths are applied to a differen-
tial group delay (DGD) element with a DGD value of τ ,
the polarization states of them would be rotated by different
polarization angles. The angle difference is �ωτ , where �ω =
ω2 − ω1 represents the angular frequency of the microwave
signal. If the DGD is selected to let �ωτ = (2n + 1)
π/2(n = 1, 2, 3 . . .), the two wavelengths are orthogonally
polarized. In [28], a polarization-maintaining fiber (PMF) is
utilized as the DGD element, and in [29], a specially-designed
polarization-maintaining FBG (PM-FBG), which has two
spectrally separated and orthogonally polarized transmission
bands is used to make the two wavelengths orthogonally polar-
ized. The key problem of the PMD-based method is that the
DGD-induced polarization rotation is frequency dependent,
so only the wavelengths separated by several specific frequen-
cies can be made orthogonal.

The orthogonal linearly-polarized wavelengths can also
be generated by stimulated Brillouin scattering (SBS) based
polarization rotation. When an optical signal is amplified by
the SBS gain in the fiber, the state of the polarization (SOP)
of the amplified signal will be evolved towards the SOP of
the pump signal [39], as shown in Fig. 2 (c). Therefore, if a
pump signal with an orthogonal polarization state is applied
to amplify an optical signal [30], the SOP of the signal
after amplification could be orthogonal to the original one.
However, cross-polarization SBS gain is usually very small. To
ensure a sufficiently large polarization rotation when the pump
signal is orthogonal with the signal to be amplified, large pump
power [30] or several stages of SBS must be employed [31],
leading to high power consumption or a complicated structure.

C. Direct Generation of Orthogonal
Circularly-Polarized Wavelengths

The two orthogonal circularly-polarized wavelengths for
realizing the polarization-based photonic microwave phase
shifter can also be directly generated based on polarization
modulation [23], [32]–[37].

Different from the conventional electro-optical intensity
modulation and phase modulation, polarization modulation
operates on the polarization state of a lightwave, which
can be performed by cross-polarization modulation in an
SOA [40], nonlinear polarization rotation in highly nonlinear
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Fig. 3. The general scheme for implementation of polarization modulation.

Fig. 4. Schemes for generating orthogonal circularly-polarized wavelengths:
(a) based on a PolM and an OBPF; (b) based on two cascaded PolMs.

mediums [41], a phase modulator (PM) without an
input polarizer [42], a GaAs-based polarization modulator
(PolM) [43], or a polarization division multiplexing (PDM)
Mach-Zehnder modulator (MZM) [44]. Fig. 3 shows the
general model of the methods to implement the polarization
modulation, in which, different modulations are introduced
to the TE and TM modes of an input lightwave. For the
GaAs-based PolM and the PM without an input polarizer,
the modulations are phase modulations with different mod-
ulation indices, while for PDM-MZMs the modulations are
intensity modulations.

In [23], a GaAs-based PolM incorporated with an opti-
cal bandpass filter (OBPF) was employed to generate the
two orthogonal circularly-polarized wavelengths, as shown
in Fig. 4 (a). When a lightwave is injected into the PolM,
two complementary phase-modulated signals are generated
along the two orthogonal polarization directions. One phase-
modulated signal consists of two 1st-order sidebands with
a phase of π /2 and an optical carrier with a phase of 0,
while the two 1st-order sidebands in the other phase-modulated

signal have a phase of −π /2. Introducing an additional
phase difference of π /2 to the signals by a DC bias to
the PolM, the phase difference between the orthogonally-
polarized components are π /2 for the ±1st-order sidebands and
−π /2 for the optical carrier, respectively. Therefore, the output
of the PolM comprises three circularly-polarized wavelengths,
among which the ±1st-order sidebands have the same rotation
directions while that the optical carrier rotates in the opposite
direction. With an OBPF to remove one of the ±1st-order
sidebands, two circularly polarized wavelengths with opposite
rotation directions are left. Based on this signal, a photonic
microwave phase shifter with an operational frequency range
from 10 to 40 GHz and a very small power variation (<1 dB)
was realized [23]. The major problem with this method is that
the OBPF always has a relatively small slope, which limits
the lowest operational RF frequency to 10 GHz.

Another method to generate the two orthogonal circularly-
polarized wavelengths is based on two cascaded PolMs [32],
as shown in Fig. 4 (b). Three circularly-polarized sidebands are
first generated at the output of the first PolM (PolM1) which
is driven by an RF signal. Different from the direct filtering
method in [23], a second PolM (PolM2) is followed to modu-
late the three circularly polarized sidebands with a quadrature
RF signal. After PolM2, one of the newly generated ±1st-order
sidebands of the optical carrier will be phase canceled with
the original one while the other sideband is enhanced. As a
result, only two wavelengths remain. The phase difference
between the two orthogonally-polarized components of the two
remained wavelengths are π /2 and −π /2, respectively, indicat-
ing that two orthogonal circularly-polarized wavelengths are
generated. In an experiment, the undesirable first-order side-
band was suppressed by 30 dB as compared to the remaining
one, and the system can be operated in the frequency range
of 2 to 36 GHz, which is limited by the bandwidth of the
electrical 90-degree hybrid. Compared with [23], the lower
frequency boundary is significantly decreased.

D. Generation of Orthogonally-Polarized Wavelengths With
Multiplied Frequency Spacing

For the above methods, the maximum operating frequency
is limited by the bandwidth of the electro-optical modulators
and the electrical devices used in the system. To break the
bandwidth limitation, approaches that can perform simultane-
ously frequency multiplication and phase shifting are highly
desirable [28], [29], [33]–[35]. The key is to generate two
orthogonally-polarized wavelengths separated by a frequency
that is multiple times of the frequency of the input RF signal.

Previously, a DGD element, e.g., a PMF [28] or a
PM-FBG [29], was employed to generate the orthogonally
polarized ±1st-order sidebands or ±2nd-order sidebands.
Again, the DGD-induced polarization rotation is frequency
dependent, so the method is effective at several frequencies
only.

To solve this problem, a dual-parallel PolM (DP-PolM)
was used to generate the circularly-polarized ±1st-order side-
bands [33]. The equivalent structure of the DP-PolM is
illustrated in Fig. 5 (a), which comprises of two sub-PolMs,
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Fig. 5. Schemes for the generation of orthogonal circularly-polarized
wavelengths with multiplied frequency spacing: (a) based on a DP-PolM;
(b) based on a PDM-DPMZM.

a polarization beam splitter (PBS), and a PBC. Since each
input port of the PBC only adopts lightwaves with specific
polarization states, it serves as a polarizer for the output signal
from each sub-PolM of the DP-PolM. According to [45],
a PolM followed by a polarizer would perform as an MZM.
The upper equivalent MZM is driven by an RF signal, which
generates two first-order sidebands with an identical phase
along one polarization direction. Meanwhile, the lower MZM
is driven by a quadrature RF signal, so the ±1st-order side-
band would have a phase of ±π /2, respectively, along the
orthogonal polarization direction. Both MZMs are biased at the
minimum transmission point (MITP), which performs carrier
suppression. Two orthogonal circularly-polarized sidebands
are therefore generated, as the phase difference between the
two −1st-order sidebands along the two orthogonal polariza-
tion directions is π /2 while that of the +1st-order sidebands
is –π /2. If the two wavelengths are sent to a PD, a microwave
signal with a frequency that is two times of the frequency of
the input RF signal will be generated. The frequency doubling
operation makes the system work at a frequency range beyond
the bandwidth of the electrical devices.

To further increase the frequency range, orthogonal
circularly-polarized ±1st-order sidebands, ±2nd-order side-
bands and ±4th-order sidebands were generated by using
a PDM dual-parallel MZM (PDM-DPMZM) [36], [37],
as shown in Fig. 5 (b), which can be applied for the gen-
eration of microwave signals with frequency multiplication
factors (FMFs) of 2, 4, and 8. The PDM-DPMZM is driven
by four RF signals. To obtain the four RF signals, the output
of a RF source is first split into two paths with an electrical
divider, which also introduce a fixed phase shift �ϕ to one
path [36]. Then, the two RF signals are further split into
four paths with two electrical 90-degree hybrids. Table II
shows the values of �ϕ and the phase shifts introduced by

TABLE II

THE PHASE SET OF RF SIGNAL AND THE PHASE SHIFTS INTRODUCED BY
THE DC BIASES FOR DIFFERENT FMFS

Fig. 6. The illustrations of the optical spectra at different positions for FMFs
of (a) 2, (b) 4, and (c) 8.

the DC biases for achieving different FMFs. When the phase
shift �ϕ is controlled to be 0, π /4 or π /8, and the DC
biases are properly set, two orthogonal circularly-polarized
wavelengths that separated by 2, 4 or 8 times of the frequency
of the electrical driven signals are generated, respectively.
The evolutions of the optical spectra at different positions
in Fig. 5(b) for different FMFs are illustrated in Fig. 6.

The PDM-DPMZM can also be applied to perform
phase shifting with frequency conversion [38]. The two
sub-DPMZMs of the PDM-DPMZM are driven by two
pairs of quadrature RF signals with different frequencies,
which are obtained by splitting the outputs of two RF
sources via two 90-degree hybrids, respectively, as shown
in Fig. 7. By adjusting the DC biases of the PDM-DPMZM,
a carrier-suppressed single sideband (CS-SSB) modulated
signal with +1st- or −1st-order sideband suppressed can
be generated by each sub-DPMZM. If one of the sub-
DPMZMs generates a CS-SSB modulated signal with the
+1st-order sideband while the other sub-DPMZM produces a
CS-SSB modulated signal with the −1st-order sideband, two
orthogonally-polarized wavelengths that separated by the sum
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Fig. 7. Generation of two orthogonally polarized wavelengths that separated
by the sum or the difference frequency between the two driven signals.

frequency of the two input RF signals can be generated at the
output of the PDM-DPMZM. On the other hand, if the two
sub-DPMZMs generate two CS-SSB modulated signals with
the same sideband, two orthogonally-polarized wavelengths
that separated by the difference frequency of the two input
RF signals can be generated. In [38], a photonic microwave
phase shifter with frequency conversion capability was built
based on the PDM-DPMZM. With one of the frequencies of
the RF signals fixed at 10 GHz, a frequency down-converted
phase shifter over 0 to 13 GHz and a frequency up-converted
phase shifter over 10 to 33 GHz were realized, and both phase
shifters can be continuously tuned over 360 degree.

It should be noted that although the SOP of a light is very
sensitive to the environment, the polarization-based photonic
microwave phase shifter can still maintain stable because
it is always operated locally which can be well packaged.
In addition, adaptive polarization control might be applied for
further stability improvement.

III. APPLICATIONS OF THE POLARIZATION-BASED

PHOTONIC MICROWAVE PHASE SHIFTER

In this section, the recent advances of analog signal
processing functions enabled by polarization-based photonic
microwave phase shifter are reviewed and discussed, including
finite impulse response (FIR) microwave photonic filtering,
optical RF beamforming, phase-coded or linear frequency
modulated (LFM) signal generation, high-precision phase
noise measurement, and RF interference cancellation.

A. Tunable FIR Microwave Photonic Filter (MPF)

FIR MPF is one of the fundamental elements for microwave
photonic signal processing, which can be realized by summing
up N time-delayed and tap-weighted photonic microwave
signals [7]–[10], [46], [47]. The electrical transfer function
of an N-tap MPF is given by,

H ( f ) =
N−1∑
n=0

an exp(− j2π f nTF) (6)

where an (n = 1, 2, . . . , N) is the tap coefficients, f is the
frequency of the filtered microwave signal, and TF is the unit
delay between the adjacent taps of the MPF. According to

the coefficients, MPFs can be divided into three categories,
i.e., positive-coefficient MPFs for low-pass filtering [48], [49],
negative-coefficient MPFs for bandpass filtering [50]–[52], and
complex-coefficient MPFs [53]–[64]. Among them, the fre-
quency response of the complex-coefficient MPFs can be tuned
without affecting the shape of the frequency response, which is
highly desired for practical applications. The transfer function
of a complex-coefficient MPF can be expressed as,

H ′( f ) = a0 + a1 exp( jθ) exp(− j2π f TF)

+ a2 exp( j2θ) exp(− j2π f 2TF)

+ · · · + an exp( jnθ) exp(− j2π f nTF)

=
N−1∑
n=0

an exp

[
jn2πTF

(
θ

2πTF
− f

)]
(7)

where θ is the phase difference between the adjacent taps
(suppose the phase shift of the first tap is 0). From (7) we
can see that the center frequency of the filter is θ/2πTF.
By adjusting the phase difference, the center frequency can be
continuously tuned while the magnitude of the MPF maintains
unchanged.

Therefore, the key to implement an MPF with complex
coefficients is to realize one or more photonic microwave
phase-shifted taps. Almost all the photonic microwave phase
shifters can be employed to realize a complex coefficient in
an MPF. Previously, the complex coefficient was implemented
using SBS-based [53], [54], SOA-based [55], FBG-based [56],
or external-modulated [57]–[63] photonic microwave phase
shifters. However, most of these systems can realize only one
complex coefficient. In addition, the modulus of the complex
coefficients would be varied due to the phase-magnitude
dependence of the phase shifter. To deal with the problems,
a polarization-based photonic microwave phase shifter can be
employed. Since the phase shift of the polarization-based pho-
tonic microwave phase shifter is solely adjusted by a polarizer
followed by the orthogonal circularly-polarized wavelength
generator, it can be easily scaled to implement multiple
independent complex coefficients by splitting the output of
the orthogonal circularly-polarized wavelength generator into
N paths and each path incorporated with a polarizer. Thanks to
the power-invariable phase shifting of the polarization-based
photonic microwave phase shifter, the phase of the imple-
mented complex coefficient can be continuously tuned while
the modulus of the complex coefficients maintains unchanged.
Summing up the N phase-shifted taps by a coupler or a
wavelength-division multiplexer (WDM), an N-tap MPF can
be realized. In [63], a 4-tap full-complex-coefficient MPF was
realized by using a photonic microwave phase shifter based
on a PolM and an OBPF. The frequency response of the
4-tap MPF can be continuously tuned over the full free spectral
range (FSR) by adjusting the phase shifts of each tap.

Most of the previously reported MPFs with complex coeffi-
cients can only realize fundamental frequency signal filtering.
In practice, however, simultaneous frequency mixing and
tunable filtering are highly desired for most RF frontends. The
frequency-mixed MPF can possibly be realized based on a
frequency-mixed photonic microwave phase shifter [65], [66].
However, the phase shifters in [65] and [66] are tuned by
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Fig. 8. The schematic diagram of the frequency mixed MPF. LD: laser diode;
OC: optical combiner; OTDL: optical tunable delay line; WDM: wavelength
division multiplexer; PC: polarization controller; Pol: polarizer; VNA: vector
network analyzer.

the DC biases of the electro-optic modulators, which requires
multiple modulators to form multiple adjustable taps. To deal
with this problem, a 4-tap frequency-mixed MPF was built
based on the afore-mentioned polarization-based frequency-
mixed phase shifter [38], as shown in Fig. 8. Each tap of the
MPF realizes a frequency-mixed phase shifting, which can
be continuously tuned over −180 degree to 180 degree by
adjusting the PC in each tap. Therefore, the center frequency
of the MPF can be continuously tuned over the full FSR while
the shape of the frequency response maintains unchanged. The
MPF can be switched between frequency up-conversion and
down-conversion modes by adjusting the DC biases of the
PDM-DPMZM. Frequency up-converted and down-converted
MPFs were proved to be effective over 10-33 GHz and
0-13 GHz, respectively, when an RF signal fixed at 10 GHz
was applied.

B. Optically Controlled Beamforming Network (OBFN)

Beamforming plays a significant role in modern radars
and wireless communications [1], where high directionally
transmitting or receiving of signals are required. The main
principle of beamforming is to control the time delay or the
phase of each radiated signal in a phased array antenna so that
all the radiated signals have the same phase in the desired
direction. Thanks to the inherent advantages offered by the
photonic technology, such as small size, broad bandwidth, low
transmission loss, large tunability, and immunity to electro-
magnetic interference, it is of great interests to implement the
beamforming network in the optical domain [2], [3], [7]–10].

Previously, a lot of methods have been reported to realize
the OBFN [67]–[72], which can mainly be divided into two
categories. One is based on true time delay units [67]–[69], and
the other is using photonic microwave phase shifters [70]–[72].
Although the true-time-delay based OBFN can realize squint-
free beamforming over a broad bandwidth [67]–[69], OBFNs
based on photonic microwave phase shifters are still interesting
if the instantaneous bandwidth is not large. Since the photonic
microwave phase shifters can operate over a broad frequency
range, the photonic microwave phase shifter based OBFNs can

Fig. 9. The schematic diagram of the proposed OBFN. OBPF: optical
bandpass filter; PBS: polarization beam splitter; PD: photodetector.

be used in a frequency-agile system to realize phased array
antennas with different center frequencies.

A typical photonic microwave phase shifter based OBFN
was reported by Yi et al. [72], in which a programmable
photonic processor based photonic microwave phase shifter
was employed. The method is flexible since the photonic
processor can manipulate the amplitude and phase of different
optical spectral components independently. A 4-channel phase
shifted OBFN was realized. However, the state-of-the-art pho-
tonic processor is still complicated, lossy and costly, and the
scalability is limited by the number of the output ports of the
photonic processor (typically ≤16).

Due to the excellent scalability of the polarization-based
photonic microwave phase shifter, multi-channel phase shifting
can be easily obtained; an OBFN can thus be realized. In [73],
a polarization-modulated photonic microwave phase shifter
based on a PolM and an OBPF is employed to realize
an OBFN, as shown in Fig. 9. The PolM cascaded with
the OBPF generates two circularly-polarized and oppositely-
rotated wavelengths [23], which are then split into N paths,
and each path is followed by a PC, a polarizer, and a PD
to realize N phase shifters. By adjusting the PC in each
path, the phase of the signal at the output of each PD can
be continuously tuned [23], so the far-field radiation pattern
can be changed. The phase shifter has a wide operation
bandwidth (10-40 GHz in [23]) and flat power response, so the
proposed OBFN is suitable for frequency-agile phased array
antennas. In addition, the PolM-based circularly polarized
and oppositely-rotated wavelength generator can be replaced
by the PDM-DPMZM based generator so that frequency-
mixed or frequency-multiplied OBFNs can also be realized.

C. Phase-Coded / LFM Signal Generation

Generation of microwave phase-coded signals or LFM sig-
nals has been widely investigated in the past decades for
pulse compression in radar systems [1]. Thanks to the high
frequency and large operational bandwidth provided by the
photonic technologies, various schemes were proposed to
generate phase-coded and LFM signals in the optical dom-
ain [33], [35], [36], [74]–[82].
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Generally, a phase-coded signal or an LFM signal can be
expressed as,

Ep(t) = Ap cos
[
ωpt + s (t)

]
(8)

where Ap, ωp and s(t) are the amplitude, angular frequency
and phase term of the phase-coded or LFM signal, respectively.
When s(t) is a sequence of electrical coding signal, Ep(t)
stands for a phase-coded signal [80]. When s(t) is a parabolic
signal, Ep(t) represents an LFM signal [81], [82]. Therefore,
the key to generating such a signal is to manipulate the phase
of an RF signal according to s(t), which is exactly what a
photonic microwave phase shifter adept at. However, some of
the photonic microwave phase shifters can be only effective
for the generation of a very low-speed phase-coded signal due
to the relatively slow phase tuning speed (∼kHz). And some
of them are power variable during phase tuning, which would
decrease the compression performance of the generated signal.
Thanks to the power-invariable phase shifting capability and
ultra-high phase tuning speed (as high as 40 Gb/s [43]) of the
polarization-based photonic microwave phase shifters, a high-
speed phase-coded signal or a large-bandwidth LFM signal can
be generated when an electrical coding signal or a parabolic
signal is applied to the polarization-based photonic microwave
phase shifters. The center frequency can be the fundamental
frequency [80], the multiplied frequency [33], [35], [36], or the
mixed frequency of the electrical RF driven signals. The
coding speed can be as high as 40 Gb/s [43], limited by
the bandwidth of the electrically-controlled polarizer used in
the polarization-based photonic microwave phase shifters.

One key parameter to evaluate the generated signal is the
TBWP, which is defined as the product of the time duration
and the bandwidth of the generated signal. For a phase-coded
signal generated based on the polarization-based photonic
microwave phase shifter, its bandwidth equals to the coding
speed and its time duration is related to the sequence length
of the driven electrical coding signal. When the coding speed
is fixed, the TBWP can be easily improved by increasing the
sequence length of the driven signal.

For an LFM signal generated based on the polarization-
based photonic microwave phase shifter, its bandwidth is
related to the derivation of the phase variations with respect to
the time and its time duration equals to the time duration of
the driven parabolic signal. When the time duration is fixed,
the larger the phase variation introduced by the parabolic
signal is, the larger the bandwidth and TBWP is. However,
the total phase variation introduced by the parabolic signal is
generally smaller than 10 rad which is limited by the maximum
tolerable power of the electrically-controlled polarizer [81].
Therefore, to improve the TBWP of the generated LFM signal,
one has to increase the total phase variations introduced by
the parabolic signal. To do so, Li and Yao used a recirculating
phase modulation loop (RPML) to introduce a parabolic phase
modulation during each recirculation, so the accumulated
phase variation and the TBWP of the generated LFM signal
were increased by tens of times [81]. However, the circulation
times are limited due to the insertion loss of the devices used
in the loop.

Fig. 10. Schematic of the conventional parabolic signal (upper) and the split
parabolic signal (lower) when the split number equals to 10.

Another method to improve the TBWP of the LFM signal
is using a spliced parabolic signal to drive the electrically-
controlled polarizer. The spliced parabolic signal is obtained
by splitting the conventional parabolic signal into N pieces,
and each piece has the same amplitude, as shown in Fig. 10.
By carefully designing the amplitude of the spliced parabolic
signal to let the induced phase variation of each piece be
2π or the integral multiples of 2π , the total phase variations
can be improved by N /2 times. Therefore, the TBWP of
the generated signal can be improved by N /2 times too.
An experiment in [82] demonstrated that an LFM signal
with a TBWP of about 3846.2 was generated by using
a 1000-piece parabolic signal. Compared to the case using
an unsplit parabolic driven signal, the TBWP was improved
by more than 500 times. It should be noted that the spliced
parabolic phase modulation method can be applied in the
aforementioned RPML [81] to generate even wider bandwidth
LFM signals, so very large TBWPs (e.g., more than 10,000)
might be possibly generated.

D. High Accuracy Phase Noise Measurement

Microwave signal with ultra-low phase noise is of particular
importance in modern radar systems, wireless communications
and measurement systems. With the assistance of photonic
technologies, a 10-GHz microwave signal with ultra-low phase
noise (-163 dBc/Hz@ 6 kHz) can be generated by an opto-
electronic oscillator (OEO) [83]. However, it is challenging
to measure such a low phase noise with the traditional
phase noise measurement methods, including the direct spec-
trum method, the phase detector method [84]–[86], and the
electrical-delay-line-based frequency discriminator method.

Compared with the other two methods, the delay-line-based
frequency discriminator method is more likely to break out the
sensitivity limitation, because the sensitivity of the frequency
discriminator method is mainly determined by the amount
of time delay introduced by the delay line, which can be
significantly increased by optical delay line. Thanks to the
high frequency, broad bandwidth, and ultra-low transmission
loss brought by photonic technologies, the photonics-assisted
phase noise measurement method based on optical delay line
is supposed to be an effective way to reach an ultra-high
sensitivity and a broad measurement bandwidth [87]–[91].

A high-sensitivity and large-bandwidth phase noise mea-
surement system using optical delay line and polarization-
based photonic microwave phase shifter was reported in [91],
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Fig. 11. The schematic diagram of the delay-line and photonic microwave
phase shifter based phase noise measurement system. SUT: signal under test;
LPF: low noise amplifier.

as shown in Fig. 11. The signal under test is first split into
two replicas. One replica is time delayed by the optical delay
line (e.g., a length of optical fiber) and phase shifted by
the polarization-based photonic microwave phase shifter [23].
The delayed and phase-shifted replica is then mixed with the
other replica of the microwave signal under test. Since the
photonic microwave phase shifter can be continuously tuned
from −180 to 180 degree [23], a quadrature phase difference
between the two replicas which is necessary for the frequency
discriminator can be easily satisfied. With an FFT analyzer,
the phase noise can be easily calculated. A large measurement
bandwidth in a range from 5 to 40 GHz and an ultra-low phase
noise floor of −133 dBc/Hz@ 10 kHz was experimentally
demonstrated.

It should be noted that, if frequency-multiplied photonic
microwave phase shifters are employed in the system, the sen-
sitivity of the phase noise measurement system may be
improved [92].

E. Co-Site Interference Cancellation

With the fast development of the wireless communi-
cation and modern radar systems, the universally existed
co-site interference would severely confine the performance
of those systems. The co-site interference arises mainly
from the electromagnetic interference between the transmitters
and the receivers, i.e., the transmitted signals would interfere
with the signal-of-interest (SOI) from a certain receiver. If the
interference signal overlaps with the SOI, it cannot be removed
with a filter. Therefore, co-site interference cancellation tech-
nologies must be employed.

To suppress the co-site interference, a cancellation sig-
nal that has the same amplitude and an opposite phase to
the interference signal should be generated, which can be
obtained by using a phase shifter and a variable attenua-
tor. When the generated cancellation signal combines with
the received signals, the interferences can be successfully
removed [93]–[98]. Thanks to the broad bandwidth of photonic
technology, a broadband optical RF interference cancellation
system can be realized with a microwave photonic phase
shifter. A typical optical RF interference cancellation system
consists of two optical links, one of which is used to carry the

Fig. 12. The schematic diagram of the optical multipath RF interference
cancellation system using a PolM-based photonic microwave phase shifter.

SOI and the interference signal received from the antenna, and
the other is employed to generate and transmit the cancellation
signal by using a microwave photonic phase shifter and a
variable optical attenuator (VOA). In [99], an RF interference
cancellation system was built incorporating a DPMZM-based
microwave photonic phase shifter. By adjusting the bias volt-
ages of the DPMZM, the phase of the cancellation signal can
be continuously tuned. Cooperated with a VOA, the co-site
interference signal can be suppressed at the output of the PD.

However, the structure above did not take into account
the conditions that the interference signal might be reflected,
scattered or diffracted by the surroundings in a realistic sce-
nario. So the received signals may contain multiple delayed,
attenuated and phase-shifted copies of the interference sig-
nal. Therefore, a multipath cancellation structure must be
employed to cancel each copy of the interference signal.
However, the structure in [99] is difficult to be scaled without
multiple DPMZMs, which would significantly increase the
cost and complexity of the system. Since the polarization-
based microwave photonic phase shifters have good scalability,
they can be easily scaled to realize multi-path phase shifting
with independent control of the phase. A multi-path inter-
ference cancellation structure has been proposed utilizing a
PolM-based microwave photonic phase shifter [100], as shown
in Fig.12. A 20-dB suppression over 13 GHz (from 3.5 GHz
to 16.8 GHz) and a 30-dB suppression across 10 GHz (from
5.5 GHz to 15 GHz) were demonstrated.

IV. CONCLUSION AND DISCUSSION

In conclusion, the recent advances in polarization-based
photonic microwave phase shifters were reviewed. The gen-
eral principle and the system architectures with or without
frequency-multiplication and frequency-conversion capability
were introduced. Analog signal processing functions enabled
by the polarization-based photonic microwave phase shifters
(e.g., tunable FIR microwave photonic filtering, optical RF
beamforming, phase-coded or LFM signal generation, high-
precision phase noise measurement and RF interference can-
cellation) were described.

In addition to the signal processing functions mentioned
in this paper, a polarization-based photonic microwave phase
shifter may have the potential to realize an image-reject
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mixer [65] and a Hilbert transformer [101], since the intrinsic
of these functions is to manipulate the phases of the input
signals.

Meanwhile, the multi-functional signal processor can
also be realized based on the polarization-based photonic
microwave phase shifter. Thanks to the excellent scalability
of the polarization-based photonic microwave phase shifter,
multiple channels of phase shifting can be realized, which can
be divided into several groups. Each group can be utilized
to realize a specific function, such as an MPF, an OBFN,
a phase-coded/LFM signal generator, and RF interference
cancellations. Since the orthogonally polarized wavelength
generator is shared by all the functions, the multi-functional
signal processor would be compact, and the cost can be sig-
nificantly reduced. The multi-functionality of the polarization-
based photonic microwave phase shifter makes it more
attractive for multi-functional and multi-band radar systems.

Although the polarization-based photonic microwave phase
shifters are flexible in many applications, they are cur-
rently implemented by discrete components, making the sys-
tem bulky and sensitive to the environmental vibrations,
which would confine their applications (e.g., the onboard
and satellite-board radars). A promising solution to this
problem is using integrated microwave photonic technolo-
gies. Since most of the devices used in the polarization-
based photonic microwave phase shifters can be implemented
in an integrated photonics chip, e.g., lasers [102], [103],
PDM-DPMZMs [44], polarizers [104]–[106], wavelength divi-
sion multiplexer (WDM) [107], delay lines [108], and
PDs [109], [110], polarization-based photonic microwave
phase shifters have the potential to be integrated in a single
chip in the future, which would significantly reduce the size
of the system and make the system more suitable for practical
applications.
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