
Abstract--We demonstrate a stable photonic RF phase 
shifter based on a DGD element and a polarization sensitive 
optical phase modulator. The phase shift can be tuned 
linearly over 360° with a low electrical control voltage. 

I.  INTRODUCTIONS

Owing to the advantages of high bandwidth, 
compactness, and tunability, photonic phase shifters of 
microwave signal are of great interest for various 
applications including phased-array antennas and smart 
antenna applications [1].  A number of techniques for 
photonic RF phase shifters have been proposed and 
demonstrated, such as homodyne mixing techniques 
[2,3], vector sum techniques [4,5], and nonlinear effects 
[6,7]. However, the tuning range is limited and the 
linearity of these schemes remains an issue. Recently, a 
linear photonic RF phase shifter with a low control 
voltage is demonstrated based on a delay interferometer 
and an optical phase modulator. However, the scheme is 
not long term stable because of the single-mode fiber 
(SMF) in the two branches of the setup [8]. 

In this paper, we propose a more stable set up to 
generate two phase-locked orthogonal-polarization 
optical sub-carriers based on the polarization rotation in a 
tunable differential-group-delay (DGD) element and a 
polarization sensitive optical phase modulator. The 
proposed RF phase shift can be tuned linearly and 
continuously from −180° to +180° with a low electrical 
control voltage from −7.5 to +7.5 V. 

II.  EXPERIMENTAL SETUP

Figure 1 shows the concept of our proposed technique 
and the experimental setup. In order to control the 
frequency of the RF signal, we modulate a RF clock 
(with a frequency of f/2, which is half of the desired RF 
frequency f) by a Mach–Zehnder modulator (MZM) to a 
continuous-wave light with a bias at the transmission 
null point, which suppresses the carrier and generates 
two sideband tones with a frequency difference twice the 
RF clock frequency (which is the desired frequency f).
These two sideband tones of the generated CS signal light 
are called the lower sub-carrier (LSC) and the upper sub-
carrier (USC), which have the same state of polarization 
(SOP) right after the MZM.  Then the signal light is 
aligned at 45o with respect to the principal-states-of-
polarization (PSPs) of a tunable DGD element. After 
propagating through the DGD element, the DGD cause 
the SOPs of the LSC and the USC to vary by different 
amounts.   It can be proved that when DGD =1/(2f), the 

SOP of the LSC will be orthogonal to the USC [9].  
Therefore, we get the signal light with two phase-locked 
orthogonal-polarization sub-carriers after the DGD 
element.  This signal light is then coupled into a 
polarization sensitive phase modulator, the phase-shifting 
efficiency of which is sensitive to the TE and TM modes 
[10]. Then, both the LSC and USC signals are aligned to 
the TE and TM modes of the phase modulator 
respectively by using a polarization controller (PC). 
Owing to the different phase-shifting efficiency for the 
TE and TM modes, the two orthogonal-polarization sub-
carriers develop a relative phase difference when a bias 
voltage is applied to the phase modulator. The relative 
phase difference between the two sub-carriers of the 
signal light can be expressed as [8] 

φ = (η − 1)πV/Vπ             (1) 
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Fig.1.  Experimental setup of linear photonic RF phase shifter 

where φ is the phase difference, V is the bias voltage, Vπ
is the half-wave voltage of the phase modulator, and η is 
the ratio of phase-shifting efficiency for the TE mode to 
TM mode. After passing through a polarizer aligned at 
45o relative to the TE mode and TM modes, the two sub-
carriers of the light beat with each other and produce a 
RF signal after optical-to-electrical conversion by a 
photo-detector (with 40-GHz bandwidth in our setup).  
The phase of the obtained RF signal is equal to the phase 
difference φ derived in Equation (1). Therefore, we can 
control the phase of the RF signal linearly and 
continuously by the bias voltage applied to the phase 
modulator. 

III.  EXPERIMENTAL RESULTS AND DISCUSSION

To demonstrate the proposed RF phase shifter, we 
first demonstrate phase shifting for 19.906-GHz RF 
signal (f=19.906-GHz).  We modulate a 9.953-GHz (f/2)
RF clock to the MZM with a bias at the transmission 
null point, to generate a CS light with two sub-carriers 
with a frequency difference of 19.906-GHz.  The optical 
spectrum of the RF signal modulated light is shown in 
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Fig. 2.  The carrier is suppressed by more than 20 dB 
compared to the two sub-carriers.  By coupling this RF 
signal modulated light directly from point A in the setup 
to a photo-detector with a RF spectrum analyzer, the RF 
spectrum of the beating of the two sub-carriers is 
measured and shown in Fig. 3. The measured power of 
the generated 19.906-GHz tone is −19.83 dBm.  The 
DGD value of the tunable DGD element is set to 25.118 
ps, which is equal to 1/(2f). After the DGD element, the 
SOPs of the two sub-carriers become orthogonal to each 
other. Therefore, there should be no beating between 
them. Again we couple the light directly from point B in 
the setup to the photo-detector with the RF spectrum 
analyzer. The power of the 19.906-GHz tone is measured 
to be −54.33dBm. Compared to Fig. 3, the power of the 
19.906 GHz tone is suppressed by more than 30 dB, 
which means that the two sub-carriers in the signal light 
are now almost orthogonal. 

Fig. 2.Optical spectrum of the RF signal modulated light 

Fig.3. RF spectrum of the detected optical signal 

The RF signal modulated light is then coupled into 
the polarization sensitive phase modulator by the PC.  We 
then apply different bias voltage to the phase modulator.  
After the photo-detector, the RF signal with different 
phase shift is generated.  Figure 4 shows the waveforms 
of the obtained 19.906-GHz RF signal captured by an 
oscilloscope with phase shift of 0o, 90o, and 180o

(corresponding applied bias voltage of the phase 
modulator: 0, 3.75, and 7.5 V).  The waveforms and the 
amplitudes are the same for different phase shifts.   

The measured phase shift versus applied bias voltage 
to the phase modulator is plotted in Fig. 5.  For 
comparison, we also demonstrate phase shifting for 
9.953-GHz RF signal (f=9.953-GHz) by modulating 
9.953-GHz (f/2) RF clock to the MZM and setting the 
DGD value of the DGD element as 25.118 ps, which is 
again equal to 1/(2f).  From Fig. 5, we can see that the RF 
phase shift can be tuned linearly and continuously in a 
range from −180° to +180° with a low electrical control 
voltage from −7.5 to +7.5 V.  We observe that the results 
do not depend on the RF frequency, since the 9.953-GHz 
RF signal and the 19.906-GHz RF signal have almost the 

same phase shift when the same bias voltage is applied. 
25 psφ=0o

φ=90o
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Fig.4. Waveforms of the obtained 19.906 GHz RF signal with phase 
shift 00, 900, and 1800.

-180
-140
-100
-60
-20
20
60

100
140
180

-8 -6 -4 -2 0 2 4 6 8

9.953 GHz

19.906 GHz

Fit Curve

Applied Bias Voltage (V)

R
F 

Ph
as

e 
Sh

ift
 (o )

-180
-140
-100
-60
-20
20
60

100
140
180

-8 -6 -4 -2 0 2 4 6 8

9.953 GHz

19.906 GHz

Fit Curve

Applied Bias Voltage (V)

R
F 

Ph
as

e 
Sh

ift
 (o )

Fig. 5. Measured phase shift vs. applied bias voltage for RF signal 
output with different frequencies.  

IV.  CONCLUSIONS

In conclusion, we demonstrate a linear photonic RF 
phase shifter based on a DGD element and a polarization 
sensitive optical phase modulator. The RF phase shift can 
be tuned linearly and continuously in a range from −180° 
to +180° with a low electrical control voltage from −7.5
to +7.5 V.  The linear tuning range of the phase shift can 
be beyond 360° if higher control voltage is applied. For 
the same control voltage, different RF frequencies have 
the same phase shift.  
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