International Journal of
Microwave and Wireless
Technologies

cambridge.org/mrf

Research Paper

Cite this article: Zhu F, Zhao X, Sheng J, Luo
GQ (2023). Broadband and compact folded
substrate integrated waveguide phase shifter
and its application to 180° directional coupler.
International Journal of Microwave and Wireless
Technologies 15, 554-559. https://doi.org/10.
1017/S1759078722000915

Received: 8 May 2022
Revised: 14 July 2022
Accepted: 14 July 2022

Key words:

Broadband; compact; complementary split-
ring resonators (CSRRs); Folded substrate
integrated waveguide (FSIW); Phase shifter

Author for correspondence:
Guo Qing Luo,
E-mail: luoguoging@hdu.edu.cn

© The Author(s), 2022. Published by
Cambridge University Press in association with
the European Microwave Association

CAMBRIDGE

% UNIVERSITY PRESS

Broadband and compact folded substrate
integrated waveguide phase shifter and
its application to 180° directional coupler

Fang Zhu @, Xin Zhao, Junhao Sheng and Guo Qing Luo

Key Laboratory of RF Circuits and Systems of Ministry of Education, School of Electronics and Information,
Hangzhou Dianzi University, Hangzhou 310018, China

Abstract

In this paper, a broadband, low insertion loss, and compact folded substrate integrated wave-
guide (FSIW) phase shifter is proposed for the first time. By loading the complementary split-
ring resonators (CSRRs) on the middle metal layer of the FSIW, a closed-type slow-wave
transmission line (TL) is obtained, which can provide a wideband phase shift (39%) compared
with the equal-length fast-wave one. The enclosed structure of the CSRR-loaded FSIW pre-
vents the CSRRs from radiation as suffered in the previous reported CSRR-loaded TLs, result-
ing in a low insertion loss. This feature greatly reduces the amplitude imbalance between the
main line and the reference line of the phase shifter. In addition, no transition structure is
required between the FSIWs with and without CSRRs for broadband impedance matching,
which makes the phase shifter more compact and easier to integrate with other FSIW devices.
To validate the performance of the proposed phase shifter and to illustrate its ease integration,
a novel FSTW 180° directional coupler that consists of an FSIW 90° coupler and an FSIW 90°
phase shifter is designed, fabricated, and measured. The measured results agree well with the
simulated data.

Introduction

Substrate integrated waveguide (SIW) has attached much attention due to its merits of low
loss, low cost, low interference, easy fabrication, and planar integration [1]. However, the foot-
print of the SIW is large. For size reduction, several SIW-derived transmission lines (TLs),
including the half-mode SIW (HMSIW) [2], ridge SIW [3], and folded SIW (FSIW) [4, 5],
have also been proposed. Based on these structures, a variety of microwave devices, such as
bandpass filters [6-8], directional couplers [9, 10], and phase shifters [11-18], have been pro-
posed. To feature as a good phase shifter, it has to show a wide bandwidth, a good impedance
matching, a low insertion loss, a compact size, and an equal-length structure.

Traditional SIW phase shifters implemented by delay lines [12] or equal-length unequal-
width SIWs [13] are frequency dependent, and therefore, they are narrowband in nature. In
[14], a wideband (49%) self-compensating SIW phase shifter is proposed. However, this
phase shifter and its reference line show different physical lengths. To achieve a wide band-
width with an equal-length structure, a dielectric slab [15] or an artificial dielectric slab
[16, 17] can be inserted into the SIW. However, a multi-section impedance transformer is
required for a wideband impedance matching, resulting in a large circuit size. By etching com-
plementary split-ring resonators (CSRRs) on the cover of SIW or HMSIW, more compact
equal-length phase shifters with a wide bandwidth are realized [18]. However, they suffer
from a high insertion loss and a large amplitude imbalance caused by the radiation loss of
the CSRRs. Therefore, each of the existed SIW phase shifters accomplishes only part of the
requirements.

On the other hand, a 180° directional coupler is a key component in many microwave cir-
cuits, such as push-pull amplifiers, balanced mixers, and antenna feeding networks. To pro-
vide a 180° coupler characteristic, several hybrid ring couplers based on SIW and FSIW
techniques have been proposed [19, 20]. However, these structures suffer from a large foot-
print. Another technique of cascading a 90° directional coupler with a 90° phase shifter to
obtain a 180° directional coupler has also been proposed in [21-23]. However, the bandwidth
of the 180° directional coupler is limited by the phase shifter.

In this paper, a broadband equal-length CSRR-loaded FSIW phase shifter is proposed for
the first time. By loading the CSRRs on the middle metal layer of the FSIW, a closed-type slow-
wave TL is obtained, which can provide a wideband phase shift (39%) compared with the
equal-length fast-wave one. The enclosed structure of the CSRR-loaded FSIW prevents the
CSRRs from radiation as suffered in the CSRR-loaded SIW and HMSIW TLs [18], resulting
in a low insertion loss. This feature greatly reduces the amplitude imbalance between the
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main line and the reference line of the phase shifter. Thus, the
proposed design exhibits a lower insertion loss and a smaller
amplitude imbalance as compared with the CSRR-loaded SIW
and HMSIW phase shifters in [18]. Furthermore, an FSIW 180°
directional coupler that consists of an FSIW 90° coupler and a
90° phase shifter is designed, fabricated, and measured to verify
the concept. The proposed FSIW 180° directional coupler exhibits
a wide bandwidth while occupies a small circuit size.

FSIW phase shifter

Figure 1 shows the structure of the proposed CSRR-loaded FSIW.
It consists of two layers of dielectric substrate, two rows of metal-
lic via-holes, and three metal planes. Both of the substrates are
Tanconic TLY-5 with relative dielectric constant &, = 2.2, loss tan-
gent tand = 0.0009, and thickness /1 = 0.508 mm. The metallic via-
holes are connected between the top and bottom metal planes,
which are not shown here for better charity of the interior details.
The diameter of the metallic via-holes is d,=0.5 mm, and the
space between two adjacent via-holes is p,=0.9mm. The
CSRRs are etched on the middle metal plane of the FSIW with
a periodical arrangement to implement a slow-wave TL with a
closed structure.

To illustrate the slow-wave effect of the CSRR-loaded FSIW,
full wave simulations of the proposed structure were carried out
by using Ansys high-frequency structure simulator. Figure 2
shows the simulated electric field distributions inside the normal
FSIW and the CSRR-loaded FSIW at 13 GHz. For the CSRR-
loaded FSIW, typical folded TE;, mode is firstly excited, when
it transmits to the CSRR-loaded region, the guided wavelength
is reduced, revealing that the phase velocity is slowed down.
Therefore, a stable phase shift can be obtained between the equal-
length FSIWs with and without CSRRs.

To know in detail how the parameters affect the phase shift
performance, a CSRR-loaded FSIW unit cell, as shown in
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Fig. 1. Configuration of the CSRR-loaded FSIW phase shifter. (a) 3D view. (b)
Top view.
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Fig. 2. The E-field distributions inside the normal FSIW and the CSRR-loaded FSIW at
13 GHz.

Fig. 3, is studied. To begin with, the parameters are set as follows:
w=1=3, s=03, c=16, d=0.6, I5;=15,=1.6, Wp=6.3, and
£=0.7 (unit: mm). Figure 4 shows the simulated phase shifts of
the unit cell against different values of w, I, s, ¢, d, and Is,. As
can be observed, the phase shift of a unit cell can be varied
from 20° to 40° in 10-16 GHz. It increases with the increase of
the values of w, I, and d, and decreases with the increase of the
values of s, ¢, and [g,. In addition, the slope of the phase shift
can be controlled by modifying the values of /, s, and d. In this
way, a flat phase shift over a wide bandwidth can be obtained.
The parameter Ig; has little influence on the phase shift. It should
be mentioned that, in Figs 4(a)-4(g), only one parameter is swept
at the same time, while the other parameters are kept unchanged.
If two or more parameters (e.g. w and /) are adjusted simultan-
eously, the phase shift range of the unit cell would be larger
than 20-40 degree. Due to the strong loading effect of the
CSRR, only countable CSRR-loaded cells are needed to obtain a
required phase shift, resulting in a compact size.

To realize a 90° phase shifter, three CSRRs are needed. Figure 5(a)
shows the simulated phase shift of the 90° phase shifter, whose
dimensions are: w=3.15, [=3.5, s=0.3, c=1.7, d=0.8, Ig; =1,
l;=18, p=0.6, Wr=6.3, and g=0.7 (unit: mm). As can be
observed, a stable phase shift of 90°+5° is obtained from
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Fig. 3. Layout of the CSRR-loaded FSIW unit cell.
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Fig. 4. Simulated phase shifts of a CSRR-loaded unit cell against different values of (a) w, (b) [, (c) s, (d) ¢, () d, and (f) [s,.
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Table 1. Comparison with other broadband phase shifters

Frequency (GHz)

(b)

Fig. 5. Simulated results of the 90° phase shifter. (a)
Phase shift. (b) S-parameters.

Ref. fo (GHz) FBW (%) Phase shit (°) IL (dB) Al (dB) EL Size (Agz)
[14] 32 49 90+£2.5 <0.5 <0.2 No 2.2

[16] 26 46 89.5+5 <0.8 <0.1 Yes 2.08

[15] 41 39 92+4 ~0.2 N/A Yes 3.04
[18]-I 8.5 35 90+5 <0.7 <0.55 Yes 0.67
[18]-II 8.5 35 91+45 <0.9 N/A Yes 0.37
This work 13.15 39 905 <0.2 <0.1 Yes 0.28

fo, center frequency; Al, amplitude imbalance; EL, equal length for reference and main lines; 24, wavelength in the dielectric substrate at f,.

10.6 to 16.3 GHz. Figure 5(b) shows the simulated |S,,| and [S;;| of
the CSRR-loaded FSIW (i.e. the main line) and the simulated |S,;|
of the normal FSIW (i.e. the reference line). From 10.6 to 15.7
GHz, the insertion losses of both the main line and the reference
line are lower than 0.2 dB, and the amplitude imbalance between
them is less than 0.1 dB. The simulated return loss (|S,|) of the
CSRR-loaded FSIW is better than 20 dB from 10.6 to 15.7 GHz

https://doi.org/10.1017/51759078722000915 Published online by Cambridge University Press

without using any transition structures. This makes the proposed
phase shifter more compact and easier to integrate with other
devices. The core size of the FSIW 90° phase shifter is 10.65
mm x 6.3 mm, excluding the input and output FSIW sections.
Table 1 summarized a comparison between the proposed
FSIW phase shifter and other existing SIW and HMSIW phase
shifters. Compared with the phase shifters in [14-16], the
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Fig. 6. Configuration of the FSIW 180° coupler. (a) 3D view. (b) Top view.

Fig. 7. Photograph of the fabricated FSIW 180° coupler.
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Fig. 8. Simulated and measured S-parameters of the proposed 180° coupler. (a) Excited at port 1. (b) Excited at port 4.

e —o— /8,5, (Simulated) i proposed design achieves a more compact size. Compared with
zw—‘ . Ks::_ .43: (Measured) 5 the CSRR-loaded SIW and HMSIW phase shifters [18], the pro-
posed design exhibits a lower insertion loss and a smaller ampli-
195 - 40 tude imbalance, thanks to the closed structure. It should be
~ ~ mentioned that the size reduction of the proposed phase shifter
g 191 1° g is not only contributed by the folded structure, but also contrib-
. ls® uted by the slow-wave effect and the non-transition structure.
s | £ Therefore, the size of the proposed FSIW phase shifter is smaller
2 180 {as than 50% of the SIW counterparts.
g g
& y754 {20
0] —o— /8,-/S,, (Simulated) i FSIW 180° directional coupler
; —e— /8,,-/8,, (Measured) To validate the performance of the proposed phase shifter and to
165 +————T1——T1——T—T1 7177+ 30 illustrate its ease integration, an FSIW 180° directional coupler
WS VA A RN 128, WA 198 A Al 89 that consists of an FSIW 90° coupler [24] and an FSIW 90°
Fesaney (S phase shifter is designed, fabricated, and measured. The structure

o 1 . . c e .
Fig. 9. Simulated and measured phase difference between port 2 and port 3 of the of the 180° directional coupler is shown in Flg. 6, and the detailed

proposed 180° coupler.
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Table 2. Comparison with other 180° couplers

Fang Zhu et al.

Ref. [19] [20] [21] [22] [23] This work
fy (GHz) 27 28.2 11 36 35 12.05
FBW 7% 4.3% 15.5% 6.1% 17% 26%
Techn. SIw FSIW HMSIW SIW SIW FSIW

Al (dB) +0.25 0.3 +0.25 +0.25 +0.6 +0.5

Pl (°) N/A +10 +10 +5 +10 +5
Isolation (dB) >25 >20 >19 >19.2 >14 >19.2
Size (A4°) 9.84 7.54 2.65* 3.85* 1.62* 1.2*

*The length of the coupler is calculated by adding the length of the coupling region and the length of the phase shifter; fo, center frequency; 14, wavelength in the dielectric substrate at fo; Al,

amplitude imbalance; P, phase imbalance.

dimensions are Wg=6.3, Lp=11.65, Wc=14, Lc=15.2,
dr=0.85, Is=2.6, wr=2.95, wg=1.2, wy;=1.55, g=0.7, w=3.3,
1=34,5=02,15=13,l5,=2, p=0.5, c=1.8, d=0.8 (unit: mm).

By adjusting the length L¢ of the coupling region and the dis-
tance W of the two rows of metallized blind via-holes (red ones)
on the bottom substrate, a flat 90° phase difference with a stable
power ratio can be obtained [24]. The CSRR-loaded phase shifter
is used to provide another 90° phase shift. A broadband micro-
strip to FSIW transition [25] is used for measurement.

The photograph of the fabricated FSIW 180° coupler is shown
in Fig. 7. The PCB processing technology is used for layered pro-
cessing. Considering the integration of the whole structure, two
steel plates are added to the upper and lower surfaces of the coup-
ler, and the double layers are manually tightened with screws. The
core size of the proposed 180° coupler is 26.85 mm x 12.6 mm,
where the length is calculated by adding the length of the coupling
region (L¢) and the length of the phase shifter (Lg). The fabricated
180° coupler is measured by using a Keysight N5234B vector net-
work analyzer, two ports at a time, with the unused ports termi-
nated in a 50 Q loads.

Figure 8 shows the simulated and measured S-parameters of the
FSIW 180° coupler. When the coupler is excited at port 1, the mea-
sured |Sy,| is better than 13.8dB from 10 to 14.8 GHz, and the
measured |S,,| and |S3,| are —4.5+0.5dB in 10.5-13.9 GHz with
a fractional bandwidth (FBW) of 28%. When the coupler is excited
at port 4, the measured [Sy4| is better than 17 dB from 10 to 14.8
GHz, and the measured |S,4| and |S;4| are —4.6 +£0.5dB in 10.5-
13.6 GHz with an FBW of 26%. The measured isolation between
port 1 and port 4 is better than 19.5dB from 10.1 to 14.6 GHz.
Considering the insertion losses of the End Launch connectors,
the measured results are in accordance with the simulated data.

Figure 9 shows the simulated and measured phase difference
between port 2 and port 3 under different scenarios. The mea-
sured phase difference is 180° + 5° from 10.3 to 14.4 GHz for an
excitation of port 1 and 0° + 5° from 10.5 to 14.7 GHz for an exci-
tation of port 4, which are consistent with the simulated ones.

Table 2 summarized a comparison between the proposed 180°
directional coupler and other 180° directional couplers. The pro-
posed 180° directional coupler exhibits the widest bandwidth
while occupies the smallest circuit size.

Conclusion

In this paper, a CSRR-loaded FSIW phase shifter and its applica-
tion to a 180° directional coupler is presented. By loading the

https://doi.org/10.1017/51759078722000915 Published online by Cambridge University Press

CSRRs on the middle metal layer of the FSIW, a broadband
(39%), low insertion loss (<0.2dB), and compact equal-length
phase shifter is obtained. Compared with the SIW and HMSIW
counterparts, the proposed phase shifter exhibits a lower insertion
loss and a lower amplitude imbalance. To validate the concept, an
FSIW 180° directional coupler that consists of an FSIW 90° coup-
ler and an FSIW 90° phase shifter is designed, fabricated, and
measured. Good agreement between the simulated and measured
results is obtained.
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