
 

 

 
Abstract—In this paper, a frequency-dependent and tunable phase 

shifter is proposed and numerically analyzed. The key devices are the 
dual-polarization binary phase shift keying modulator (DP-BPSK) and 
the fiber Bragg grating (FBG). The phase-frequency response of the 
FBG is employed to determine the frequency-dependent phase shift. 
The simulation results show that a linear phase shift of the recovered 
output microwave signal which depends on the frequency of the input 
RF signal is achieved. In addition, by adjusting the power of the RF 
signal, the full range phase shift from 0° to 360° can be realized. This 
structure shows the spurious free dynamic range (SFDR) of 70.90 
dBꞏHz2/3 and 72.11 dBꞏHz2/3 under different RF powers. 
 

Keywords—Microwave photonics, phase shifter, spurious free 
dynamic range, frequency-dependent. 

I. INTRODUCTION 

ICROWAVE photonics (MWP) technology combines 
the advantages of electrical technology and the 

superiorities of optical technology. The drawbacks of limit 
operation bandwidth, electromagnetic interference (EMI), bulk 
structure, large weight and low isolation in the electrical field 
can be well overcame by the MWP technology [1], [2]. It is 
hitherto widely employed in the communication systems and 
radar system, especially the MWP phase shifter. It is one of the 
significant components which guarantee that the phase array 
radar performs the beam steering electrically without 
mechanical movement. 

In recent years, various kinds of MWP phase shifter are 
presented [2]-[10]. For example, the full range phase shift can 
be achieved by adjusting the optical wavelength [3], [4] or the 
optical power [5]. The dual-sideband phase-control-based 
structure can be employed to achieve the large range phase shift 
in the recovered microwave signal [6]. Polarization state 
dependent [7], [8] or RF amplitude dependent [9] phase shifters 
are recently reported. The stimulated Brillion scattering (SBS) 
is also used to realize the phase shift [10], [11]. Besides, the 
electro-optic modulators (EOM) based phase shifters are also 
widely researched [12], [13] due to the convenient phase tuning 
by the DC bias voltage altering. Although the aforementioned 
method can achieve the full range and stable phase shifting, it 
still faces the non-ignorable problem in the phase array system. 
Because of the restriction of aperture effect and the aperture 
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traverse delay, it is difficult for the conventional phase array 
radar to get the wide instantaneous bandwidth under wide scan 
scope. According to the principle of beam pointing, 
φ=2πd(f0-∆f)sin(θ0+∆θ)∕c. Here, φ is the phase shift, d is the 
antenna interval, f0 and Δf are the initial frequency and the 
frequency deviation respectively, θ0 and Δθ are the initial beam 
pointing direction and the pointing deviation, respectively. It 
can be figured that the phase shift should linearly respond to 
frequency so that the beam pointing can be well maintained. 
Traditionally, the problem can be well solved by the optical true 
time delay [14], [15]. However, the time delay greatly depends 
on the specially required fiber length which is hard to guarantee 
due to the extra high frequency of the lightwave.  

In this paper, a distinctive frequency-dependent and full 
range tunable phase shifter based on the phase-frequency 
response of the FBG is proposed. The structure is compact for 
only one integrated modulator of DP-BPSK, and one 
commercial FBG is employed. Because of the limit 
experimental condition, the theoretical analysis is shown 
firstly, and then, the simulation work is taken by the software of 
“Optisystem” to verify the proposed method.  

II. PRINCIPLE 

Fig. 1 shows the proposed schematic of frequency dependent 
phase shifter. It consists of a DP-BPSK and a FBG. In this 
structure, the laser diode (LD) launches a lightwave with the 
angular frequency of ωc and the amplitude of Ec. In order to 
simplify the theoretical analysis, the lightwave is regarded as a 
strict sinusoidal waveform and can be expressed as 
Ec(t)=EccosωRFt. It is first led to the DP-BPSKM, which 
integrates two dual driven Mach-Zehnder modulators 
(DMZMx and DMZMy), a 90-degree polarization rotator and a 
polarization beam combiner (PBC). The DMZM is another 
kind of integrated modulator that integrates two phase 
modulators (PM) in a main Mach-Zehnder modulator (MZM). 
There are two RF ports (Uport and Lport) and one DC bias port 
in a DMZM. The DP-BPSKM is driven by an RF signal 
VRF(t)=VRFsinωRFt. Here, VRF and ωRF are the amplitude and the 
angular frequency of the RF signal, respectively. It is equally 
split into two paths (up-path and low-path). The up-path is split 
and phase shifted by the 90° hybrid coupler to drive the two 
PMs in the DMZMx through Uport and Lport, respectively. In 
order to perform the single sideband modulation, the DCx bias 
voltage is set to be -π/2. Under the small signal modulation, the 
higher order sidebands can be ignored. Hence, the output signal 
of the DMZM after driven by the RF can be expressed as 
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where mRFx=πAxVRF/4Vπ represents the modulation index of the 
two PMs in the DMZMx. Ax is the attenuation coefficient of 
TAx. φx=πVDCx/Vπ denotes the phase difference between the 

two arms of the DMZMx that introduced by the DCx bias 
voltage. Jn(ꞏ) is the first kind of the Bessel function.  

 

 

Fig. 1 The schematic of RF frequency based phase shifting system 
 

 

Fig. 2 The reflection spectrum of FBG 
 

Similarly, the low-path RF signal is also split and phase 
shifted by the 90° hybrid coupler to drive the DMZMy. 
Differently, the 90° shifted one is introduced to the Uport, and 

the non-shifted one is led to the Lport. The DC bias voltage is 
set to be π/2. Under the small signal modulation, the output of 
the DMZMy can be written as 
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where mRFy=πAyVRF/4Vπ represents the modulation index of the 
two PMs in the DMZMy. Ay is the attenuation coefficient of 
TAy. φy=πVDCy/Vπ denotes the phase difference between the 
two arms of the DMZMy that introduced by the DCy bias 
voltage. It can be seen from (1) and (2) that the optical carrier 
and the +1st order sideband are reserved. The signal from the 
DMZMy is polarized by the 90° polarization rotator before 
combined by the PBC. Because of the rotator, the two 
modulated signals from the two DMZMs are mutually 
orthogonal in the polarization states. Therefore, the output 
signal of the DP-BPSKM can be written as 
 

     DP DMZMx x DMZMy yE t E t e E t e 
 

       (3) 

 

where ex⃗ and ey⃗ are the mutually orthogonal basic arrows. After 
that, the modulated signal is led to the optical circulator (OC) 
which possesses three ports (port1, port2, and port3). The 
lightwave goes through from port1 to port2 and reflected back 
by the FBG whose reflection function is H(ω). In this structure, 
the reflection spectrum of the FBG is adopted, and Fig. 2 shows 
the reflection spectrum. It is divided into three parts of L1 band, 
F band and L2 band. In the F band, the amplitude-frequency 
response is flat. However, in the L1 and L2 bands, the 
amplitude-frequency response shows approximately inverse 
proportion and direct proportion, respectively. Assume that the 
central angular frequency of the FBG is ωB, the range of the F 
band is ΔωF, and the range of the L1 and L2 bands are all ΔωL. 
Therefore, the reflected signal can be expressed as 
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The reflected signal is then sent to the port2 and transferred 

to the Erbium Doped Fiber Amplifier (EDFA) from the port3 
and the power is amplified. After that, the two polarized signals 
are aligned to the two principal axes in the polarization beam 
splitter (PBS) and are split into two branches (up-branch and 

low-branch). They are impinged to the two photodiodes (PDx 
and PDy) in the balanced photodiode (BPD), respectively. Two 
microwave currents are then achieved, and they are inversely 
combined by the PBD. The output signal can be expressed as 
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Here, R is the responsivity of the PD. G is the gain of the 

EDFA. EFBGx(t) and EFBGy(t) are the reflected signals in the two 
polarization states, respectively. 
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Equation (7) represents the phase shift of the recovered 
microwave signal consists of two components. One of them is 
the frequency dependent phase shift argH(ωc)-argH(ωc+ωRF), 
another one is the RF amplitude dependent phase shift Θ. It is 
obvious that when the RF amplitude is fixed, the frequency 
determines the phase shift. When the frequency is fixed, the RF 
amplitude ascertains the phase shift. 

III. SIMULATION RESULTS AND DISCUSSION 

A simulation based on the structure that shown in Fig. 1 is 
carried out by the commercial software of “Optisystem”. A 
lightwave with the linewidth of 10 kHz is employed as an 
optical carrier. The frequency and the power of the lightwave 
are 193.11 THz and 10 dBm, respectively. It is first injected 
into the DP-BPSK modulator whose half-wave voltage is 4 V 
and the extinction ratio is 20 dB. The modulator is driven by a 
microwave signal, which is divided into four paths and phase 
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shifted by two 90° hybrid couplers. The separated microwave 
signals are fed to the four RF ports respectively to drive the 
modulator. After that, the modulated signal transfers through 
the OC and reflected by the specially designed FBG. The 
central frequency of the FBG is 193.1 THz, and the 1 dB 
bandwidth is about 20 GHz. 
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Fig. 3 The linear response result of the frequency dependent phase 
shifter 
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Fig. 4 The full range phase shift based on different RF power 
 
In order to achieve the +1st order single sideband, the DC 

voltages (DCx and DCy) in the DP-BPSK should be properly 
settled. Based on the theoretical analysis before, the DCx and 
DCy are set to be -2 V and 2 V, respectively. At first, the 
amplitude of the microwave is set to be 0.1 V (6.99 dBm), and 
two attenuation coefficients are the same and fixed. With the 
frequency of the microwave signal tuned from 1GHz to 15 
GHz, the phase of the recovered output signal is measured and 
shown in Fig. 3. After linear fitting based on the measured data, 
the result shows a high anastomosis to linear response. In 
addition, the RF power also makes contribute to the phase shift 
basing on the theoretical analysis before. In this work, the two 
attenuators are tuned to flexibly change the RF powers (RF 
powerX and RF powerY) those drive two DMZMs. According 

to the simulation results that shown in Fig. 4, it can be figured 
that as the RF powerX and RF powerY changed respectively, 
the phase of the recovered output signal shows a full range of 
0-360° shift. It exemplifies that when the frequency of the 
modulation signal is fixed, the phase shift can be fully tuned by 
adjusting the RF power. In this scheme, the influence of the 
distortion factors is investigated by measuring the spurious free 
dynamic range (SFDR). The two microwave signals with 
frequencies of 5 GHz and 5.01 GHz are employed to perform 
the two-tone test. Two attenuators are adjusted independently 
to investigate the SFDR. As Fig. 5 shows that when the input 
RF powerX increases from 6.99 dBm to 13.01 dBm, the power 
of the fundamental component and the 3rd-intermodulation 
distortion (IMD3) components keep increasing. The measured 
SFDR is about 70.90 dBꞏHz2/3. In the meantime, the RF 
powerY is also tuned and the SFDR is also measured. It can be 
seen in Fig. 6 that the SFDR is about 72.11 dBꞏHz2/3. 
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Fig. 5 The measured SFDR based on different input RF powerX 
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Fig. 6 The measured SFDR based on different input RF powerY 
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Fig. 7 The phase variation against the DC drifting 
 
The key device in this scheme is the DP-BPSK modulator 

which is a kind of electro-optic modulator (EOM). DC drifting 
is a characteristic of the EOM due to the specially designed 
intensity interference structure. A serious DC drifting may 
greatly distort the final result. In this simulation, another work 
is carried to investigate how the DC drifting influences the 
phase of the recovered output signal. In practical, two DC bias 
voltages (DCx and DCy) in two DMZMs deviate from the 
settled values independently. Hence, the two DC bias voltages 
in this simulation platform are also changed respectively and 
the result is shown in Fig. 7. It can be figured that under the 
large deviation range (-50 percent to 50 percent), the phase of 
the recovered output signal also changes from -200 to 200. 
Such a sensitive reaction to the DC drifting requires a DC 
feedback circuit. 

IV. CONCLUSION 

In this paper, a frequency-dependent phase shifter with full 
tuning range of 0°-360° is proposed and verified by the 
simulation. The key devices are the DP-BPSK modulator and 
the commercial FBG. The simulation results exemplify that 
when different microwaves with different frequencies drive the 
modulator, the phase shifter shows a linear response to different 
frequencies. Furthermore, the phase shift can also by tuned 
from 0° to 360° by adjusting the RF power. In addition, under 
different RF powerX and RF powerY, the SFDR of 70.90 
dB•Hz2/3 and 72.11 dB•Hz2/3 are achieved. The simulation 
results also figure out the sensitive reaction of DC drifting 
which can be well improved by the DC feedback circuit. The 
full range tunable frequency-dependent phase shifter can be 
widely used to expand the operation bandwidth in phase array 
radar system. 
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