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An Ultra-Wideband Microwave Photonic Phase
Shifter With a Full 360° Phase Tunable Range
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Abstract— A novel photonic approach to the implementation
of an ultra-wideband microwave phase shifter is proposed and
experimentally demonstrated. In the proposed system, a single-
sideband (SSB) signal is sent to a polarization-maintaining fiber
Bragg grating (PM-FBG), which has two spectrally separated
transmission notches along the fast and the slow axes. By locating
the optical carrier along the fast axis at the transmission notch,
the optical carrier in the SSB signal is removed. At the output
of the PM-FBG, two orthogonally polarized optical signals,
one with the optical carrier and the sideband, the other with
only the sideband, are obtained. The two orthogonal signals
are then sent through a variable retardation plate (VRP) to a
polarizer and then detected by a photodetector. By controlling
the VRP to introduce a tunable phase difference between the
two orthogonally polarized SSB signals, a microwave signal with
a tunable phase shift is generated. A theoretical analysis is
developed, which is validated by an experiment. A microwave
phase shifter with a full 360° phase shift over a frequency range
from 10 to 40 GHz is demonstrated.

Index Terms— Phase-shifted fiber Bragg grating, microwave
photonics, microwave phase shifters, phased array beamforming,
polarization.

I. INTRODUCTION

M ICROWAVE phase shifters (MPSs) are important
devices for phased array beamforming in wireless com-

munications [1], [2] and radar [3], [4] systems. MPSs are
usually implemented based on semiconductors and ferrites
[5], [6]. Semiconductor-based MPSs have high response speed,
but the power-handling capacity is poor and the insertion
losses are high [5]. On the contrary, ferrite-based MPSs have
better power-handling capacity and the losses are smaller, but
the response speed is limited and the size is usually large [6].
To implement MPSs with large bandwidth, small size and high
response speed, photonic techniques are considered a solution.
In the past few years, numerous photonic-assisted MPSs were
proposed [7]–[11]. In [7], an MPS with a phase shift of 180°
was realized based on cross-phase modulation (XPM) in a
nonlinear loop mirror, in which the phase of the optical carrier
of an optical single-sideband (SSB) signal is modulated via
XPM [7]. The beating of the optical carrier and the sideband
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generates a microwave signal with the phase shift translated
to the microwave signal. In [8], an MPS with a phase shift of
135° based on wavelength conversion in a distributed feedback
(DFB) laser was proposed. The fundamental principle of
the technique is that a phase shift is introduced to a new
wavelength during the wavelength conversion and the phase
shift is tunable by controlling the injection current. Recently,
MPSs based on slow- and fast-light effects in semiconductor
optical amplifiers (SOAs) [9] or a tilted fiber Bragg grating
(TFBG) [10] have been proposed. MPSs can also be realized
based on stimulated Brillouin scattering (SBS) in a fiber [11].
The approaches reported in [7], [8], [10] have the limitation to
provide a full 360° phase shift. Although the approach in [9]
can achieve a full 360° phase shift, the system is complicated
due to the use of multiple SOAs. The SBS-assisted microwave
phase shifter can also provide a full 360° phase shift [11], [12],
but to trigger the SBS, a high-power optical pump source is
needed and the optical fiber is usually long. In addition, the
SBS effect is sensitive to environmental change, which would
affect the phase shift stability. Recently, Pan et al. proposed
a simple technique to implement an MPS with a full 360°
phase shift using a polarization modulator (PolM), an optical
bandpass filter (OBPF) and a polarizer [13]. A PolM is a
special phase modulator that supports TE and TM modes with
complementary phase modulation indices [14]. By filtering
out one sideband from each of the two orthogonally polarized
phase-modulated signals using the OBPF, two SSB modulated
signals that are orthogonally polarized are obtained. The phase
shift is introduced by tuning the polarization direction of the
polarizer. The major limitation of the approach is the need to
generate two orthogonally polarized phase-modulated signals
with complementary phase modulation. For many applications,
however, a linearly polarized SSB modulated signal generated
by a dual-port Mach–Zehnder modulator (MZM) is transmitted
over an optical fiber. In addition, a π /2 phase difference
between the two orthogonally polarized signals at the output
of the PolM is required, which is critical to the accuracy of
the phase shift since a small drift of the bias voltage will have
large impact on the phase shift accuracy. Thus, an electrical
circuit to stabilize the bias voltage is needed, which may make
the system more complicated.

In this letter, we propose and demonstrate a simple approach
to implementing a microwave photonic phase shifter for a lin-
early polarized SSB modulated signal with a large bandwidth
and a full 360° phase shift. In the proposed system, a linearly
polarized SSB modulated signal is sent to a polarization-
maintaining fiber Bragg grating (PM-FBG) through a
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polarization controller (PC), to control the polarization direc-
tion of the incident light wave to have an angle of 45° relative
to the fast axis of the PM-FBG. Thus, an identical power
splitting along the fast and the slow axes is achieved. The
optical carrier of the SSB signal along the fast axis is removed
by the notch of the PM-FBG. Due to the birefringence, the
notch of the PM-FBG along the slow axis is away from
the notch along the fast axis, thus the SSB signal along the
slow axis is not affected by the PM-FBG. By controlling the
variable retardation plate (VRP) after the PM fiber, the two
signals along the fast and slow axes will have a tunable phase
difference. The optical signals at the output of the VRP are sent
to a polarizer, and then detected by a photodetector (PD). A
phase-shifted microwave signal is then generated. By adjusting
the phase difference between the two orthogonal signals to
the polarizer, the phase of the generated microwave signal is
shifted. A theoretical analysis is performed, which is validated
by an experiment. A microwave phase shifter with a full 360°
phase shift over a frequency range from 10 to 40 GHz is
experimentally demonstrated.

II. PRINCIPLE

Fig. 1 shows the schematic of the proposed microwave
phase shifter. It consists of a PC, a PM-FBG, a VRP, a
polarizer and a PD. A linearly polarized SSB signal from a
fiber link is sent to the PM-FBG via the PC, to adjust its
polarization direction to have an angle of 45° relative to the
fast axis of the PM-FBG. Two orthogonally polarized SSB
signals are obtained at the output of the PM-FBG, with the
optical carrier along the fast axis removed by the notch of
the PM-FBG. The orthogonal SSB signals at the output of the
VRP are combined at the polarizer and then detected at the PD.
Depending on the phase difference between the two orthogonal
SSB-modulated signals, a phase-shifted microwave signal with
a tunable phase shift over a full 360° can be generated.

Mathematically, an SSB signal can be expressed as

E (t) = A {exp ( jωt) + γ exp [ j (ω + ωm) t]} (1)

where A is the amplitude of the optical carrier, ω and ωm

are the angular frequencies of the optical carrier and the
microwave signal, respectively, and γ is the modulation index.
By applying the SSB signal to the PM-FBG with an angle of
45° relative to the fast axis of the PM-FBG, the SSB signal
will be equally split and propagate along the fast and the slow
axes of the PM-FBG. The PM-FBG has a notch along the
fast and the slow axes. By aligning the optical carrier with
the notch along the fast axis, the optical carrier is removed, as
shown in Fig. 1, while the SSB signal along the slow axis is not
affected. A tunable phase difference of the two orthogonal SSB
signals is introduced by the VRP. At the output of the VRP,
two orthogonally polarized signals with a phase difference of
ϕ are obtained, which are given by

[
Ex

Ey

]
=

√
2

2
A

[
γ exp [ j (ω + ωm) t − jϕ]

exp ( jωt) + γ exp [ j (ω + ωm) t]

]
(2)

where Ex and Ey denote the electrical fields along the fast and
slow axes, as shown in Fig. 1, ϕ is a tunable phase introduced

Fig. 1. Schematic of the proposed ultra-wideband 360° microwave photonic
phase shifter. PC: polarization controller; SSB: single sideband; VRP: variable
retardation plate; Pol: polarizer.

by the VRP. Note that the optical carrier along the x direction
is removed. By adjusting the VRP, the phase difference of the
incident signals to the VRP could be arbitrarily tuned. Thus,
the signal at the output of the polarizer along its principal axis
is given by

Eout = Ex cos α + Ey sin α (3)

where α and π/2−α are the angles between the principal axis
of the polarizer and the two principal axes of the VRP. The
signal in (3) is then sent to the PD for square-law detection,
and the output current can be written as

I (t) ∝ Eout (t) E∗
out (t)

= ADC + A2γ cos α sin α exp ( jωmt − jϕ)

+A2γ sin2 α exp ( jωmt)

= ADC + A2γ sin α
[
cos α exp ( jωmt − jϕ)

+ sin α exp ( jωmt)
]

(4)

where ADC is the dc component. As can be seen the phase
shift introduced to the microwave signal is a function of
ϕ and α. The amplitude of the microwave signal is also a
function of ϕ and α. For an ideal phase shifter, it is expected
that the amplitude of the phase-shifted microwave signal is
constant over the entire range of phase shift. To have a better
understanding of the dependence of the microwave phase shift
and the amplitude on ϕ and α, a simulation is performed. For
a given α, we tune ϕ from −π to +π , the corresponding
microwave phase shift is calculated, as shown in Fig. 2. As
can be seen, a full 360° phase shift can be achieved for
0 ≤ α ≤ π/4. For π/4 < α ≤ π/2, the phase shift range
is less than 0.8π . Thus, to have a full 360° phase shift,
α should be selected to be within 0 to π/4.

Next, we investigate the output microwave power as a func-
tion of α for 0 ≤ α ≤ π/4, with the result shown in Fig. 3(a).
The power variation, defined as the difference between the
maximum power and the minimum power for a full 360° phase
shift or 10 log10 (Pmax/Pmin), is also calculated. As can be
seen the variation is the smallest when α = 0, but when α = 0,
the microwave power is 0. To have small power variation
while maintaining a good output power, in our experiment
α is selected to be π/32, corresponding to a power variation
within 1 dB, as shown in Fig. 3(a). Fig. 3(b) (solid line) shows
the microwave phase shift as a function of ϕ, with the value
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Fig. 2. Tunable microwave phase shift as a function of ϕ for different α
from 0 to π/2.

Fig. 3. (a) Microwave power variation and the received RF power as a
function of α. (b) Microwave phase shift and the microwave power variation
as a function of ϕ for α = π/32.

of α fixed at π/32. As can be seen the microwave phase shift
has approximately a linear dependence on ϕ. Thus, by tuning
ϕ from −π to +π , a full microwave phase shift of 360° is
achieved. For the full 360° phase tuning, the power variation
over the full phase tunable range is within 1 dB, as shown in
Fig. 3(b) (dashed line).

III. EXPERIMENT

An experiment based on the setup shown in Fig. 1 is
implemented. A linearly polarized SSB modulated signal
generated using an MZM followed by an optical notch filter
to remove the upper sideband is sent to the PM-FBG through
the PC. The notch filter is a WaveShaper (Finisar, WaveShaper
4000S) with a bandwidth of a 50 GHz and a notch rejection
of 50 dB. By adjusting the incident angle to be 45° relative
to the fast axis of the PM-FBG via tuning the PC, the SSB
signal is projected equally to the fast and the slow axes of
the PM-FBG. The optical carrier is controlled to locate at
the notch of the PM-FBG along the fast axis which has a

Fig. 4. Optical spectrum of the SSB signal and the transmission spectra of
the PM-FBG measured when the incident light wave is aligned with the fast,
slow axes of the PM-FBG, and with an angle of 45° relative to the fast axis.
The frequency of the microwave signal is 20 GHz.

wavelength of 1551.64 nm, thus the optical carrier is filtered
out along the fast axis. The spectrum of the SSB signal and the
transmission spectra of the PM-FBG are both shown in Fig. 4.
The transmission spectra of the PM-FBG are measured by
aligning the polarization direction of the incident light parallel
to the fast axis, the slow axis, and with 45° to the fast axis.
Along the slow axis, the notch is shifted to a longer wavelength
due to the birefringence of the PM fiber, thus both the optical
carrier and the sideband transmit through the PM-FBG.

In the proposed system, the phase difference between the
two orthogonal SSB signals is controlled by tuning the VRP.
Due to the unavailability of the VRP, we use a second PC
to introduce the phase difference in the experiment, and the
angle α is also controlled by the second PC. A phase-shifted
microwave signal with its phase tunable by tuning the second
PC is obtained at the output of the PD. Fig. 5 shows the phase
shift measured using a vector network analyzer (VNA, Agilent
E8364A). As can be seen a tunable phase shift from −180° to
180° over a frequency range from 10 to 40 GHz is achieved.
The lowest frequency is limited by the notch width of the
PM-FBG and the highest frequency is limited by the band-
width of the PD. To extend the frequency range, we may use
a PM-FBG with a narrower notch width and a PD with a wider
bandwidth.

The microwave power for different phase shift is also mea-
sured by the VNA, with the results shown in Fig. 6. As can be
seen, the microwave powers over the range from 10 to 40 GHz
at different phase shifts are maintained almost constant. The
output power variations for the phase shift tuned at 0°, −90°,
+90° and 180° over the frequency range from 10 to 40 GHz
is within 1.27 dB, which is slightly higher that the theoretical
value of 1 dB. In the experiment, the VRP is replaced by a
second PC. When the second PC is tuned to introduce a phase
shift, the angle α is also changed. If the value of α is not well
maintained at π/32, an increased power variation would be
resulted. If a commercial VRP is employed in the system, the
power variation can be maintained within 1 dB.

The system performance, such as the gain, the noise figure,
and the system stability, is also assessed. For an input RF
power from −25 to −10 dBm, the averaged RF gain is
measured to be −39.41 dB. The link noise figure is also
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Fig. 5. Experimentally generated phase shift over a frequency range from
10 to 40 GHz.

Fig. 6. Power of the phase-shifted microwave signal when achieving different
phase shift over a frequency range from 10 to 40 GHz.

measured, which is 73.41 dB at a room temperature. The
relatively large noise figure is due to the large noise floor
of the electrical spectrum analyzer (ESA) used to perform the
noise figure measurement, which is −140 dBm/Hz. If an ESA
with a lower noise floor, say −160 dBm/Hz, is used, the link
noise figure is then 53.41 dB. The long-term stability of the
system is also evaluated. Under room environment, a phase
variation within 4.3° is observed for a four-hour stability test.

IV. CONCLUSION

We have proposed and experimentally demonstrated a new
approach to implementing a tunable phase shifter with a full
360° phase shift over an ultra-wide frequency range from
10 to 40 GHz. The key contribution of this technique is the
ability of the system to introduce a tunable phase shift to any
linearly polarized SSB signal using only passive components,

which greatly simplify the system and reduce the system noise
and nonlinearity. The tunable phase shift was realized by
simply tuning the VRP. The proposed technique was verified
by an experiment. A microwave phase shifter with a full 360°
phase shift over a frequency range from 10 to 40 GHz was
demonstrated.
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