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Abstract: This paper presents a new technique for realizing continuous 0°-360° RF 
signal phase shift over a very wide bandwidth. It is based on using single-sideband 
modulation to-gether with optical filtering to largely suppress one of the RF modulation 
sidebands over a wide input RF frequency range, and controlling the phase of the optical 
carrier to shift an RF signal phase. The technique does not require expensive electrical or 
optical components to realize an RF signal phase shift over 2–40 GHz frequency range 
with a flat amplitude and phase response performance. This overcomes the current 
technology limitation in which no reported phase shifter structure has demonstrated the 
capability of operating in such a wide bandwidth. Experimental results demonstrate only ± 
1 dB amplitude variation and ± 5° phase deviation from the desired RF signal phase shift 
over 2–40 GHz bandwidth and the RF signal amplitude control function. The phase shifter 
wavelength insensitive performance is also demonstrated experimentally. 
© 2017 Optical Society of America 

OCIS codes: (060.2360) Fiber optics links and subsystems; (060.5625) Radio frequency photonics; (070.1170) 
Ana-log optical signal processing; (350.4010) Microwaves. 

References and links 

1. M. E. Manka, “Microwave photonics electronic warfare technologies for Australian defence,” IEEE Internation-
al Topical Meeting on Microwave Photonics (MWP 2008), 1–2 (2008). 

2. R. A. Minasian, E. H. W. Chan, and X. Yi, “Microwave photonic signal processing,” Opt. Express 21(19),
22918–22936 (2013). 

3. W. Xue, S. Sales, J. Capmany, and J. Mørk, “Wideband 360 ° microwave photonic phase shifter based on slow 
light in semiconductor optical amplifiers,” Opt. Express 18(6), 6156–6163 (2010).

4. S. Pan and Y. Zhang, “Tunable and wideband microwave photonic phase shifter based on a single-sideband 
polarization modulator and a polarizer,” Opt. Lett. 37(21), 4483–4485 (2012).

5. W. Li, W. H. Sun, W. T. Wang, and N. H. Zhu, “Optically controlled microwave phase shifter based on nonline-
ar polarization rotation in a highly nonlinear fiber,” Opt. Lett. 39(11), 3290–3293 (2014).

6. W. Li, W. T. Wang, and N. H. Zhu, “Broadband microwave photonic splitter with arbitrary amplitude ratio and 
phase shift,” IEEE Photonics J. 6(6), 5501507 (2014).

7. W. Liu and J. Yao, “Ultra-wideband microwave photonic phase shifter with a 360° tunable phase shift based on 
an erbium-ytterbium co-doped linearly chirped FBG,” Opt. Lett. 39(4), 922–924 (2014).

8. H. Emami, L. A. Bui, S. Mansoori, and A. Mitchell, “Quadrature hybrid coupler using photonic transversal 
approach,” Australian Conference on Optical Fibre Technology, 1–3 (2006). 

9. “Hybrid coupler basic,” MECA Electronics Inc., http://www.e-meca.com/rf-microwave-blog/hybrid-coupler-
basics. 

10. K. Higuma, S. Oikawa, Y. Hashimoto, H. Nagata, and M. Izutsu, “X-cut lithium niobate optical single-sideband 
modulator,” Electron. Lett. 37(8), 515–516 (2001).

11. ARCOptix polarisation rotator, http://www.arcoptix.com/polarization_rotator.htm. 
12. K. Noguchi, O. Mitomi, H. Miyazawa, and S. Seki, “A broadband Ti:LiNbO3 optical modulator with a ridge 

structure,” J. Lightwave Technol. 13(6), 1164–1168 (1995).
13. T. Niu, X. Wang, E. H. W. Chan, X. Feng, and B. Guan, “Dual-polarisation dual-parallel MZM and optical 

phase controller based microwave photonic phase controller,” IEEE Photonics J. 8(4), 5501114 (2016).
14. T. Niu, E. H. W. Chan, X. Wang, X. Feng, and B. Guan, “Broadband dual-polarization dual-parallel Mach 

Zehnder modulator based photonic microwave phase shifter,” Optoelectronics and Communications Conference, 
1–3 (2016). 

                                                                               Vol. 25, No. 3 | 6 Feb 2017 | OPTICS EXPRESS 2883 

#280897 https://doi.org/10.1364/OE.25.002883 
Journal © 2017 Received 23 Nov 2016; revised 4 Jan 2017; accepted 19 Jan 2017; published 3 Feb 2017 



15. E. H. W. Chan, W. Zhang, and R. A. Minasian, “Photonic RF phase shifter based on optical carrier and RF mod-
ulation sidebands amplitude and phase control,” J. Lightwave Technol. 30(23), 3672–3678 (2012).

16. A. Loayssa and F. J. Lahoz, “Broad-band RF photonic phase shifter based on stimulated Brillouin scattering and 
single-sideband modulation,” IEEE Photonics Technol. Lett. 18(1), 208–210 (2006).

17. X. Xue, X. Zheng, H. Zhang, and B. Zhou, “Tunable 360° photonic radio frequency phase shifter based on opti-
cal quadrature double-sideband modulation and differential detection,” Opt. Lett. 36(23), 4641–4643 (2011).

18. C. Cox III, E. Ackerman, R. Helkey, and G. E. Betts, “Techniques and performance of intensity-modulation 
direct-detection analog optical links,” IEEE Trans. Microw. Theory Tech. 45(8), 1375–1383 (1997).

19. X. Wang, E. H. W. Chan, and R. A. Minasian, “All-optical photonic microwave phase shifter based on an optical 
filter with a nonlinear phase response,” J. Lightwave Technol. 31(20), 3323–3330 (2013).

20. C. T. DeRose, R. D. Kekatpure, D. C. Trotter, A. Starbuck, J. R. Wendt, A. Yaacobi, M. R. Watts, U. Chettiar,
N. Engheta, and P. S. Davids, “Electronically controlled optical beam-steering by an active phased array of me-
tallic nanoantennas,” Opt. Express 21(4), 5198–5208 (2013).

21. S. T. Winnall, A. C. Lindsay, and G. A. Knight, “A wide-band microwave photonic phase and frequency shift-
er,” IEEE Trans. Microw. Theory Tech. 45(6), 1003–1006 (1997).

1. Introduction

Microwave photonic technologies have been employed in designing electronics warfare sys-
tems [1]. The main reason is microwave photonic devices have the potential of wide band-
width. Other reasons include high resolution, wide tunability and immune to electromagnetic 
interference [2]. 

Shifting an RF signal phase, which can be accomplished by a phase/time shifter, is an im-
portant function in beamforming radar systems. Many microwave photonic techniques to real-
ize an RF signal phase shift have been reported but very few of them have demonstrated 
broadband phase shifting operation [3–7]. Among these broadband phase shifters, none of 
them have the ability to realize flat amplitude and phase response over the 2–40 GHz fre-
quency range, which is an operating frequency range for modern electronic warfare systems 
[8]. For example Pan et al. demonstrated a wide bandwidth phase shifter based on a polariza-
tion rotation technique [4]. However, the experimental results show large reduction in the 
output RF signal amplitude at the frequencies below 10 GHz. This is due to the technique 
relies on using an optical filter to remove one RF modulation sideband and a practice optical 
filter has a limited edge roll-off factor. Hence the unwanted RF modulation sideband at the 
frequencies close to the carrier frequency cannot be largely suppressed, which alters the out-
put RF signal amplitude. An ultra-sharp edge roll-off optical filter, e.g. a 1500 dB/nm edge 
roll-off optical filter from Alnair Labs, can be used to extend the phase shifter lower operating 
frequency but it is expensive, and most importantly both the optical filter and the laser source 
wavelengths need to be critically controlled, otherwise a small change in either one of these 
wavelengths will result in change in the output RF signal amplitude. 

The aim of this paper is to present a new photonic microwave phase shifter structure that 
has a 2–40 GHz bandwidth to fill in the current technology gap. The phase shifting operation 
is based on the beating of a single RF modulation sideband and an optical carrier with an ad-
justable optical phase. An interesting feature of this phase shifter is the suppression of the 
unwanted RF modulation sideband is realized by a hybrid technique of using single sideband 
(SSB) modulation at low RF signal frequencies and using a low-cost optical filter at high RF 
signal frequencies. The phase shifter is demonstrated experimentally with the results showing 
only ± 1 dB amplitude variation and ± 5° phase deviation for the full 0°–360° phase shift 
range over the phase shifter bandwidth of 2–40 GHz. Experimental results also demonstrate 
the phase shifter has a wavelength insensitive performance. 

2. Topology and principle of operation

The structure of the new photonic microwave phase shifter is shown in Fig. 1. It consists of a 
commercial dual-polarization dual-parallel Mach Zehnder modulator (DPMZM) formed by 
two DPMZMs connected in parallel with a 90° polarization rotator at the output of one of the 
DPMZMs. The two orthogonally polarized optical signals are combined via a polarization 
beam combiner (PBC). The top DPMZM inside the dual-polarization DPMZM is driven by 
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two 90° phase difference RF signals from a 90° hybrid coupler, which is formed by two 
cross-over transmission lines [9]. When an RF signal is introduced at the hybrid coupler input 
port, half the power flows to the 0° port and the other half is coupled to the 90° port. The top 
DPMZM is biased in the way to generate a single-sideband suppressed carrier (SSB-SC) RF 
modulated optical signal [10]. The bottom DPMZM is biased to pass the optical carrier where 
the optical carrier phase can be controlled via the DC voltage (Vb3) into the optical phase 
shifter inside this DPMZM. The optical carrier at the output of the bottom DPMZM passes 
through a 90° polarization rotator, which rotates the polarization state of the optical carrier by 
90°. A 90° polarization rotator can be implemented by a half wave plate that has an optical 
axis with an angle of 45° to the slow axis of the modulator or using a liquid crystal twisted 
nematic cell [11], which are commercially available. A 45° polarizer can be used to convert 
the carrier at the bottom DPMZM output and the sideband at the top DPMZM output to have 
the same polarization state. The carrier and the sideband beat at the photodiode generating an 
RF signal with the phase, which is the same as the optical phase difference between the carri-
er and the sideband. 

Fig. 1. (a) Topology of the new ultra-wide bandwidth photonic microwave phase shifter and 
(b) the carrier (red line) at the bottom DPMZM output, and the carrier and sideband (black 
line) at the top DPMZM output. The frequency response of the optical filter used in the phase 
shifter structure (dashed line). 

Note that a 90° hybrid coupler is used in the phase shifter structure to split the input RF 
signal into two with 90° phase difference in order for the top DPMZM to generate one RF 
modulation sideband with the carrier being suppressed. The frequency response at the 0° and 
90° output ports of a commercial 2–26.5 GHz bandwidth 90° hybrid coupler was measured 
and is shown in Fig. 2. This shows the two coupler outputs have small 2.2 dB amplitude dif-
ference and small ± 3.5° phase difference from 90° within the coupler bandwidth. The figure 
also shows outside the coupler bandwidth, the RF signal amplitude at the coupler 90° port 
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reduces, on the other hand the RF signal amplitude at the coupler 0° port increases by around 
3 dB. Using this 90° hybrid coupler at the DPMZM input, SSB-SC modulation can be ob-
tained within the coupler 2–26.5 GHz bandwidth. Outside this frequency range, the two 90° 
phase difference RF signals into the DPMZM have large amplitude difference and hence the 
modulator acts as a double sideband suppressed carrier (DSB-SC) modulator as can be seen in 
Fig. 1(b). Figure 1(b) shows the carrier at the frequency fc and the sidebands at the output of 
the top DPMZM when the modulator is driven by RF signals with frequencies above 2 GHz 
from a 2–26.5 GHz bandwidth 90° hybrid coupler. This shows the carrier and the unwanted 
left sideband within the coupler bandwidth are suppressed. An optical filter with a response as 
shown in dashed line in Fig. 1(b) can be used to suppress the unwanted left sideband at the 
frequencies of more than 26.5 GHz away from the carrier. Since the optical filter is only re-
sponsible for suppressing the unwanted sideband at the frequencies far away from the carrier, 
it does not require to have a sharp edge roll-off factor. An inexpensive optical filter with a 
moderate edge roll-off factor of > 120 dB/nm can suppress the unwanted sideband at the fre-
quencies of more than 26.5 GHz away from the carrier by over 25 dB. This shows large sup-
pression of the unwanted sideband over a very wide frequency range can be obtained by using 
the hybrid SSB modulation and optical filtering technique. The bandwidth of the phase shifter 
is only limited by the dual-polarization DPMZM bandwidth, not the electrical 90° hybrid 
coupler bandwidth. Since the dual-polarization DPMZM is implemented using the electro-
optic technology and an electro-optic modulator with a bandwidth of 75 GHz has been 
demonstrated [12], the phase shifter can be designed to operate beyond the 2–40 GHz band 
into the V band (40–75 GHz). 

Fig. 2. Measured (a) amplitude and (b) phase response at the 0° (blue dotted line) and 90° (red 
solid line) output port of a 2–26.5 GHz bandwidth 90° hybrid coupler. 

In addition to the phase shifting operation, the structure shown in Fig. 1(a) is also capable 
to control the RF signal amplitude. This is simply done by controlling the bias voltage (Vb1 or 
Vb2) into one of the MZMs inside the bottom DPMZM to alter the optical carrier amplitude. 
The change in the carrier amplitude converts into an RF signal amplitude change after photo-
detection. This shows RF signal modulation, phase shifting operation and amplitude control 
function are performed in a single unit. Both the phase shifting operation and the amplitude 
control function can be realized by adjusting one DC bias voltage into the modulator. Bias 
controllers for dual-polarization DPMZMs are commercially available. Using a bias control-
ler not only can avoid the bias drift problem in a dual-polarization DPMZM but can also con-
trol the output RF signal amplitude and phase. Note that a phase shifter based on a dual-
polarization DPMZM has been reported [13] but it has a different operation principle. In [13], 
the phase shifting operation is realized by using a polarization dependent optical phase shifter 
connected after the dual-polarization DPMZM to introduce different optical phases to the 
orthogonally polarized sideband and carrier at the dual-polarization DPMZM output. A polar-
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ization dependent optical phase shifter is not required in the proposed phase shifter presented 
in this paper, which simplifies the phase shifter structure. Shifting the RF signal phase is ob-
tained by controlling a bias voltage into the dual-polarization DPMZM to tune the optical 
carrier phase. Another novelty of the proposed phase shifter is that it is capable to control the 
RF signal amplitude by adjusting a modulator bias voltage to alter the optical carrier ampli-
tude. Most importantly, the novel hybrid SSB modulation and optical filtering technique pre-
sented in this paper enables the proposed phase shifter to be operated over a wide 2 to 40 GHz 
frequency range using a 90° hybrid coupler with only 2 to 26.5 GHz bandwidth. The phase 
shifter presented in [13] requires a 2 to 40 GHz bandwidth 90° hybrid coupler with small am-
plitude and phase imbalance to realize the 2 to 40 GHz phase shifting operation, however 
such coupler is not commercially available. It should be pointed out that a 4 to 40 GHz phase 
shifting operation has been demonstrated [14] using the phase shifter structure presented in 
[13] with a 4 to 40 GHz bandwidth 90° hybrid coupler to split the input RF signal into two 
with 90° phase difference. However, the experimental results show the phase shifter has large 
amplitude variation and phase deviation due to the large phase imbalance of the commercial 4 
to 40 GHz bandwidth 90° hybrid coupler, which degrades the phase shifter performance. The 
proposed phase shifter not only can operate over a wider frequency range using a narrower 
bandwidth 90° hybrid coupler but also has a better amplitude variation and phase deviation 
performance than that presented in [14]. 

3. Analysis

Assuming the dual-polarization DPMZM is driven by a single frequency RF signal and the 
input RF signal is a small signal, the phase shifter output electric field into the photodiode is 
given by 

( ) ( )2 3cos cos sin
2
in b b

out ff Pol OF c RF c RF

E V V
E t t L L t t

V Vπ π

π πω β ω ω
    

= + + −    
     

(1) 

where Ein is the electric field amplitude at the dual-polarization DPMZM input, tff is the inser-
tion loss of each DPMZM inside the dual-polarization DPMZM where the 90° polarization 
rotator and the PBC inside the modulator are assumed to have a small negligible loss, LPol is 
the polarizer insertion loss, LOF is the optical filter insertion loss, Vπ is the modulator switch-
ing voltage, βRF = πVRF/Vπ, VRF is the input RF signal amplitude, ωc is the optical carrier angu-
lar frequency and ωRF is the input RF signal angular frequency. Since the unwanted RF modu-
lation sideband can be largely suppressed by the hybrid SSB modulation and optical filtering 
technique, it was neglected in (1). Note that due to the amplitude and phase imbalance of the 
90° hybrid coupler and the different transmittance in different path of the DPMZM, the opti-
cal carrier at the output of the top DPMZM cannot be fully suppressed. However, its ampli-
tude is much smaller than that passes through the bottom DPMZM. Hence the residual carrier 
at the output of the top DPMZM was neglected in (1) to simplify the analysis. Since the opti-
cal power is the electric field square and the photocurrent is the product of the photodiode 
responsivity ℜ and the optical power, the photocurrent at the RF signal frequency is given by 

2 3cos sin
4

in b b
RF ff Pol OF RF RF

P V V
I t L L t

V Vπ π

π πβ ω
   −ℜ

= +   
   

 (2)

where Pin is the optical power into the dual-polarization DPMZM. The output electrical RF 
signal power and phase can be obtained from (2) and are given by 

2 2
2 2 2 2 2 2

, cos
32
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P V
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,

b
RF out

V

Vπ

πθ = (4)

where Ro is the photodiode load resistance. Equation (3) and (4) show the output RF signal 
amplitude and phase can be controlled by the DC bias voltage Vb2 and Vb3 into the bottom 
DPMZM of the dual-polarization DPMZM respectively. The linearity of the proposed pho-
tonic microwave phase shifter was investigated by comparing the phase shifter output har-
monic components with that of a conventional fiber optic link formed by a laser source, a 
Mach Zehnder modulator and a photodetector using VPITransmission Maker photonic simu-
lation software. The simulation results show both the proposed phase shifter and a quadrature-
biased fiber optic link do not generate the second order harmonic component. The ratio of the 
third order harmonic component power to the output RF signal power of the proposed phase 
shifter has < 1 dB difference compared to that of a quadrature-biased fiber optic link when the 
two systems are operated under the same condition, i.e. the same input RF signal power and 
the same modulator switching voltage. This shows the proposed photonic microwave phase 
shifter and a conventional fiber optic link have a similar linearity performance. 

The gain of the ultra-wide bandwidth photonic microwave phase shifter, which is defined 
as the ratio of the output electrical RF signal power to the input electrical RF signal power 
into the 90° hybrid coupler, can be obtained from (3) and is given by 

22 2
, 2 2 2 2 2

,

cos
32

RF out in b
ff Pol OF in o

RF in

P P V
G t L L LR R

P V Vπ π

ππ   ℜ
= =    

   
(5)

where L is the 90° hybrid coupler insertion loss and Rin is the modulator input resistance. 
Equation (5) shows the proposed phase shifter has a loss of LPol

2LOF
2 compared to the conven-

tional DPMZM based phase shifter [15]. Since the insertion loss of a typical optical filter LOF 
and polarizer LPol is < 1 dB, the proposed phase shifter gain is < 4 dB below the conventional 
DPMZM based phase shifter gain. The proposed phase shifter does not generate additional 
noise components other than the laser intensity noise, the shot noise and the thermal noise, 
which are the fundamental noise components in a fiber optic link. This is another advantage 
of the proposed photonic microwave phase shifter compared with previously reported phase 
shifters, which generate additional noise components. For example a phase shifter based on 
slow light in semiconductor optical amplifiers (SOAs) [3] has a high signal spontaneous beat 
noise since SOAs have a high noise figure. Compared to the phase shifter based on stimulated 
Brillouin scattering [16], which relies on a long fiber as a Brillouin medium and requires two 
separated modulators and a microwave signal generator to tune the RF signal phase, the pro-
posed phase shifter has a compact structure. The dual polarization DPMZM based phase 
shifter involves only a single laser source and a single photodetector whereas previously re-
ported phase shifters require two photodetectors for differential detection [17] or two lasers 
where one is used as an optical source and the other is used for tuning the RF signal phase [5]. 
The noise figure is defined as the ratio of the total phase shifter output noise power to the 
product of the input noise power and the phase shifter gain. Since the noise figure is inversely 
proportional to the link gain [18], using a high-power laser source and/or a dual-polarization 
DPMZM with low switching voltages can improve both the phase shifter gain and noise fig-
ure performance. 
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4. Experimental results

Fig. 3. Experimental setup of the new ultra-wide bandwidth photonic microwave phase shifter. 

Experiments were set up as shown in Fig. 3 to verify the principle of the ultra-wide band-
width photonic microwave phase shifter. The laser source (Keysight N7714A) had a 1550 nm 
wavelength and a polarization maintaining fiber supporting TE mode in slow axis. The output 
of the laser was connected to a dual-polarization DPMZM (Fujitsu FTM7977HQA), which 
also had a polarization maintaining fibre at both the input and output ports. This modulator 
was a Titanium indiffused Lithium Niobate (Ti:LiNbO3) waveguide optical modulator. It was 
initially designed for 128 Gbps dual-polarization quadrature phase shift keying (QPSK) 
transmission. The 6 dB optical bandwidth of this modulator was around 45 GHz. A 2–26.5 
GHz bandwidth 90° hybrid coupler, which had the frequency response as shown in Fig. 2, 
was connected to the upper DPMZM of the dual-polarization DPMZM. A compact modulator 
bias controller (PlugTech MBC-DPIQ-01) was used to provide the bias voltages to the modu-
lator. The DC voltages generated by the bias controller were set to obtain a SSB-SC RF mod-
ulated optical signal at the output of the upper DPMZM. One of the MZMs in the lower 
DPMZM was biased at the minimum transmission point and the DC voltage (Vb2) into another 
MZM was used to adjust the optical carrier amplitude for the amplitude control function. The 
DC voltage (Vb3) into the optical phase shifter inside the lower DPMZM was used to control 
the optical carrier phase. It should be pointed out that the bias controller is not an essential 
component in the phase shifter structure but it can largely simplify the modulator bias voltage 
control and can ease the modulator bias drift problem. The polarization controller and the 
polarizer in the setup were functioned as a 45° polarizer to convert the orthogonally polarized 
carrier and sideband to have the same polarization state. An erbium-doped fiber amplifier 
(EDFA) was connected to the polarizer output to compensate for the system loss. A 1 nm 
bandwidth optical filter, which had a roll-off factor of around 280 dB/nm, was used to filter 
out one RF modulation sideband at high frequencies and to suppress the amplified spontane-
ous emission noise. The output optical signal was detected by a 50 GHz bandwidth photodi-
ode (U2t XPDV2120R), which was connected to a 43.5 GHz bandwidth vector network ana-
lyzer (VNA) (Keysight N5224A) to display the phase shifter amplitude and phase response. 
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Fig. 4. Measured optical spectrum (a) before and (b) after the optical filter with 15 GHz (red 
dotted line) and 30 GHz (blue solid line) RF signal frequency into the modulator. The spec-
trum of the optical filter used in the experiment (dashed line). 

Firstly, the two MZMs of the lower DPMZM inside the dual-polarization DPMZM were 
biased at the maximum and minimum transmission point respectively. The optical spectrum 
before and after the optical filter were measured as shown in Fig. 4 when the modulator was 
driven by a 15 GHz and 30 GHz RF signal respectively. It can be seen from Fig. 4(a) that the 
dual-polarization DPMZM was operated as a SSB and double sideband modulator when the 
input RF signal frequency was inside and outside the 90° hybrid coupler bandwidth respec-
tively as was discussed in Section 2. Note that there exists a residual sideband at 15 GHz 
away from the carrier even the frequency of the input RF signal was within the 90° hybrid 
coupler bandwidth as shown in Fig. 4(a). This residual sideband was caused by the small am-
plitude and phase imbalance at the two 90° hybrid coupler output ports. However, this residu-
al sideband is more than 28 dB below the right sideband and hence it has a negligible effect to 
the phase shifter performance. Moreover, the residual sideband was located at the falling edge 
of the optical filter, which further suppressed the residual sideband as shown in Fig. 4(b). 
Figure 4(b) shows that, after the optical filter, the left sidebands at 15 and 30 GHz away from 
the carrier were completely filtered out so that SSB modulation was obtained even the fre-
quency of the input RF signal was outside the 90° hybrid coupler bandwidth. It should be 
pointed out that the amplitude of the right sideband at 30 GHz was 5.2 dB lower than that at 
15 GHz. This was caused by the loss of the system components, such as the RF cables, the 
90° hybrid coupler and the modulator, increases as the RF signal frequency increases. 
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Fig. 5. Measured (a) amplitude and (b) phase response of the ultra-wide bandwidth photonic 
microwave phase shifter for different phase shifts. Vb2 was fixed at −2.8 V to maximize the op-
tical carrier amplitude and Vb3 was varied from −14.1 V to + 14.2 V to alter the optical carrier 
phase to realize −180° to 180° RF signal phase shift. 

The amplitude and phase responses of the phase shifter when Vb3 = 0 V were recorded as 
the calibrated responses using the VNA. They were used to remove the frequency-dependent 
characteristic of the modulator, the photodetector and the electrical cables used in the experi-
ment [3,19]. The amplitude and phase responses of the phase shifter relative to the calibrated 
responses were measured over the 2–43.5 GHz frequency range for different phase shifts by 
altering the bias voltage (Vb3) into the lower DPMZM using the modulator bias controller, and 
the results are shown in Fig. 5. Note that the y-axis in the amplitude response shown in Fig. 
5(a) is the ratio of the RF signal amplitude coming out from Port 2 of the VNA to the RF sig-
nal amplitude entering Port 1 of the VNA after the calibration process. The same applies for 
the amplitude responses in the subsequent figures. The experimental result demonstrates a 
continuous −180° to 180° phase shift with flat amplitude and phase responses over a very 
wide range of frequency can be obtained by adjusting the bias voltage Vb3 into the bottom 
DPMZM to alter the optical carrier phase, which is agreed with (4) given in Section 3. The 
measurements show only ± 1 dB amplitude variation and ± 5° phase deviation over the entire 
2–40 GHz frequency range. It can be seen from Fig. 5 that the amount of amplitude variation 
and phase deviation increase when the RF signal frequencies above 40 GHz. This is mainly 
due to all the electrical cables and connectors used in the experiment had a 40 GHz band-
width, and hence the RF signal had high loss at the frequencies above 40 GHz. 

The wavelength sensitivity of the ultra-wide bandwidth photonic microwave phase shifter 
was investigated. This was done by changing the laser source wavelength by 0.08 nm from 
the desired value and measuring the phase shifter output amplitude and phase response as 
shown in the Fig. 6(a) and 6(b). 
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Fig. 6. Measured (a) amplitude and (b) phase response of the ultra-wide bandwidth photonic 
microwave phase shifter for different phase shifts when the laser wavelength was 0.08 nm 
away from the desired value. Vb2 was fixed at −2.8 V to maximize the optical carrier amplitude 
and Vb3 was varied from −14.1 V to + 14.2 V to alter the optical carrier phase to realize −180° 
to 180° RF signal phase shift. 

Fig. 7. Measured (a) amplitude and (b) phase response of a conventional photonic microwave 
phase shifter implemented using only the optical filtering technique to realize SSB modulation. 
Measured (c) amplitude and (d) phase response of the same phase shifter when the laser wave-
length was 0.08 nm away from the desired value. 

This shows the phase shifter amplitude and phase responses remain almost the same as 
that given in Fig. 5(a) and 5(b) for the system operating at the desired laser wavelength. Note 
that 0.08 nm away from the desired laser wavelength chosen to investigate the phase shifter 
wavelength sensitivity is due to the performance of the optical filter and the 90° hybrid cou-
pler used in the experiment. The optical filter had a roll-off factor of 280 dB/nm (2.24 
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dB/GHz) and the 90° hybrid coupler had a 2 to 26.5 GHz operating frequency range. There-
fore, in order for the upper DPMZM inside the dual-polarization DPMZM to operate as a 
SSB-SC modulator with 25 dB unwanted sideband suppression, the phase shifter laser wave-
length tolerance is 0.12 nm. 0.08 nm instead of 0.12 nm was used in the experiment because 
the roll-off factor of the optical filter is smaller than 280 dB/nm at the beginning of the optical 
filter falling edge. It can be seen from Fig. 5(a) and 6(a) that the phase shifter has a slight fre-
quency dependence characteristic. This is due to the limited controlling accuracy of the bias 
controller and the frequency dependent characteristic of the modulator and the 90° hybrid 
coupler, which generate a small unwanted sideband with amplitude dependent on the RF sig-
nal frequency. A conventional photonic microwave phase shifter, which only used the optical 
filtering technique to removing one RF modulation sideband, was set up in order to compare 
its wavelength sensitive performance with the ultra-wide bandwidth photonic microwave 
phase shifter. The laser source wavelength was optimized to maximize the phase shifter 
bandwidth. Figure 7 shows the corresponding measured phase shifter amplitude and phase 
response before and after 0.08 nm change in the laser wavelength from the desired value. A 
large change in both the amplitude and phase responses can be seen. The results clearly show 
the laser source wavelength needs to be critically controlled in order to obtain a stable output 
when using only the optical filtering technique for realizing SSB modulation in the conven-
tional photonic microwave phase shifters. 

Fig. 8. Measured (a) amplitude and (b) phase response of the ultra-wide bandwidth photonic 
microwave phase shifter demonstrating the amplitude control function at 90° phase shift. Vb3 
was fixed at 7.1 V to obtain 90° phase shift and Vb2 was varied from −2.8 V to 3.4 V to obtain 
15 dB changes in the output RF signal amplitude. 

Finally, the ultra-wide bandwidth phase shifter amplitude control function was demon-
strated. This was done by altering the bias voltage (Vb2) into the lower DPMZM so that one of 
the MZMs inside the lower DPMZM was biased away from the maximum transmission point. 
The phase shifter frequency response at 90° phase shift with different amount of output RF 
signal attenuation is shown in Fig. 8. This demonstrates the amplitude control function can be 
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realized by adjusting the bias voltage Vb2 into the bottom DPMZM to alter the optical carrier 
amplitude, which is agreed with (3) given in Section 3. It can be seen that the phase shifter 
amplitude and phase response remain flat for 15 dB changes in the output RF signal power. 
Since the phase shifter gain given in (5) is proportional to the output RF signal power, adjust-
ing the bias voltage Vb2 or the laser power will change the phase shifter gain. This has been 
confirmed by experiments. 

5. Conclusion

In conclusion, a new photonic microwave phase shifter has been experimentally demonstrated 
to realize a wide 2–40 GHz bandwidth phase shifting operation with a flat amplitude and 
phase response performance. The phase shifter is implemented using a 2–26.5 GHz band-
width 90° hybrid coupler at the input of a dual-polarization DPMZM and an inexpensive opti-
cal filter to remove an unwanted RF modulation sideband over a very wide input RF signal 
frequency range. An RF signal phase shift is obtained by controlling a DC bias voltage into 
the dual-polarization DPMZM. The phase shifter also has the ability to control the RF signal 
amplitude via adjusting another modulator DC bias voltage. This is the first report on an ex-
perimental demonstration of a 2–40 GHz bandwidth photonic microwave phase shifter with 
amplitude control function. The proposed phase shifter can be used in RF and microwave 
phased arrays which have a wide range of applications including wireless base stations for 
mobile communications and radio astronomy [20]. It can also be used as the basis for a serro-
dyne system to apply a controlled frequency shift to a microwave signal [21]. 
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