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This paper presents the designs of phase shifters for multi-beam Nolen
matrix towards the fifth generation (5G) technology at 26 GHz. The lowcost, lightweight and compact size 0° and 45° loaded stubs and chamfered
90°, 135° and 180° Schiffman phase shifters are proposed at 26 GHz.
An edge at a corner of the 50 Ω microstrip line Schiffman phase shifter is
chamfered to reduce the excess capacitance and unwanted reflection.
However, the Schiffman phase shifter topology is not relevant to be applied
for the phase shifter less than 45° as it needs very small arc bending at 26
GHz. The stubs are loaded to the phase shifter in order to obtain electrical
lengths, which are less than 45°. The proposed phase shifters provide return
loss better than 10 dB, insertion loss of -0.97 dB and phase difference
imbalance of ± 4.04° between 25.75 GHz and 26.25 GHz. The Rogers
RT/duroid 5880 substrate with dielectric constant of 2.2 and substrate
thickness of 0.254 mm is implemented in the designs.
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1.

INTRODUCTION
Phase shifter is used extensively nowadays as a passive component, which able to provide a specific
phase difference between two output ports of main line and reference line that specifically plays a vital role
in beamforming network such as Nolen [1-5], Blass [6-10] and Butler matrices [11-15]. Thus to enhance the
capability in phase shifting, myriad types of phase shifters have been studied and proposed by researchers.
One of the designs, as reported in [16], utilized mounting tunable components, which are varactor diodes.
The adjustable phase differences between -157° and 193° at 1.5 GHz are achieved by varying bias voltages
of the varactor diodes. This design has the simulated and measured return loss and insertion loss, which are
better than 10 dB and 2.6 dB for distinct phase differences between 1 GHz and 2 GHz, respectively. The high
insertion loss especially is mainly caused by the diodes’ parasitic capacitances. In addition, the presence of
the varactor diodes increases the complexity of the circuit configuration.
In order to design a simpler configuration of the phase shifter without any active component, a
square-shaped phase shifter using multi-layer technology is proposed in [17]. The performance degradation
of the return loss, insertion loss and phase difference at less than 5.1 GHz have occurred might be due to the
issues of misalignment and presence of air gap between the substrate layers. In order to circumvent this issue,
a single layer phase shifter consisting a T-shaped open stub loaded transmission line (main line) at the center
of the half wavelength transmission line and a reference line using Schiffman uniform line topology in [18]
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has been designed. The performance degradation of the proposed phase shifter at less than 2.5 GHz and
beyond 5.5 GHz is occurred due to the junction discontinuities of the loaded T-shaped open stub.
Another simpler configuration of the phase shifter using single layer technique based on a shortcircuited stub as well as a weak-coupled line is proposed in [19]. The reference line is bent due to a long
electrical length. The simulated and measured return loss and insertion loss responses of the proposed phase
shifter are better than 10 dB and less than 0.5 dB between 0.66 GHz and 2.56 GHz, respectively.
The fabrication limitation for the minimum 0.1 mm realizable gap between the edge-coupled lines
contributes discrepancies in the return loss and insertion loss responses at less than 0.66 GHz and beyond
2.56 GHz. Meanwhile, another single layer phase shifter design with a fixed 45° Schiffman meander line
topology is proposed at 35 GHz in [20] by using the same bending technique as reported previously in [19].
The configuration design is very simple and easy to fabricate. The simulated return loss and insertion loss
show better than 10 dB and approaching 0 dB at 35 GHz. The simulated phase difference characteristic is
45° at 35 GHz.
In this paper, the designs of 0° (reference line), 45°, 90°, 135° and 180° (main line) phase shifters
specifically for multi-beam Nolen matrix are presented using single layer technique at 26 GHz utilizing
Rogers RT/duroid 5880 substrate with dielectric constant of 2.2 and substrate thickness of 0.254 mm.
The elliptical stub and chamfered rectangular stub are introduced for 0° and 45° phase shifters, whereas
Schiffman phase shifter using arc bending approach is used for the remaining 90°, 135°, and 180° phase
shifters.

2.

PHASE SHIFTER DESIGN
Two loaded stubs and six Schiffman phase shifters are designed at 26 GHz as depicted in Figure 1,
which then can be integrated with couplers in developing the proposed Nolen matrix. The Schiffman phase
shifter topology is not applicable to be applied for the phase shifters less than 45° as it needs very small arc
bending at a super high frequency, which difficult to be fabricated due to the fabrication limitation of the
minimum 0.1 mm for the microstrip width. Hence, the design approach using stub loaded is introduced for 0°
(reference line) and 45° phase shifters of the switched-beam Nolen matrix. The stubs are loaded to the 50 Ω
transmission line in order to obtain electrical lengths, which are less than 45°. Dimensions of x-radii (rx and
rx2) and y-radii (ry and ry2) of the elliptical stubs as depicted in Figure 1 (a) and Figure 1 (b) are optimized to
enhance flatness of the phase characteristic for the 0° (reference line) and 45° phase shifters, respectively.
The length and width of the chamfered rectangular stubs for the 45° phase shifters are optimized to improve
the impedance matching of the Nolen matrix.
Nevertheless, the stubs loaded approach is not suitable to be applied for the remaining phase shifters
with electrical lengths greater than 45° as it needs large space for extending the radius of elliptical stubs, rx2.
Hence, the Schiffman phase shifter using arc bending approach is proposed for the remaining phase shifters
(90°, 135° and 180°). The widths of the Schiffman phase shifters, Wt remain same as the widths of feeding
transmission lines but the lengths of the Schiffman phase shifters, Lsx are changing relative to the required
phase values. These corresponding extended lengths of Schiffman phase shifters are bent into arcs. The phase
difference of the phase shifters that due to the different length between main and reference transmission line
that can be determined by using (1) [20-21]:
Phase difference, ΔФ=

(1)

where Lm, Lr and
are the main length, reference length, and guide wavelength, accordingly. The main
length, Lm and reference length, Lr are optimized to obtain the desired phase difference between the main line
and the reference line.
As seen in Figure 1 (c), the edge at a corner of the 50 Ω microstrip line Schiffman phase shifter is
chamfered with detailed illustration as shown in Figure 2 for the purpose of achieving the best performance
result and less power loss of the device. The chamfering edge also known as mitred bend technique is
employed in the design of Schiffman phase shifter. A mismatch loss will occur as the right-angled bend of
the conventional microstrip line increases a small amount of capacitance. Usually, the transmission line is
bent at 45° in order to reduce the associated mismatch [22]. In addition, the chamfering edge at the corner of
the microstrip line reduces the excess capacitance and unwanted reflection as well as readjust the microstrip
line back to the 50 Ω. This chamfering edge will provide good compensation for the super high
frequency. Referring to Figure 2, the chamfering edge at each corner of the 50 Ω microstrip line Schiffman
phase shifter can be deployed with optimum values of chamfering dimensions when the condition
of 0.5 ≤ Wt/h ≤ 2.75 and εr < 25 is selected as given by (2) to (5) [23-24]:
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D=Wt √

(2)

x=Wt √ (0.52 + 0.65

(3)

A=√ (x -

(4)

M=(52 + 65

(5)

× 100%

where D, Wt, x, h, A and M are the diagonal length for the outer corner of the unchamfered bend, the width of
the 50 Ω transmission line, diagonal length for the inner corner of the unchamfered bend, substrate thickness,
compensated length for optimal bend and optimum miter percentage, respectively.

(a)

(b)

(c)

Figure 1. Layout of the phase shifters, (a) 0° stub loaded phase shifter (reference line),
(b) 45° stub loaded phase shifter (main line), (c) Schiffman phase shifter (main line)

Figure 2. Dimension for a chamfering edge at a corner of 50 Ω microstrip line [23]
However, the optimum values of the chamfering dimension can be acceptable if the optimum miter
percentage, M is approximately 50% when the condition of Wt/h ≥ 2.75 and εr ≤ 25. The optimum miter
percentage, M can be calculated using (5) [25]. The optimized dimensions of the proposed phase shifters are
listed in Table 1. The performance of the designed phase shifters will be discussed in the next section.
Table 1. Optimized dimensions of the proposed phase shifters
Dimension (mm)

Phase Shifters
Stub loaded 0° phase shifter (reference line)
Stub loaded 45° phase shifter
Schiffman 90° phase shifter
Schiffman 135° phase shifter
Schiffman 180° phase shifter (Left)
Schiffman 180° phase shifter (Right)
Schiffman 0° phase shifter (reference line)
Additional Schiffman 0° phase delay

0.85

0.56
1.23

0.56

3.20

0.50
1.75
2.25
3.04
0.97

0.85

0.56
1.23

0.56
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3.20

0.50

2.79
2.79
2.79
2.79
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3.

RESULTS AND ANALYSIS
The performance of the proposed 45°, 90°, 135°, and 180° phase shifters are assessed across the
designated frequency interval between 25.75 GHz and 26.25 GHz and plotted in Figure 3 to Figure 6,
respectively. The phase differences of the phase shifters ranging from 45° to 180° are compared to reference
lines of 0°. As seen in Figure 3, reflection coefficients, Sii (i=1, 2, 3, 4) of the proposed 45° stub loaded phase
shifter are lower than -10 dB across the operated frequency interval between 25.75 GHz and 26.25 GHz,
which indicate almost 90 % input power is delivered to the antenna and reflected power is less than 10 %.
Meanwhile, the transmission coefficients, S21 and S43 are approximately -0.48 dB between 25.75 GHz and
26.25 GHz. The phase difference between the main line and the reference line is 45° ±1.63° between 25.75
GHz and 26.25 GHz. At the center frequency of 26 GHz, both reflection coefficients, S11 and S22 of the
proposed 45° stub loaded phase shifter are -10.37 dB, whereas both reflection coefficients, S33 and S44 are 36.73 dB. The transmission coefficients, S21 and S43 are -0.47 dB and -0.07 dB at 26 GHz, respectively.
Whilst, the phase difference between the main line and the reference line is 44.49°±1.63° at 26 GHz.
Therefore, the simulation results of the proposed 45° stub loaded phase shifter show well performance at the
designated frequency of 26 GHz in comparison to the specifications as summarized in Table 2.

Figure 3. Results of S-parameters and phase difference for 45° stub loaded phase shifter

Referring to Figure 4, across the designated frequency range between 25.75 GHz and 26.25 GHz,
the reflection coefficients, S11, S22, S33 and S44 of the proposed 90° Schiffman phase shifter in Figure 2 (c) are
less than -10 dB. Meanwhile, the transmission coefficients, S21 and S43 are approximately -0.47 dB between
25.75 GHz and 26.25 GHz. The phase difference between the main line and the reference line is 90° ±1.05°
across 25.75 GHz to 26.25 GHz. As seen at 26 GHz, both reflection coefficients, S11 and S22 of the 90°
Schiffman phase shifter are -10.45 dB, whereas the reflection coefficients, S33 and S44, -21.17 dB. The
transmission coefficients, S21 and S43 are -0.46 and -0.36 dB at 26 GHz, respectively. Whilst, the phase
difference performance between the main line and the reference line is 90° at 26 GHz. Regarding the
obtained results, the proposed 90° Schiffman phase shifter satisfies good agreement at 26 GHz.
The S-parameter and phase difference performances of the proposed 135° Schiffman phase shifter
are plotted in Figure 5. The excellent results of reflection coefficients at each port, which are S11, S22, S33 and
S44 for the proposed 135° Schiffman phase shifter can be observed in Figure 5 to be lower than -10 dB
between 25.75 GHz and 26.25 GHz. Whilst, the transmission coefficients, S21 and S43 are roughly -0.53 dB
across the designated frequency range. The phase difference between the main line and the reference line is
135° ± 1.59° between 25.75 GHz and 26.25 GHz. As seen at 26 GHz, the respective reflection coefficients,
S11, S22, S33 and S44 of the 135° Schiffman phase shifter are -10.45 dB, -10.45 dB, -26.03 dB and -26.05 dB.
The simulated S21 is -0.46 dB, whereas the simulated S43 is -0.51 dB at 26 GHz. Whilst, the phase difference
performance between the main line and the reference line is 135° at 26 GHz. Therefore, the results of the
proposed 135° Schiffman phase shifter indicate well phase shifting, transmission and return loss performance
as required at 26 GHz.
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Figure 4. Results of S-parameters and phase difference for 90° Schiffman phase shifter

Figure 5. Results of S-Parameters and phase difference for 135° Schiffman phase shifter
Meanwhile, as observed in Figure 6, the reflection coefficients, S11, S22, S33 and S44 at the
respective ports of the proposed 180° Schiffman phase shifter are lower than -10 dB. Whilst, the transmission
coefficients, S21 and S43 are almost -0.97 dB between 25.75 GHz and 26.25 GHz. The phase difference
between the main line and the reference line is 180° ± 4.04° between 25.75 GHz and 26.25 GHz. At the
center frequency of 26 GHz, both reflection coefficients, S11 and S22 of the 180° Schiffman phase shifter are
-10.45 dB, whereas both reflection coefficients, S33 and S44 are -21.18 dB. The transmission coefficients,
S21 and S43 are -0.13 dB and -0.97 dB at 26 GHz, respectively. Whilst, the phase difference between the
main line and the reference line is 180.22° at 26 GHz. As seen, the proposed 180° Schiffman phase shifter
offers a good performance at 26 GHz as specified.

Figure 6. Results of S-parameters and phase difference for 180° Schiffman phase shifter
Bulletin of Electr Eng and Inf, Vol. 8, No. 3, September 2019 : 1028 – 1035
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The performance results of the phase shifters are summarized in Table 2. As seen, the reflection
coefficients, Sii (i=1, 2, 3, 4) of each phase shifter is less than -10 dB. Whilst, the amplitude imbalances of the
S21 and S43 are less than -0.97 dB. The phase imbalances for the phase differences with respect to the
reference lines of the phase shifters are less than 4.04°. Conclusively, all assessed results of the proposed
phase shifters are satisfactorily met the design requirements.
Table 2. Summary of the proposed phase shifters’ performances between across 25.75 GHz to 26.25 GHz
Component
45° phase
shifter
90° phase
shifter
135° phase
shifter
180° phase
shifter

Parameter
Sii (i=1, 2, 3, 4)
S21 and S43
Phase difference with respect to reference line
Sii (i=1, 2, 3, 4)
S21 and S43
Phase difference with respect to reference line
Sii (i=1, 2, 3, 4)
S21
Phase difference with respect to reference line
Sii (i=1, 2, 3, 4)
S21 and S43
Phase difference with respect to reference line

Specification
≤ -10 dB
0 dB ~ -1 dB
45° ± 5°
≤ -10 dB
0 dB ~ -1 dB
90° ± 5°
≤ -10 dB
0 dB ~ -1 dB
135° ± 5°
≤ -10 dB
0 dB ~ -1 dB
180° ± 5°

Performance
≤ -10 dB
 -0.48 dB
45° ± 1.63°
≤ -10 dB
 -0.47 dB
90° ± 1.05°
≤ -10 dB
 -0.53 dB
135° ± 1.59°
≤ -10 dB
 -0.97 dB
180° ± 4.04°

4.

CONCLUSION
The 0°, 45°, 90°, 135° and 180° phase shifters that capable to operate between 25.75 GHz and 26.25
GHz for Nolen matrix application have been presented. The employment of single layer technique eases the
fabrication process at the super high operating frequency. All results of the proposed phase shifters are
satisfactorily met the design requirements, wherein the input return loss and insertion loss for each phase
shifters are better than 10 dB, as well as less than -0.97 dB, respectively and the phase deviation for the
proposed phase shifters is ± 4.04° across the designated frequency range between 25.75 GHz and 26.25 GHz.
Therefore, the proposed two loaded stubs and three Schiffman phase shifters are suitable to be integrated
with couplers in forming the Nolen matrix at 26 GHz and. In addition, they can be good candidates to be
applied to other millimetre wave 5G band beamforming applications due to their simple design configuration,
lightweight, low insertion loss, and low phase error.

ACKNOWLEDGEMENTS
This work was supported by Ministry of Education Malaysia (MOE) and Universiti Teknologi
Malaysia (UTM) through Flagship, HiCoE, PRGS and FRGS Grant with the respective vote number of
03G41, 4J212 and 4J216, 4L684 and 5F048.

REFERENCES
[1]
[2]

[3]
[4]
[5]

[6]
[7]
[8]
[9]

T. Djerafi, N. J. G. Fonseca and K. Wu, "Architecture and implementation of planar 4 × 4 Ku-Band nolen matrix
using SIW technology," in Asia Pacific Microwave Conference, 2008.
T. Djerafi, N. J. G. Fonseca and K. Wu, "Broadband substrate integrated waveguide 4 × 4 Nolen matrix based on
coupler delay compensation," IEEE Transactions on Microwave Theory and Techniques, vol. 59, no. 7,
pp. 1740–1745, 2011.
N. J. G. Fonseca, "Printed S-band 4 x 4 Nolen matrix for multiple beam antenna applications," IEEE Transactions
on Antennas and Propagation, vol. 57, no. 6, pp. 1673–1678, 2009.
T. Djerafi, N. J. G. Fonseca and K. Wu, "Planar K u -band 4 × 4 Nolen matrix in SIW technology,” IEEE
Transactions on Microwave Theory and Techniques, vol. 58, no. 2, pp. 259–266, 2010.
N. J. G. Fonseca, "Study and Design of a S-band 4 × 4 Nolen Matrix for Satellite Digital Multimedia Broadcasting
Applications," in 12th International Symposium on Antenna Technology and Applied Electromagnetics and
Canadian Radio Sciences Conference, pp. 481-484, 2006.
P. Chen, W. Hong, Z. Kuai and J. Xu, "A double layer substrate integrated waveguide blass matrix for
beamforming applications," IEEE Microwave and Wireless Components Letters, vol. 19, no. 6, pp. 374–376, 2009.
F. Casini, R. V. Gatti, L. Marcaccioli and R. Sorrentino, "A novel design method for Blass matrix beam-forming
networks," in Proceedings of the 37th European Microwave Conference, pp. 1512–1514, 2007.
S. Mosca and F. Bilotti, "A novel design method for Blass matrix beam-forming networks," IEEE Transactions on
Antennas and Propagation, vol. 50, no. 2, pp. 225–232, 2002.
C. Tsokos et al., "Analysis of a Multibeam Optical Beamforming Network Based on Blass Matrix Architecture,"
Journal of Lightwave Technology, vol. 36, no. 16, pp. 3354-3372, 2018.

26 GHz phase shifters for multi-beam nolen matrix towards fifth generation (5G)… (Norhudah Seman)

1034



ISSN: 2302-9285

[10] W. Y. Lim and K. K. Chan, "Generation of multiple simultaneous beams with a modified Blass matrix," in Asia
Pacific Microwave Conference, pp. 1557-1560, 2009.
[11] S. F. Ausordin, S. K. A. Rahim, N. Seman, R. Dewan and B. M. Sa'ad, "A Compact 4× 4 Butler Matrix on Double‐
Layer Substrate," Microwave and Optical Technology Letters, vol. 56, no. 1, pp. 223–229, 2014.
[12] Y. R. H. W. Y. Chen, C. C. Tsai, Y. M. Chen, C. C. Chang and S. F. Chang, "A Compact Two-Dimensional Phased
Array Using Grounded Coplanar-Waveguides Butler Matrices,” in Proceeding of the 42nd European Microwave
Conference, pp. 747-750, 2012.
[13] D. N. A. Zaidel, S. K. A. Rahim and N. Seman, "4 × 4 Ultra Wideband Butler Matrix for Switched Beam Array,"
Wireless Personal Communications, vol. 82, no. 4, pp. 2471-2480, 2015.
[14] T. Djerafi, N. J. G. Fonseca and K. Wu, "Design and implementation of a planar 4×4 butler matrix in SIW
technology for wideband applications," in Proceeding of the 40th European Microwave Conference, pp. 910-913,
2010.
[15] S. Karamzadeh, V. Rafii, M. Kartal and B. S. Virdee, "Compact and Broadband 4 x 4 SIW Butler Matrix With
Phase and Magnitude Error Reduction," IEEE Microwave and Wireless Components Letters, vol. 25, no. 12, pp.
772-774, 2015.
[16] W. J. Liu, et al., “A Wideband Tunable Reflection-Type Phase Shifter with Wide Relative Phase Shift," IEEE
Transactions on Circuits and Systems II: Express Briefs, vol. 64, no. 12, pp. 1442-1446, 2017.
[17] D. N. A. Zaidel, S. K. A. Rahim, R. Dewan, S. F. Ausordin and B. M. Saad, “Square-shaped phase shifter using
multilayer technology for ultra wideband application, "in IEEE International RF and Microwave Conference, pp.
22-25, 2013.
[18] S. Y. Zheng, W. S. Chan and K. F. Man, "Broadband phase shifter using loaded transmission line," IEEE
Microwave and Wireless Components Letters, vol. 20, no. 9, pp. 498-500, 2010.
[19] Y. Liu, H. Liu and Q. Liu, "Compact ultra-wideband 90° phase shifter using short-circuited stub and weak coupled
line," Electronics Letters, vol. 50, no. 20, pp. 1454–1456, 2014.
[20] K. Y. Kapusuz and U. Oguz, "Millimeter wave phased array antenna for modern wireless communication systems,"
in 10th European Conference on Antennas and Propagation, no. 1, pp. 1-4, 2016.
[21] P. Q. Mariadoss, M. K. A. Rahim and M. Z. A. Abd Aziz, "Butler Matrix Using Circular and Mitered Bends at 2.4
GHz," in 13th IEEE International Conference on Networks, Jointly held with the 2005 IEEE 7th Malaysia
International Conference on Communication, 2005.
[22] D. S. James and R. J. P. Douville, "Compensation of microstrip bends by using square cutouts," Electronics Letters,
vol. 12, no. 22, pp. 577-579, 1976.
[23] N. Seman and M. E. Bialkowski, "Microstrip-slot transitions and its applications in multilayer microwave circuits,"
Passive Microwave Components and Antennas, InTech, 2010.
[24] N. Seman and S. N. A. M. Ghazali, “Design of Multilayer Microstrip-Slot In-Phase Power Divider with Tuning
Stubs for Wideband Wireless Communication Applications," Wireless Personal Communications, vol. 83, no. 4,
pp. 2859-2867, 2015.
[25] R. J. P. Douville and D. S. James, “Experimental Study of Symmetric Microstrip Bends and Their Compensation,"
IEEE Transactions on Microwave Theory and Techniques, vol. 26, no. 3, pp. 175-182, 1978.

BIOGRAPHIES OF AUTHORS
Norhudah Seman received the B. Eng. in Electrical Engineering (Telecommunications) degree from
the Universiti Teknologi Malaysia, Johor, Malaysia, in 2003 and M.Eng. degree in RF/Microwave
Communications from The University of Queensland, Brisbane, St. Lucia, Qld., Australia, in 2005.
In September 2009, she completed her Ph.D. degree at The University of Queensland. In 2003, she
was an Engineer with Motorola Technology, Penang, Malaysia, where she was involved with the RF
and microwave components design and testing. Currently, she is an Assocciate Professor and
Director (Communication Engineering) in School of Electrical Engineering and Research Fellow in
HiCoE Wireless Communication Centre (WCC), Universiti Teknologi Malaysia. Her research
interests concern the design of microwave/millimeterwave devices for biomedical and industrial
applications, effects of electromagnetic field radiation including specific absorption rate (SAR), and
mobile communications.
Nazleen Syahira Mohd Suhaimi completed her B. Eng. degree (Hons.) in Electronic Engineering
from the School of Electrical and Electronic Engineering, Universiti Sains Malaysia (USM) in 2016.
She completed her master’s degree from the Wireless Communication Center, Universiti Teknologi
Malaysia (UTM) in 2018. Her research deals with design of multi-beam antenna systems,
beamforming network, microwave and RF components design at super high frequency towards 5G
wireless communications.

Bulletin of Electr Eng and Inf, Vol. 8, No. 3, September 2019 : 1028 – 1035

Bulletin of Electr Eng and Inf

ISSN: 2302-9285



1035

Tien Han Chua received both the B.Sc. (Honours) degree in Electrical engineering (First Class) and
the Master of Electrical Engineering in Wireless Engineering from the Universiti Teknologi
Malaysia in 2003 and 2007, respectively. Tien Han was a Tutor (2005-2007) and then a Lecturer
(2007-present) at the Faculty of Electrical Engineering, Universiti Teknologi Malaysia. His research
interests include broadband fixed wireless access systems, radio propagation, channel modelling and
measurement.

26 GHz phase shifters for multi-beam nolen matrix towards fifth generation (5G)… (Norhudah Seman)

