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ABSTRACT: In the paper, a planar wideband reflective phase shifter (RTPS) with wide phase shift range and simple control is proposed. It
consists of a coupled-line based wideband 3-dB coupler and two multi-resonance reflective loads. By combining a series resonant circuit
with a shunt resonant circuit to form multi-resonances, the phase shift range can be expanded with realizable capacitance values of the
varactor diodes. The design equations are derived, and parametric analysis is provided. To verify the feasibility of the design methodology,
an RTPS operating at the center frequency of 2 GHz is designed and fabricated. Measured results show that it exhibits a better than 10 dB
input return loss bandwidth of 33.9% and a phase shift range of 320°. Besides, the size of the RTPS is only 0.41\4 X 0.13)\,, and can

be controlled by simply one voltage.

1. INTRODUCTION

Reﬂective phase shifters (RTPSs) are widely used in vari-
ous applications such as beamforming [1] and phased ar-
rays [2]. Compact PSs with wide bandwidth and wide phase
shift range have received increasing attention in recent years as
the electronic steering of beams in phased arrays has increased,
and the level of integration has improved [3].

RTPSs with a wide phase shift range have been widely stud-
ied in recent years. The main approaches are replacing se-
ries resonant loads with parallel resonant loads [4, 5], using -
network loads [6] or adding multi-resonant loads [7]. For exam-
ple, the RTPS in [7] consists of a 90° Lange coupler and two
multi-resonant loads to achieve a 360° phase shift range and
6.9% bandwidth. In [8], a triple-resonating load is proposed to
achieve a full 360° phase shift range and suppress loss varia-
tions. In [9], the reported RTPS consists of a single layer dou-
ble loaded coupled line coupler loaded with two varactor tuned
circuits, which achieves a phase shift range of 392°. In recent
years, there are some new methods that can also increase the
phase shift range, such as the work in [10], where a two-branch
switching network is cascaded to achieve a phase shift range of
360°. The RTPS proposed in [11] uses Magic-T to enhance the
performance of the PS and achieves a phase shift range of 340°.
However, although the above methods are effective for improv-
ing the phase shift range, because their operation bandwidth is
narrow, they are not suitable for wideband communication sys-
tem applications.

For widening the bandwidth, some scholars have used cou-
pled line structures [12, 13]. The RTPS studied in [13] obtains
a bandwidth of 20% by using coupled line, but the phase shift
is only 146.93°. In [14], by connecting a lossless matching net-
work with arbitrary output impedance in series with a varac-
tor diode, the bandwidth of 25.3% is obtained. However, the
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phase shift is reduced to 118°. In [15], a novel design method
for wideband tunable PSs is proposed, where the phase prop-
erties of coupled line and reflection load are both taken into
consideration. The two designs realize the bandwidths of 33%
and 55.6%. In [16], a capacitively loaded coupled line is pro-
posed for constructing the RTPS, and a bandwidth of 30% is
obtained. However, due to the goals of low phase error, the
phase shift ranges are limited to 120°/135° [15] and 115° [16].
To obtain bandwidth and phase shift range enhancement, a ver-
tically mounted planar structure is applied in the RTPS design
[17]. It exhibits a bandwidth of 66.7% and a phase shift range
of 127°. However, since this design is not planar, it does not
meet the integration requirements of modern communication
systems. Other researchers used a Magic-T structure [18] for
designing the RTPS, where bandwidth and phase shift range
reach 46% and 290°, respectively. However, this structure is
complicated and costly in terms of processing materials and de-
bugging. In the authors’ previous work [19], a planar RTPS
based on a trans-directional coupler is designed, which shows
a bandwidth of 20% and a phase shift range of 425°. Although
it has a wide phase shift range, the bandwidth is not enough for
wideband applications.

To deal with this, the coupler in the RTPS should be replaced
by a coupler with wider bandwidth, while its corresponding re-
flective loads should be modified in consideration of the phase
performance of the wideband coupler. Thus, by applying a
wideband coupler and connecting novel reflective loads, a com-
pact wideband RTPS with wide phase shift range and simple
control is proposed in this paper. Measurement results show
that through voltage control arbitrary phase regulation among
320° is achieved within the bandwidth of 33.5%. Closed form
equations are derived in Section 2, and the circuit parameters
are analyzed in Section 3. For verification, a prototype operat-
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ing at 2 GHz is fabricated and measured in Section 4. Finally, My = w3LyRgC? — 2wRsC (3b)
conclusions are given in Section 5. My = 3Zpw?RgC? (c)

My = Zy(w?LyC? — 3w0) (3d)
2. THEORETICAL ANALYSIS According to (2), the maximum phase shift and insertion loss
The schematic of the proposed tunable RTPS is given in Fig. 1. of the RTPS can be defined as A = |pmax — ©min| and [So1 2

It consists of a coupled-line based wideband 3-dB coupler [20]
and two reflective loads shunt on its through and coupled ends.
It should be noted that for achieving a reduced size of the RTPS,
the four open-circuited stubs in [20] are replaced by capaci-
tor C, as shown in Fig. 1. Each reflective load is a multi-
resonance circuit composed by two identical inductors (L,) and
three identical varactor diodes (D). Each inductor L, is con-
nected in series with a varactor diode D; to form a series reso-
nant circuit, and a third varactor diode D is connected in paral-
lel with the above two series resonant circuits to form a parallel
resonant circuit. By combining the series resonant circuit with
the shunt resonant circuit, the equivalent capacitance of the var-
actor diodes is increased, and the phase shift range is expanded.

FIGURE 1. Schematic of the proposed tunable RTPS.

To facilitate the analysis, the varactor diode D1 is equivalent
to a parasitic resistor R, series with an adjustable capacitor C,
as shown in Fig. 1. Equation (1) gives the input impedance Z;,
of the reflected load

My +jM,
M3/ Zoy + jMy/ Zy

Zr = (1

Then, the reflection coefficient can be obtained

7, — 7, ‘
r=2_2%_njev

2
Zr + Zy (22)

(M + M3)(My — My)
—(My — Mz)(Msz + My)
(M — M3)(M; + Ms)
(Mg — My)(My + My)

@ = arctan

(2b)

[(My — M3)(M; + M)
+(M2 — M4)(M2 + M4)]2
+[(M1 + M3)( %

—(M )(M2 + M4) 2
(M + Ms) + (Mo + My)?

(2¢)

where

M, = W?RiC? + W’ L,C — (3a)
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(dB) = —201g|T'|, respectively. Here, @ is the maximum
phase shift, and ¢, is the minimum phase shift. According
to the expressions of Ay and |Ss1 |, it can be found that they
are mainly affected by the capacitance of varactor diode C' and
inductance L,. Thus, curves of maximum phase shift and in-
sertion loss versus the varactor diode C' and inductance L, can
be plotted, and as a result, suitable values can be chosen.

3. PARAMETRIC STUDIES

In this section, the impacts of the varactor capacitance C' and
inductance Ly on the phase shift and insertion loss of the pro-
posed RTPS are investigated. The center frequency is assigned
as 2 GHz.

Figure 2 gives the phase shift of the RTPS when Ly and C'
are within the ranges of 6 nH ~ 16 nH and 0 pF ~ 10 pF respec-
tively. When C'is varied from 0 pF to 4 pF, the phase shift range
changes by about 450°. However, when C' is varied from 5 pF
to 10 pF, the phase shift range changes by about 30°. Therefore,
the range of capacitance C' is selected within 0 pF ~ 4 pF. Also
it is seen that the larger the value of inductor L, is taken, the
steeper the phase shift curve is. When capacitance C' is varied
from 0 pF to 1 pF, the phase shift range changes by 165° with
L, = 6nH and 337° with L, = 16 nH. Thus, the value of L, is
larger for better performance.

Figure 3 gives the insertion loss of the RTPS when L, and
C change. It is seen that the maximum insertion loss decreases
as the inductance L, increases. The range of insertion loss is

2 2
S 8

Phase Shift (°)
w B 8
=]

({

m |
Bs |
24 |
z |
=3 |
2 |
57 |

0 510

107
L (nH) v C (pF)

FIGURE 3. Insertion loss versus C and Lo.

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 155, 159-164, 2025

PIER C

0 : : . . 160
l P D I A
5 - 1140
— &
Z-10 {120 7
- o
g-15 \ {100 £
g 0 =
E-20 180 3
; o
2.-25 : ; 60 =
cfl _'_|S:1| __“Yn‘ i
-30 [85:] —— 184l | 40
£83- 28y
-3 0

i §
14 1.6 18 20 22 24 2.

Frequency (GHz)

FIGURE 4. S-parameters of the couplers.
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FIGURE 5. Theoretical results of the designed RTPS, (a) return loss, (b) insertion loss, (c) phase shift.

0dB ~ 5.14 dB when inductance L is less than 10 nH, and the
range of insertion loss is 0 dB ~ 1.97 dB when inductance L,
is greater than 10 nH. Thus, taking the phase shift range and
insertion loss curves into consideration, the range of L, should
be between 10nH and 16 nH.

In summary, the design steps of the proposed RTPS are sum-
marized as follows:

(1) Assign the design goals such as center frequency, phase
shift range, and insertion loss.

(2) Plot the curves of phase shift and insertion loss versus dif-
ferent L, and C according to (2), and select suitable values
of C and L.

(3) Modelling in ADS software from Keysight Technologies
for simulation optimization and layout design.

(4) The parameter values are converted to the dimensions
of the actual microstrip line using the calculation tool in
ADS, modelled and simulated for optimization in HFSS
software from ANSYS.

4. IMPLEMENTATION AND RESULTS

For validation, a prototype is designed at 2 GHz. Firstly, Fig. 4
gives the theory results of the coupler. In the range of 1.52 GHz
~ 2.39 GHz (44.5%), the return loss and isolation are both
larger than 15dB, and the amplitude imbalance is less than
1 dB. Then, according to Figs. 2 and 3, the capacitance of the
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diode C is determined to be varied within 0.35 pF ~ 3.2 pF, and
the inductance L, is selected as 12 nH. By cascading the reflec-
tion load with the coupler, the proposed RTPS is constructed.
Fig. 5 gives the theoretical simulation results using ADS. It is
seen from Fig. 5(a) that the return loss is always greater than
10 dB in the frequency range of 1.57 GHz ~ 2.36 GHz (40.2%)),
while according to Figs. 5(b) and (c), the insertion loss is less
than 3 dB in the frequency range, and the phase shift range
reaches 406°.

The prototype is modeled and implemented using an F4B
substrate (s, = 3.5, tand = 0.003, h = 1.5mm). The lay-
out and photograph of the fabricated RTPS are given in Fig. 6.
As shown in Fig. 6(b), the overall size of the RTPS is 37 mm
x 12mm, yielding 0.41A, x 0.13\,. Table 1 shows the fi-
nal dimensions and component values. The SMV2020-079LF
(Chnin = 0.35pF, Cinax = 3.2 pF) from Skyworks is used as the
varactor diode, where the parasitic resistance Ry is 2.5 (2, and
the bias voltage range is 0 V ~ 20 V. The capacitors C| and C,

TABLE 1. Physical dimensions of the RTPS (Unit: mm).

w1 wr w3 W4 ws Wy Uy
1.8 3.7 1 1.5 1.8 1.5 18
Iy I3 lg ls ly s1 Ci
5 2 4 9 2.5 0.2 1.8 pF
Cz L] LZ
1pF 2.7nH 12nH
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FIGURE 6. (a) Layout and (b) photograph of the RTPS.
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FIGURE 8. (a) Simulated and (b) measured phase shifts of the proposed RTPS.

are replaced by the commercially available Murata GRM 1555
series, and the inductors L; and L, are replaced by the Murata
LQWI15 series. The values of the DC blocking capacitors Cj
and bias resistor Ry, are 2.2 nF and 10 k2 respectively.

The prototype was measured using an Agilent N5230A.
Figs. 7-9 show the simulated and measured results in the range
of 1.6 GHz ~ 2.4 GHz. From Fig. 7, it is seen that the simulated
and measured 10 dB input return loss bandwidths are 1.61 GHz
~ 2.3 GHz (35.3%) and 1.64 GHz ~ 2.31 GHz (33.9%) when
the reverse voltage is varied from 0V to 20 V. From Fig. 8, it
is found that the measured and simulated phase shift ranges are
320° and 400°, respectively. According to Fig. 9, the simulated
and measured maximum insertion losses at the center frequency
are 3.6dB and 4.72 dB. It is noted that there is a certain devi-
ation between the simulated and measured results. One reason
is component error (typically 5%), especially when the actual
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equivalent capacitance value of the purchased varactor diode
does not meet the specification, which will affect the phase
shift magnitude. In addition, clutter and processing in the ac-
tual voltage source can affect the parasitic parameters of the
varactor diode and capacitor inductors, increasing the insertion
loss.

Table 2 shows the performances comparison between the
proposed and reported RTPSs. The bandwidth of the RTPS
mentioned in this paper is three times wider than that of [6] and
four times wider than that of [10]. The phase shift range is al-
most tripled, and the bandwidth is wider than [13] and [16]. At
the same time, the dimension of the proposed RTPS is smaller
than those mentioned in [6, 10, 13]. Compared to the design
with a 20% bandwidth [19], the bandwidth is increased by
69.5% for the current design. Although the work in [17] has
wider bandwidth, the RTPS in this paper has almost three times
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FIGURE 9. (a) Simulated and (b) measured insertion loss of the proposed RTPS.

TABLE 2. Performances comparison between the proposed and re-
ported RTPSs.

Freq. Phase shift 10-dB

Ref. . : Size (A5)
(GHz) range (°) Bandwidths (%)
[6] 2 385 11 0.11
[10] 2.45 360 8.1 0.21
[13] 2.5 146.9 20 0.11
[16] 2 115 30 0.016
[17] 1.5 127 66.7 0.10
[19] 425 20 0.05
This work 2 320 33.9 0.05

of the phase shift range. Moreover, the RTPS designed in this
paper is a planar structure, which is simpler to process than the
VIP structure in [17]. In addition, the proposed RTPS is con-
trolled by only one voltage, which is more convenient to reg-
ulate. In conclusion, the RTPS proposed in this paper has the
features of wide bandwidth, large phase shift range, small size,
and simple control, which can be well applied to phased array
systems and wireless communication systems.

5. CONCLUSION

In the paper, a compact planar wideband RTPS with wide phase
shift range and simple control is proposed. A detailed theoreti-
cal analysis is given, and the parameters are investigated. Mea-
surement results show that the RTPS achieves a 10dB input
return loss bandwidth of 33.9% with the phase shift range of
320°. Because the proposed RTPS has the advantages of wide
bandwidth, wide phase range small size, and simple structure, it
can be served as a candidate in modern communication devices,
such as phased arrays and multibeam antennas.
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