
RADIOENGINEERING, VOL. 24, NO. 4, DECEMBER 2015 927 

DOI: 10.13164/re.2015.0927 APPLICATIONS OF WIRELESS COMMUNICATIONS 

Generalized Analysis Method for a Class of Novel 
Wideband Loaded-Stub Phase Shifters 

Sensong AN, Badar MUNEER, Qi ZHU 

Dept. of EEIS, University of Science and Technology of China  
Key Laboratory of Electromagnetic Space Information, Chinese Academy of Science 

Hefei, 230027, China 

ass@mail.ustc.edu.cn 

 
Abstract. In this paper, an analysis method of wideband 
loaded-stub phase shifters and a fast designing procedure 
is presented. These kind of phase shifters use a transmis-
sion line loaded with one or two open stubs and a reference 
line to achieve up to 135° phase shift. Analysis results 
shows that lower than -10 dB return loss and precisely 
phase shift can be achieved over a 100% bandwidth em-
ploying the ideal open stubs. To approach the ideal imped-
ance value of the open stubs, an arrow-shaped stub and 
several means to control its impedance is proposed. As 
verification of the analysis method, a 90° two-stub loaded 
phase shifter is easily designed and fabricated. Measured 
results show the design achieves better than ±4° phase 
ripple, less than 0.5 dB insertion loss, and better than 
10 dB return loss over an 85% wideband. 
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1. Introduction 
As core devices in phased array antenna system, mi-

crowave phase shifters play important roles in system per-
formance. Broadband constant phase difference and low 
return loss characteristics are needed for practical applica-
tions, especially for wideband communication systems. 

Several kinds of broadband phase shifters, Schiffman 
phase shifters [1–3], broadside coupling structure phase 
shifters [4], [5], transmission lines loaded with open or 
short stubs structures [6–8], are proposed to achieve up to 
90° differential phase shift. The original Schiffman phase 
shifters design gave a bandwidth of 80% with a phase rip-
ple of 10° [1]. In order to obtain broader bandwidth, double 
coupled lines and cascaded coupled lines are proposed 
based on the original structure [2], [3]. The main drawback 
of these designs is that narrow microstrip lines and ex-
tremely strict, narrow coupling gaps are required to achieve 
a broad bandwidth. Thus, performance of the circuit is 
greatly affected by fabrication accuracy. A. M. Abbosh 
introduced a novel UWB phase shifter structure based on 
weak coupling strategy, which gave a bandwidth of 110% 

and ±3° phase ripple [4], however it can only provide 
a phase shift range from 25° to 48°. The structure based on 
the same strategy introduced in [5] increases the phase shift 
range to 90°, but phase ripple and insertion loss are also 
amplified (±10° and 1.8 dB). Moreover this two-layer 
structure may cause incompatibility with other components 
during integration. 

Loaded line phase shifters are known for its wideband 
characteristics, several papers were published recently. In 
these papers, several different designs and good results are 
proposed, but no clearly analysis method or designing 
procedures are given. In [6] a dumb-bell-shaped phase 
shifter is proposed, yet the dimension of the multi-section 
stub is determined by an optimization process. In [7] 
a structure composed of a transmission line loaded with 
shunt λ/4 short stubs is proposed, simple relations between 
several differential phase degrees and resistance of the 
stubs are given but with no explanation. Besides, the phase 
ripple is quite large when the desired phase shift is more 
than 60°. In [8] a simple designing procedure for 60°-120° 
phase shift is given, but the resistance value is, as the paper 
claimed, a constant value for each degree all over the band. 
This designing procedure leads to not precisely phase shift, 
which can be proofed in the following analysis section. 

In this paper, a numeric analysis method which can 
calculate the needful characteristics impedance of the 
loaded stub of all desired frequency band is presented and 
verified, therefore design process for all phase shifters 
based on loaded line structure can be largely simplified. To 
meet the needs of the calculation results, one arrow-shaped 
stub and several methods to control its impedance are given 
on the later part of this paper. For verification purposes, 
a broadband 90° phase shifter employing 0.5λ transmission 
line loaded with two open stubs was designed and 
fabricated. 

2. Analysis 

2.1 One Stub Loaded Structure 

Generalized one stub loaded transmission line can be 
demonstrated in Fig. 1(a). Phase shift is obtained by calcu- 
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Fig. 1. Diagram of load-stub phase shifters: (a) one-stub 

loaded structure, (b) two-stub loaded structure. 

lating the phase difference between the main line and the 
reference line. Assuming that characteristic impedance and 
electric length is Zm, m for the main line and Zr, r for the 
reference line, admittance of the loaded stub is jY, electrical 
length of the transmission line and reference line at 
frequency f are defined by center frequency f0: 
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According to transformational relations between 
transfer matrix and S-parameters, S11, S21 and phase shift 
between port 1 and port 2 can be derived through ABCD 
value [9]: 
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In order to derive the ideal performance at center fre-
quency, which means, S11 = 0 and S21 = 1, then m0 = π/2 
can be determined from (2), (3) and (4). The value of Zm is 
taken as 50 Ω, therefore, the electrical length of the refer-
ence line r0 is simply given by, 
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where 	is the phase difference between the two lines and 
is given by  
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In the above expression, all the parameters are known 
except the admittance Y. For the frequency band from 0.5 f0 
to 1.5 f0, to obtain flat phase response (e.g. 22.5°, 45° and 
90°), the ideal admittance Y of the stubs can be calculated 
by using (7), as shown in Fig. 2(a). 

(a) (b)  
Fig. 2. One stub calculated results: (a) ideal admittance,  

(b) return loss calculated with ideal admittance. 

Once the admittance Y is obtained, it is straight-for-
ward to get the expression for return loss of the main line 
given by (3): 
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The plot for S11 obtained using (8) is shown in 
Fig. 2(b). The plot shows wideband characteristics for 
smaller values of phase shift, and deteriorates to 40% band-
width when the phase shift reaches up to 90 degrees. 

2.2 Two Stub Loaded Structure 

Generalized two stub loaded transmission line can be 
demonstrated as Fig. 1(b). Following the same procedure 
for single stub loaded transmission line, its transfer matrix 
can be defined as: 
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Putting the S11 = 0 and S21 = 0 results in the value for 
m0 = π, the electrical length of the reference line is there-
fore given by 

 
r0 m0        . (10) 

Similarly, the expression for  can be obtained in 
terms of unknown admittance Y for Zm = 50 Ω 
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For the band from 0.5 f0 to 1.5 f0, the ideal admittance 
Y is calculated using (11), the return loss is calculated using 
(12), as given in Fig. 3(a) and Fig. 3(b), respectively. 

(a) (b)  
Fig. 3. Two stub calculated results: (a) ideal admittance, 

(b) return loss calculated with ideal admittance. 

Figure 3(b) also shows good wideband characteristics. 
Compared to single stub loaded structure, two stub loaded 
structure shows better return loss when larger differential 
phase shift is obtained. 

3. Comparison and Validation 
To verify the reliability of the proposed analysis 

method, two 90° phase shifters loaded with simple rectan-
gular stubs, which have same electrical length π and differ-
ent characteristic impedances are designed and simulated. 
Both phase shifters have center frequency of 4 GHz. Blue 
curve in Fig. 4(a) refers to the calculated admittance, black 
and red curves refer to admittance of stubs using 150 Ω and 
200 Ω transmission  lines,  respectively. Simulation  results 

f1 f2 f3 f4 f5

(a)

(b)

 
Fig. 4. Relations between admittance of the stubs and phase 

shift. 

are shown in Fig. 4(b). At discrete frequency values f1, f3 
and f5 the admittances of the 200 Ω line can be seen to be 
equal to the calculated ones, resulting in a precise phase 
shift of 90°. At discrete frequency values f2, f3 and f4 the 
admittances of the 150 Ω line become equal to the calcu-
lated ones, resulting in 90° phase shift. For the whole 100% 
band, positive correlation between phase ripple and admit-
tance deviation can be seen, which strongly validates the 
reliability and accuracy of the proposed analysis method. 

4. Application 

4.1 Arrow-Shaped Stub 

To fit better to the calculated admittance, a method to 
enlarge the impedance of the stubs is presented. 
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Fig. 5. Diagram of two stubs: (a) rectangular stub. (b) stepped 

rectangular stub. 

According to transmission line impedance equation: 
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the admittance of a signal stub is obtained: 
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To lower the admittance, smaller loaded impedance ZL is 
needed. 

By changing the shape of loaded lines from 
rectangular patches (Fig. 5(a)) into stepped rectangular 
patches (Fig. 5(b)), its impedance can be derived as: 
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Compared to the impedance of rectangular patches: 
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Comparing (17) with (18), cause ZC1 > ZC2, ZL < Z’L 
can be concluded. Thus it’s possible to use a transmission 
line loaded with stepped rectangular patch to replace the 
regular rectangular λ/4 stub to lower the admittance. By the 
mean time very high impedance transmission line is no 
longer needed, which also lowers the difficulty of the 
fabrication. 

According to the analysis above, an arrow-shaped 
stub is presented, as shown in Fig. 6(a). Compared to sim-
ple rectangular  stubs,  low  admittance (high  resistance) is 
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Fig. 6. Arrow-shaped stub and methods to control its admit-

tance: (a) diagram of arrow-shaped stub, (b), (c) and 
(d) methods to control its admittance over the band. 

much easier to achieve. Besides, admittance value of the 
proposed stub is able to be easily controlled by several 
means, as shown in Fig. 6(b), (c) and (d). The whole length 
of the stub is fixed to be λ/2, to ensure low return loss at 
center frequency. 

4.2 Design Example and Results 

As an example, a 90° degree phase shifter loaded with 
two arrow-shaped stubs is designed and fabricated. Admit-
tance of the stubs is designed to be highly close to the ideal 
values all over the band, which offers a precise constant 
phase shift. Measured results shown in Fig. 7 achieve better 
than 13 dB return loss, 0.5 dB insertion loss and phase 
error less than 4° over a wide bandwidth (2.5 GHz to 
6 GHz). The overlapping results shown in Fig. 7 also indi-
cate good matching between measured results and simu-
lated results both in S-parameters and phase shift. 

(a)

(b) (c)

56mm

67mm

30mm

 
Fig. 7. Simulated and measured results: (a) one of the manu-

factured phase shifters, (b) S-parameters, (c) phase 
shift. 

4.3 Loss Mechanism 

The losses associated with dielectric material as well 
as the conductor loss have a certain effect on the insertion 
loss of phase shifter, a perfect conductor and a dielectric 
material with no loss always lead to higher return loss, this 
is clear from Fig. 7(b). To further elaborate the interfer-
ences of these losses, several simulations are performed 
with different scenarios. 

Figure 8(a) and (b) show the effect of dielectric losses. 
With larger dielectric loss tangent (tanδ), insertion losses 
increase while return losses remain almost the same. Fig-
ure 8(c) shows the effect of conductor losses; with larger 
resistivity, matching properties deteriorate slightly while 
insertion losses increase rapidly, about 0.1 dB across the 
band when the conductor changes from PEC to copper. 

Taking into account all the losses, let the dielectric 
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loss tangent be 0.001 and conductivity be 5.6e8 Siemens 
(provided by the PCB manufacture), renewed simulation 
results are shown in Fig. 8(d). Compared to ideal simula-
tion results shown in Fig. 7(b), both curves fit better with 
the measured results. 

(a)
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(d)  
Fig. 8. Loss discussion: (a) insertion loss with different di-

electric loss tangent, (b) return loss with different di-
electric loss tangent, (c) S-parameters with different 
conductor losses, (d) renewed simulated results. 

5. Conclusion 
This paper reports on an analysis method of a class of 

novel wideband phase shifters. According to this method, 
phase shift up to 45 degrees using a single stub-loaded 
structure and phase shift up to 135 degrees employing a 
two stub-loaded structure can be achieved over an 85% of 
bandwidth with phase error below ±4°. Moreover, a fast 
design procedure is presented, therefore the design process 
for all phase shifters based on loaded line structure is 
largely simplified. For verification purpose, a 90° phase 
shifter is designed, fabricated and measured.  
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