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Abstract: In this work, a broadband dual-channel differential phase shifter is developed with a 

small phase deviation across a wide frequency range. The design consists of two main lines for 

45° and 90° phase shifts, along with a reference line. A prototype is fabricated and measured to 

validate the performance of the design. Phase shifts of 45° ± 5° and 90° ± 5° over a frequency 

range of 1.26 GHz - 4 GHz (bandwidth of 104%) are achieved from the channels. The 

transmission losses of the three lines are less than 0.35 dB and the isolation between the adjacent 

ports is better than 20 dB. The area of this dual-channel differential phase shifter is 222.0 g  (14.7 

mm × 66.15 mm), where g is the guided wavelength at the center frequency.  
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1 Introduction 

N modern communication systems, to improve the 

radiation characteristics of an antenna in a particular 

direction, its input signal must be controlled. For this 

purpose, phase shifters apply specific amounts of time 

delay (or phase shift) to the transmitted signal. Phase 

shifters are one of the most important components of 

microwave systems. In modern communication and 

radar systems where security and multi-function 

capability are necessary, wideband phase shifters are 

required. Phase shifters can be classified into two major 

types, according to how to control the amount of phase 

shift: mechanical and electronic, which the second type 

is more common in phased array antennas [1]. 

Due to the growing need for efficient and wideband 

integrated systems, integrated phase shifters are required 

with minimal attenuation and phase deviation over a 

broad bandwidth. Coupled-line structures are suitable 

choices for broadband applications due to their low 

phase error and compact dimension [2]. Also, among 
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integrated phase shifters, microstrip differential phase 

shifters are extensively used in modern communication 

systems such as single-pulse radars, butler matrices, 

microwave measuring devices, modulators, and many 

other industrial applications [2]-[8]. 

In recent years, new phase shifters based on microstrip 

structures have been used due to their planar and 

compact dimension, wide bandwidth, low loss, 

simplicity, low manufacturing cost, and easy integration 

with planar circuits. To enhance the quality of the 

system, new techniques such as photonic band gap 

(PBG) [9], ground plane aperture (GPA) [10], defected 

ground structure (DGS) [11], etc. have been utilized. 

Broadband differential phase shifters are mainly based 

on Schiffman's design [4]. They consist of two lines; one 

is a reference microstrip line and the other line 

comprises two tightly coupled strips connected at the 

end. By accurately choosing the length and coupling of 

these lines, a relatively constant phase difference 

between two lines can be achieved over a wide 

frequency range. 

In [12], a 45° differential microstrip phase shifter is 

designed for beam shaping networks; ±2.5° and ±5° 

phase errors are achieved with 51.8% and 64% 

bandwidths, respectively. It has a relatively low 

bandwidth despite having low transmission loss and 

compact dimensions. A 90° differential phase shifter 

using a weak coupled line is proposed in [13]; it is 

wideband and compact, but only offers a 90° phase shift. 

I 
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In [14], a method is proposed to design a wideband 

phase shifter using microstrip lines and liquid crystal 

(LC), but it has a relatively high transmission loss of 2.5 

dB in the frequency range of 220 GHz - 330 GHz. Two-

phase shifters using substrate-integrated waveguide 

(SIW) and half-mode SIW (HMSIW) structures are 

studied in [15] and [16]. In [15], a new electronically 

controllable SIW phase shifter is introduced; in this 

design, two and four metal rods are utilized in the SIW 

transmission line for inductive and capacitive loading, 

respectively. Phase shift is generated by the metal rods. 

The proposed phase shifter operates over a wide 

bandwidth of 26 GHz - 32 GHz with a maximum 

simulated transmission loss of 3 dB and a phase shift of 

100° ± 5°. In [16], a compact and broadband phase 

shifter is designed using HMSIWs. The proposed phase 

shifter has phase shifts of 86° ± 2.5° and 43.5° ± 2.5° at 

center frequencies of 7.5 GHz and 8.4 GHz, which 

respectively have 53.3% and 35.7% bandwidths. The 

maximum transmission loss of this structure is 1.2 dB, 

which is relatively low and its dimensions are small. 

However, insufficient bandwidth is the main problem of 

this design and almost all SIW-based structures due to 

their cut-off frequencies. When compact circuits are 

required, phase shifters with filtered switches are used 

[17], [18]. This type of phase shifter occupies less chip 

area than other structures and has low transmission loss, 

although bandwidth is usually narrow.  

In this paper, a wideband dual-channel phase shifter is 

proposed using coupled microstrip lines. It offers phase 

shifts of 45° and 90° over the bandwidth of 1.26 GHz – 

4 GHz (104 %), i.e., the frequency range that is allocated 

for most commercial, satellite and personal 

communication bands such as Global Positioning 

System (GPS, 1.575 GHz), Personal Communications 

Service (PCS, 1.85 GHz – 1.99 GHz), WiBro (2.3 GHz 

– 2.39 GHz), Digital Communication Systems (DCS, 

1.710 GHz – 1.880 GHz), WiMax (2.3 GHz – 3.7 GHz), 

Bluetooth (2.4 GHz), etc.  

This paper is structured as follows. In section 2, the 

theory and design procedure of the dual-channel 

differential phase shifter are discussed. In section 3, the 

measured results of the fabricated prototype are 

compared with the simulation and analyzed. Section 4 

gives the conclusion. 

2 Theory and Design Procedure of the Dual-Channel 

Phase Shifter 

The proposed dual-channel differential phase shifter is 

a six-port network consisting of two main lines along 

with a reference line designed to generate 45° and 90° 

phase shifts. The configuration of the proposed phase 

shifter is shown in Fig. 1. In this design, the first line is a 

coupled microstrip line connected to a short-circuited 

stub (90° channel, line 1); the second line is the common 

reference line and it is a simple microstrip line (line 0), 

and the third line is a short-end coupled line (45° 

channel, line 2). 

2.1 Theoretical Analysis 

The required phase shift is obtained from the phase 

difference between the signals passing through each of 

the main lines and the common reference line. Since the 

structure of the proposed phase shifter is symmetric, the 

even-odd mode technique along the vertical plane is 

used for analysis. The S-parameters of each line can be 

calculated through the equivalent circuit of even and odd 

modes. Even- and odd-mode decompositions of three 

lines are shown in Fig. 2. 

At frequency f, the corresponding phase shifts (90°, 

45°) between the main lines and the reference line are 

obtained from Eq. (1): 
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In the 90° main line, a short-circuited stub with a 

characteristic impedance of sZ  is connected to the end of  

 
 (a) (b) (c) 
Fig. 1 The schematic of the proposed dual-channel differential phase shifter; (a) 90° main line (line 1), (b) reference line (line 0), (c) 

45° main line (line 2). 
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 (a) (b) 

   
 (c) (d) 

   
 (e) (f) 

Fig. 2 The even-odd mode sub-circuits of the lines; (a) even mode and (b) odd mode of the 90° main line (line 1), (c) even mode and 

(d) odd mode of the reference line (line 0), (e) even mode and (f) odd mode of the 45° main line (line 2). 

 

a coupled line with characteristic impedances of 1eZ  

and 1oZ  for its even- and odd-modes, respectively. The 

short stub provides an extra degree of freedom. The 

common reference line is a simple microstrip 

transmission line with a characteristic impedance of 0Z  

and an electrical length of  30  ; it is bent to occupy 

less space. The 45° main line is a short-end coupled line 

with characteristic impedances of 2eZ  and 2oZ  for its 

even and odd modes, respectively. The even- and odd-

mode impedances, einZ ,  and oinZ , , for each line can be 

obtained as: 
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The transmission coefficient of the lines can be 

expressed as 
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and the phase shift of the lines can be further obtained as 
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According to the phase shift of the lines given in Eq. 

(4), the differential phase shifts are mainly determined 

by the electrical lengths and characteristic impedances of 

the lines. For simplicity of analysis, let the initial value 

of 90  at the center frequency of f0 = 2.5 GHz. 

Thus, the phase shifts are determined by the 

characteristic impedances of the lines ( 1eZ , 1oZ , 2eZ ,

2oZ , sZ ). By optimizing these parameters on the CST 

Microwave Studio software, we obtain the required 

phase shifts over the desired bandwidth. 

2.2 3D Simulation 

The proposed phase shifter is designed on a single-

layer RO4003C substrate with a thickness of 0.813 mm, 

38.3r , and tanδ = 0.0027. It is compatible with most 

integrated communication systems. The 3D structure of 

the dual-channel phase shifter simulated in CST Microwave 

Studio software is shown in Fig. 3. Its total size is 66.15  
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Fig. 3 3D layout of the dual-channel phase shifter simulated in CST Microwave Studio. 

 
Fig. 4 The dimensional parameters of the proposed dual-channel phase shifter. 

mm×14.7 mm ( gg  22.001.1  ). Fig. 4 shows the 

layout of the circuit with its optimized dimensions 

summarized in Table 1. 

2.3 Parametric Study 

A parametric analysis is carried out to investigate the 

effects of the short via in line 1 and the curved edge of 

line 3 on the phase shifter performance. First, the impact 

of the via size on the performance of the phase shifter is 

evaluated. Since it is located on the 90° main line, its 

impact on this channel’s performance is critical. Thus, 

for brevity, the S-parameters of other ports are not 

shown.  

According to Fig. 4, for the 90° main line, it is clear 

Table 1 The optimized dimensions of the dual-channel phase 

shifter (in mm). 

12.12 S8 0.15 S2 1.55 W7 1.66 W1 

5.75 S9 2.87 S3 1.66 W8 14.73 W2 

0.15 S10 1.29 S4 17.21 W9 0.75 W3 

3.05 S11 1.9 S5 0.15 W10 13.83 W4 

3.2 S12 1.58 S6 4.81 S0 22.53 W5 

4.0 D 8.96 S7 5.08 S1 1.66 W6 

that the total impedance of the short-circuited line is a 

combination of the impedance of the transmission line 

and the impedance of the grounded via. The length of 

the via remains constant and is equal to the substrate 

thickness. However, changes in the diameter of the via 

lead to variations in its equivalent impedance, including 

both real (resistance) and imaginary (inductance) 

components. Increasing the diameter (cross-section) of 

the via results in a decrease in its resistance and an 

increase in its inductive effect, which subsequently 

affects the input impedance of the entire line. This 

results in changes to both the amplitude and phase of 

reflection and transmission coefficients. To achieve the 

desired phase response and return loss, we modeled this 

effect using the CST tool and adjusted the diameter 

accordingly.  

The radius of the via is changed from 1 mm to 3 mm, 

and its effect on the performance of the 90° main line 

(ports 1 and 2) is shown in Fig. 5. The results show 

when the via size increases the phase shift also increases 

and for the radius of 2 mm, we get the desired phase. By 

changing this parameter, the amount of the desired phase 

shift can be tuned. Fig. 5(d) also shows the isolation 

between adjacent ports according to the changing of the 

via radius. In this figure, at high frequencies, isolation is 
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better for the radius of 3 mm, but due to the broad 

operational bandwidth, phase, and loss performance, the 

optimal value of 2 mm is selected. 

The second investigated parameter is the curving of the 

edges of the short-end coupled section of the 45° main 

line. This is shown in Fig. 6. In Fig. 7, the effects of the 

sharp/curved edge on the return loss and phase shift of 

the 45° line (ports 5 and 6) are illustrated. As can be 

seen, curving this edge reduces the reflection of the 

waves toward the input port. However, the phase shift of 

this line is affected by the edge curvature, which must be 

tuned through the optimization process. 

 

   
 (a) (b) 

   
 (c) (d) 

Fig. 5 The effect of the via size on the (a) return loss, (b) transmission loss, (c) phase shift of the 90° branch, and (d) isolation 

between adjacent ports of the 90° and reference lines. 

 
 (a) (b) 

Fig. 6 Short-end coupled line of the 45° main line; (a) sharp edge, (b) curved edge. 

3 Performance Evaluation of the Dual-Channel 

Phase Shifter 

For verification, after simulation and obtaining the 

optimal parameters, a prototype of the phase shifter was 

fabricated, as shown in Fig. 8, and its results were 

measured. The measured S-parameters and phase 

response of the designed phase shifter are compared with 

the simulation in Figs. 9 -11. The return loss at the input 

ports, according to Fig. 9, is better than 16 dB over the 

frequency range of 1.26 GHz to 4 GHz (104% 

bandwidth). Since the structure is symmetric, only half 

of the S-parameters are reported. The maximum 

transmission losses at the output ports, including the loss 

introduced by SMA connectors, are less than 0.35 dB. 

According to Fig. 10, over the desired frequency range, a 
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phase difference of 90° ± 5° and 45° ± 5° is obtained between the main lines and the common reference line. 

   
 (a) (b) 

Fig. 7 The curving effect of coupled line edge of 45° line on (a) input return loss, (b) phase shift. 

 
 (a) (b) 

Fig. 8 Fabricated dual-channel phase shifter structure; (a) front, (b) back. 

  
 (a) (b) 

Fig. 9 (a) Comparison between the measured and simulated reflection coefficient and (b) transmission loss of the channels of the 

phase shifter. 

In addition, Fig. 11 shows the isolation between 

adjacent ports; it is better than 32 dB between ports 1 and 

3 and better than 20 dB between ports 3 and 5. Thus, the 

high isolation between adjacent ports does not degrade 

the performance of the phase shifter. There is a good 

agreement between the simulated and measured results. 

A slight discrepancy between them is mainly caused by 

the fabrication errors in narrow coupling gaps and the 

loss introduced by SMA connectors, which are not 

included in the simulation.  

Table 2 compares the performance of the proposed 

phase shifter with the previously published works. The 

comparison shows the proposed dual-channel phase 

shifter has a compact size and achieves a maximum 5° 
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phase deviation over a wide bandwidth with the lowest transmission loss of less than 0.35 dB. 

  
 (a) (b) 

Fig. 10 (a) Phase at the output ports of the dual-channel phase shifter, (b) required phase shift: phase difference between the main 

lines and the reference line. 

Table 2 Comparison of the proposed phase shifter with previous works. 

Transmission loss 

(dB) 

Return loss 

(dB) 

Bandwidth 

(%) 
Size (

2
g ) 

Number  

of layers 

Phase shift 

(°) 
Reference 

0.5 10 118 0.05  0.5 1 90 ± 3.9 [13] 

0.53 10 81.9 0.06  0.51 1 90 ± 6.7 [20] 

0.7 14.2 102.7 0.29  0.77 1 90 ± 5 [21] 

0.64 
15 82 

0.27  0.64 
1 

45 ± 2.3 
[22] 

0.78 0.35  0.78 90 ± 4.7 

1 
14.7 51 0.06  1.8 1 

45 ± 2.1 
[23] 

1.1 90 ± 3.7 

<0.35 
>16 104 

0.22  0.61 
1 

90 ± 5 
This work 

<0.3 0.22  0.37 45 ± 5 

 

 

Fig. 11 Isolation between adjacent ports of the phase shifter. 

 

4 Conclusion 

In this paper, a wideband and low-loss dual-channel 

differential phase shifter is developed based on coupled 

microstrip lines. It has a maximum phase deviation of 

±5° and a transmission loss of less than 0.35 dB over the 

broad bandwidth of 1.26 GHz – 4 GHz (104% 

bandwidth). Simple structure, low manufacturing cost, 

wide bandwidth, low transmission loss, and low phase 

error are some of the advantages of this phase shifter. 

The selected operational bandwidth in the design of this 

phase shifter includes important frequency bands such as 

GPS, DCS, PCS, WiBro, Bluetooth, WiMax, and 

WLAN. This phase shifter can be used in wireless 

networks and feeding networks of the array antennas. 
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