




Quasi-Reflectionless Differential Phase Shifter with 

Arbitrary Prescribed Group Delay and Flat Phase 

Difference  

 

Abstract — This paper presents a design of a quasi-

reflectionless differential phase shifter, which can provide 

arbitrarily prescribed group delay (GD) and flat phase 

difference. The proposed quasi-reflectionless differential phase 

shifter consists of quarter-wavelength coupled lines and series 

resistor-connected open-circuited half-wavelength stubs in the 

main and references branches. Closed-form design equations are 

derived to achieve arbitrary prescribed flat phase difference and 

GD. For flat phase difference within passband, the GD of the 

main and reference branches must be the same. In addition, the 

GD and phase difference flatness in passband are controlled by a 

series-connected resistor. For experimental validation, a 

microstrip line 90o quasi-reflectionless differential phase shifter 

with GD of 1.90 ns at a center frequency of 3.50 GHz is designed 

and fabricated. The measurement results are well agreed with 

simulation and theoretical predicted results.  

Keywords — Arbitrary group delay, differential phase shifter, 

microstrip line, quasi-reflectionless. 

I. INTRODUCTION 

Differential phase shifter are indispensable components for 

phased array antennas, beamforming networks, and antenna 

feeding networks for modern wireless communication [1]. For 

realizing flat phase difference over the wideband between two 

output ports, different configurations of conventional 

differential phase shifters have developed by employing 

phase-adjusting line and uniform transmission line [3]-[7]. As 

a classical type, the Schiffman phase shifter is widely used, 

which have utilized an edge-coupled section in main branch as 

phase-adjusting technique for achieving flat phase difference 

[3]. To realize ultra-wideband differential phase shifter, 

multilayer structures have been adopted, which increases cost 

and complexity in fabrication [4]. To improve selectivity, 

filtering differential phase shifters have proposed by 

controlling fractional bandwidth of bandpass filter (BPF) 

between main and reference branch [5], [6]. Unfortunately, the 

conventional differential phase shifters have a reflective in 

nature in stopband. 

In recent years, reflectionless BPF and power dividers 

have become attractive to prevent interblock signal 

interference from unwanted RF signal power reflections and 

improve the stability of adjacent RF active circuits in RF 

front-end [7], [8]. Different topologies of reflectionless BPFs  

 
(a)     (b) 

Fig. 1. Proposed structure of quasi-reflectionless differential phase shifter (a) 

main branch and (b) reference branch. 

have investigated in literature, however, these reflectionless 

circuits are limited to filter design or power divider and suffer 

from arbitrary prescribed GD analysis. Microwave circuits 

with arbitrarily prescribed GD response with respect to 

frequency have various applications in communication 

systems such as real-time analog radio-signal processing (R-

ASP), phased array antenna, RF self-interference cancellation 

in-band full-duplex radio, and signal cancellation in the feed-

forward amplifier [9], [10].    

In this paper, we propose a quasi-reflectionless differential 

phase shifter using coupled lines and series resistor-connected 

stubs. An analytical design method has been developed to 

design a quasi-reflectionless filtering differential phase shifter 

with arbitrarily prescribed GD and flat phase difference. The 

arbitrarily prescribed GD and filtering response are realized by 

controlling a coupled line section and stubs. The half-

wavelength open-circuited stubs contribute to the quasi-

reflectionless characteristics at out-of-band signals. In addition, 

series resistors connected to the subs for achieving a flat GD 

response as well as the flat phase difference between the main 

and reference branch.   
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Fig. 2. Simulated results of quasi-reflectionless differential phase shifter with arbitrarily prescribed group delay of 1.50 ns at f0 = 3.50 GHz.  

 
Fig. 3. Simulated results of quasi-reflectionless differential phase shifter with a phase difference of 90o and different arbitrarily prescribed group delays.  

Table 1: Circuit parameters for different phase difference  

Zot1= Zot2 = 25 Ω, θref = 45o, and GD = 1.5 ns at f0 = 3.50 GHz 

Branch  ∆φ  Z0ei (Ω) Z0oi (Ω) Ri (Ω) θmain 

Reference  110.67 63.73 50  

Main  

150o 107.44 59.77 30 120o 

120o 108.16 60.59 30 105o 

90o 108.83 61.40 30 90o 

60o 109.48 62.19 30 75o 

II. DESIGN METHOD  

Fig. 1 shows the proposed structure of a quasi-

reflectionless differential phase shifter. The proposed circuit 

consists of the main branch and its respective reference branch. 

Each branch comprises of λ/4 coupled lines (Y0ei, Y0oi) 

terminated with a series resistor (Ri) connected λ/2 open-

circuit stubs (Yoti). Since the structure is symmetrical, the S-

parameters of each branch is expressed as (1) by using even 

and odd-mode analysis.  
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where r represents the main and reference branches. Similarly, 

Z0 =1/Y0 is a port impedance. The detailed derivation of even- 

and odd-mode admittances (�����
� ,  �	



� )  of main and 

reference branch are given in [11]. The values of �����
� ,  �	



�  

are expressed as (2). 

Table 2: Circuit parameters for different group delay  

θmain = 90o, θref = 45o, and ∆φ = 90o 

Branch GD (ns) Z0ei (Ω) Z0oi (Ω) Ri (Ω) Zoti (Ω) 

Reference 
1  127.71 66.34 50 50 

1.5 110.67 63.73 50 25 

Main  
1 125.78 62.65 15 50 

1.5 108.83 61.40 30 25 
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Fig. 4. Simulated results of quasi-reflectionless differential phase shifter with a phase difference of 90o and different arbitrarily prescribed group delay.  
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and i = 1, 2. The phase difference between the main and 

reference branch is determined as (4). 

( )21 21 2
main ref

main refS Sϕ θ θ∆ = ∠ − ∠ = −           (4) 

Using phase of S21 in (1b), the GD of main and reference 

branch are determined as (5).  

0

3

1 0 1 0 1 1 1

2

0 0 1 04f f

main o o main

o

a Y Y c d

f bY f

θ
τ

π=

+ +
= +             (5a) 

0

3

2 0 2 0 2 2 2

2

0 0 2 04f f

ref refo o

o

a Y Y c d

f bY f

θ
τ

π=

+ +
= + ,            (5b) 

where 

( ) ( )

2 2

3 22

0 0

1
,  ,  1, 2

1 1

i i
i i

i i

k k
a b i

Y k Y k

−
= = =

+ +
         (6a) 

2
2,  2 ,   1,2

1

i
i i i oti

i

k
c d k Y i

k
= = =

+
            (6b) 

An arbitrarily specified GD and magnitude response of each 

branch can be obtained by selecting the appropriate Y0oi  and ki 

if Yoti are specified by the designer. Therefore, Y0oi in terms of 

specified GD at f0, ki, and Yoti can be found as (7).   
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As noted from (7), Y0oi has three roots and one of these roots 

is the optimum circuit  parameter. To achieve flat phase 

difference, the GD of main and reference branch must be 

chosen same value.  

To validate the analytical analysis, Fig. 2 shows the 

simulated results with different flat phase difference and 

arbitrarily prescribed GD of 1.5 ns at center frequency f0 = 

3.50 GHz. Table 1 depicts the calculated circuit parameters. 

The proposed phase shifter provides three reflection zeros and 

flat phase difference of 150o, 120o, 90o and 60o within 

passband frequency. Moreover, the GD remains constant at f0 

even though phase difference is changed from 60o to 150o. The 

return loss (RL) is quasi-reflectionless, where RL is higher 

than 6 dB in all frequency ranges.   

To illustrate the arbitrary prescribed GD, Fig. 3 shows the 

simulation results. In this design example, the phase difference 

is chosen as 90o whereas GD is selected as 1 ns and 1.50 ns at 

f0. The calculated circuit parameters are shown in Table 2.  As  

observed from this figure, transmission magnitude 3dB 

bandwidth as well as flat phase difference bandwidth are 

decreased while increasing the GD. Therefore, trade-off 

occurs between flat phase difference bandwidth and GD.   

Fig. 4 shows the simulation results for demonstrating the 

flat GD characteristics. The arbitrarily prescribed flat GD 

(equiripple GD) in passband can achieved by controlling the 

series connected resistors. However, the transmission 

magnitude 3-dB bandwidth and flat phase difference 

bandwidth are decreased with an increase of GD. In addition, 

when GD ripple in passband edge is small, the input/output 

port return losses (RLs) are higher than 11 dB in all frequency 

range.  

III. SIMULATION AND MEASUREMENT RESULTS  

 For experimental validation, a ∆φ = 90o quasi-

reflectionless differential phase shifter with GD of 1.90 ns at f0 

= 3.5 GHz is designed and fabricated on Taconic substrate 

with dielectric constant of 2.20 and thickness of 0.787 mm. 

The calculated circuit parameters of are given as main branch: 

Z0e1 =1/Y0e1 = 119.38 Ω, Z0o1 = 1/Y0o1 = 74.03 Ω, Zot1 = 1/Yot1 = 

25 Ω, R1 = 30 Ω, θmain = 90o and reference branch:  Z0e2 =1/Y0e2 

= 119.96 Ω, Z0o2  = 1/Y0o2 = 75.66 Ω, Zot2 = 1/Yot2 = 25 Ω, R2 = 

50 Ω, θref = 45o. The simulation was performed using ANSYS 

HFSS 2021.   
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(a) 

 
(b) 

Fig. 5. Simulated and measurement results: (a) magnitude and (b) phase and 
group delay.  

Fig. 5 shows the simulation and measurement results. The 

measurement results are well agreed with simulation results. 

From experiment, the insertion loss of main and reference 

branch are found to be 1.10 dB and 0.9 dB at f0 = 3.50 GHz, 

respectively. The measured phase difference is determined as 

89.9 ± 1o within bandwidth of 350 MHz (3.30 GHz to 3.65 

GHz). Similarly, the measured GDs of main and reference 

branch are 1.92 ns and 1.88 ns at f0 = 3.50 GHz. The measured 

RL is higher than 18 dB within 350 MHz (3.30 GHz to 3.65 

GHz) passband frequency and higher than 6.5 dB in all 

frequency range. Photograph of fabricated circuits are shown 

in Fig. 6.     

IV. CONCLUSION  

This paper demonstrated the quasi-reflectionless differential 

phase shifter with arbitrarily prescribed group delay and flat 

phase difference. The proposed phase shifter is designed by 

using group delay analysis method. The flat phase difference 

between main and reference branch is achieved by calculating 

design parameters by equating the group delay of both 

branches.  The passband group delay flatness as well as 

differential phase shift flatness can be controlled by series 

connected resistor. The proposed method can be easily 

extended for higher order by cascading number of 1-stage 

phase shifter. For experimental demonstration, a 90o phase 

shifter with group delay of 1.9 ns is designed and measured. 

The measured results well agreed with simulation and 

theoretically predicted results.     

        

(a)     (b) 

Fig. 6. Photographs of fabricated quasi-reflectionless differential phase shifter: 

(a) main branch and (b) reference branch.  
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