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Abstract—This article presents a design of a reflection-type
dual-band phase shifter (DPS) that allows to tuning relative
phase shifts at two operating frequency bands independently. The
proposed phase shifter consists of a 3-dB hybrid coupler where
through and a couple of ports are terminated with reflection
loads. Each reflection load comprises a couple of lines terminated
with a transmission line (TL) and a varactor diode. The coupled
line can achieve independent phase tuning at each operating
frequency, while TL terminated with a varactor diode is used
for a high relative phase shift tuning range (PSR). The proposed
tunable DPS can provide not only independent tunable phase shift
(ITPS) at each operating band, but also simultaneous tunable
phase shift at both bands. To prove the validity of the proposed
method, the DPS operating at center frequencies of 1.88 and
2.44 GHz is designed and fabricated. The measured relative PSR
is 149.33° at 1.88 GHz with phase derivation error (PDE) of
+8.45° within 300 MHz bandwidth (BW). Similarly, the PSR at
2.44 GHz is 125.25° with a PDE of +8.36° within the same BW
of 300 MHz. Likewise, the minimum return loss (RL) of around
17.36 dB, and the maximum insertion loss (IL) of 1.81 dB are
measured at both operating bands.

Index Terms— Concurrent dual-band tunable phase shifter,
coupled line, independent phase control, varactor diode.

I. INTRODUCTION

A TUNABLE phase shifter is used to control a phase

of a signal which has been found wide range of var-
ious applications including beamforming [1], phased array
antenna [2], and self-interference cancellation [3]. To sup-
port multiband wireless communications, it is necessary to
design a tunable phase shifter that operates over multiple
frequency bands simultaneously. However, previously reported
tunable phase shifters are mainly designed for single-frequency
band operations, which fail to provide independently con-
trollable transmission phase shift over multiband frequency
operation [4], [5], [6], [7].

Recently, a dual-band 90° SiGe HBT active phase shifter is
presented in [8] using bandpass and bandstop filters in the load
circuit. In [9], a dual-band phase shifter (DPS) is designed
by using two stub-loaded transmission lines (TLs) and two
delay lines. Similarly, a dual-band differential phase shifter is
presented in [10] that utilized slope alignment of coupled line
resonators.
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Fig. 1. (a) Proposed structure of a reflection-type dual-band tunable phase
shifter and (b) circuit implementation of tunable reflection load.

However, these DPSs cannot provide independent tunable
phase shifts (ITPS) at two operating bands. A concurrent dual-
band monolithic microwave integrated circuit (MMIC) tunable
phase shifter is reported in [11] utilizing a two-stage dual-
branch phase tuning network topology. A reflection-type DPS
with ITPS is presented in [12] using A/4 series and shunt TLs.
However, this work requires compensation shunt elements at
each operating band to compensate for the parasitic effect of
Al4 shunt TL for achieving ITPS and a high relative phase
shift tuning range (PSR).

In this article, a reflection-type dual-band tunable phase
shifter is proposed using coupled lines terminated with TLs
and varactor diodes, which do not require any compensation
elements. The coupled lines have been utilized for achieving
independent phase control at each operating band as well
as improving PSR. The proposed DPS can provide an inde-
pendent tunable phase at each operating band as well as a
simultaneous tunable phase shift at both bands.

II. DESIGN THEORY

Fig. 1(a) depicts the proposed structure of a reflection-type
tunable DPS that consists of a 3-dB hybrid where through and
coupled ports are terminated with reflection loads. Fig. 1(b)
shows the reflection load that consists of coupled lines ter-
minated TL and varactor diode operating at lower and higher
band frequencies. The tunable phase operation at a high or
low band can affect other low or high bands, and these
interferences must be prevented to achieve an independent
phase shift at each operating band. Therefore, it is necessary
to cancel the interference effect so that the proposed DPS can
provide an independent tunable phase at each operating band
as well as a simultaneous tunable phase shift at both bands.

To achieve independent phase control at each band, the
coupled lines are used. The total input admittance looking at
point A in Fig. 1(b) is given as (1), where f, f, and fy are
operating frequency, lower band center frequency, and higher
band center frequency, respectively,

Yin = YinL + YinH (1)
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Fig. 2. Phase variation in cases. (a) Cy is varied from 0.3 to 3.5 pF, while
Cy, is fixed at 4.7 pF. (b) Cy» is varied from 0.3 to 3.5 pF, while Cy; is
fixed at 3.5 pF. Other circuit parameters: Z; = 1/Y;, = 81 @, C;, = —8.3 dB,
Z,=1Y,=120Q,0, =110°, Zy = /Yy =70 Q, Cy = =7 dB, Z; =
1/Y, = 120 €2, and 6, = 123°. Capacitance variation according to bias voltage
at (¢) fr and (d) fu.

TABLE I
CALCULATED PSR = A ¢yax AND PDE = @grg WITHIN BW OF
300 MHz AT f;, = 1.88 GHZ FOR DIFFERENT CIRCUIT PARAMETERS
Varactor diode SMV-1231 with Cy: 0.3 pF to 3.5 pF
Z(Q) | C(dB) | Zi(©) | 0a(°) Apmax (°) Perr (°)
70 -8 117 142.16 +9.76
70 -8.5 123 134.83 +8.97
80 -8 120 110 151.34 +8.84
81 -8.3 110 146.15 +6.72
85 -8.5 117 143.65 +9.89
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Yup, 64p, and Cy are characteristic admittances, electri-
cal lengths of the TL, and capacitance of the varactor
diode, respectively. Likewise, Y, y = 1/Z; y and K gy are
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Fig. 3. (a) Microstrip line implementation of the proposed fully dual-band
tunable phase shifter. Physical dimensions: Wy = 2.35, L1 = 12.8, W, =
0.8, Ly, =226, g1 = 0.15, W3 = 0.5, L3 = 15.75, Ly = 3, Ls = 17.55,
Wy = 0.9, Lg = 30.7, Ws = 0.5, Ly = 15.75, g» = 0.15, Lg = 2, and
L9 = 17.55. Unit: millimeter (mm). dc block: C; = 56.6 pF, C, = 120 pF.
Varactor SMV 1231 from Skyworks Inc. Variable resistors: R, x = 10 kQ
SMD potentiometer from Bourns Inc. (b) Photograph of fabricated DPS.

characteristic admittances and coupling coefficients of coupled
line, which are expressed in terms of even and odd-mode
admittances as depicted in the following equation:

[1+ K n [1—Kp u
Yoer.u =Y, ———, Yopru=Y e
OcL,H LHy\ 12 Kin 0oL, H L.H 1+ K

3
Using (1) and (2), the phase of the proposed DPS can be

written as follows:
Yinr + Yin
o =7 — 2gan~! [ Link T Xint @)
Yo

where Yy = 1/Z; is a port termination admittance.
From (1)—(4), it should be noted that the coupled line (CL1)
provides an open condition (Y;,;, = 0) when f = fy, while
CLI1 acts as a capacitance at fy. As a result, no phase
shift occurs at fy while tuning phase shift occurs at f.
Likewise, the coupled line provides an open condition (¥, =
0) when f = f;, while CL2 acts as an inductance at
fu, then no phase shift changes at f; and the phase shift
is controlled at fy. Therefore, the proposed tunable DPS
provides independent controllable phase shifts at two operating
bands.

Fig. 2(a) and (b) shows ITPS characteristics at lower and
higher operating bands. As seen in the figure, the transmis-
sion phase shift is independently tuned at a lower operating
frequency band (1.73~2.03 GHz) when Cy is varied and Cy»,
is fixed as shown in Fig. 2(a). Fig. 2(b) depicts that the phase
shift is also independently controlled at a higher operating
frequency band (2.29~2.59 GHz) while tuning Cy, and fixing
Cy1. This independent phase shift control is achieved due to
coupled lines.

To achieve high relative PSR with low phase derivation
error (PDE) within a certain operating frequency bandwidth
(BW), proper circuit parameter selections of coupled lines
and TLs are necessary. For this purpose, the capacitance of
varactor diode SMV1231 from Skyworks Inc is measured,
which provides capacitance variation of 0.3-3.5 pF at f;,
as shown in Fig. 2(c) and 0.3-4.7 pF at fy when dc-bias
voltage is varied from 16 to 0 V is illustrated in Fig. 2 (d).
The circuit parameters of coupled lines and TLs are optimized
for each operating center frequency by using MATLAB and
results are shown in Tables I and II. As seen from Table I, the
maximum relative PSR of 146° is achieved at lower operating
center frequency f; = 1.88 GHz with PDE of £6.72° within
BW of 300 MHz, when circuit parameters are selected as
Z,=1Y,=81Q,C, =-83dB, Z, =1/Y, = 120 2, and
6, = 110°. Similarly, the maximum relative PSR of 130.6° is
achieved at fy with PDE of £8.64° within BW of 300 MHz,
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Fig. 4. Simulation and measurement results. (a) PSR of the first case. (b) S-parameter response of the first case. (c) PSR of the second case. (d) S-parameter

response of the second case.

TABLE I

CALCULATED PSR = A ¢yax AND PDE = ¢ WITHIN BW OF
300 MHz AT f;, = 2.44 GHZ FOR DIFFERENT CIRCUIT PARAMETERS

Varactor diode SMV-1231 with Cy: 0.3 pF to 4.7 pF

Zu(Q) | CudB) | Z(Q) | 6:O) | Apwa () Perr ()
61 -7 110 128 135.5 18.82
65 -7 125 127.14 18.48
70 -7 120 123 130.6 18.64
71 -6.9 123 133.23 +9.36
72 -7.1 123 130.62 +9.48

when circuit parameters are selected as Zy = 1/Yy = 70 €,
Cy = —74dB, Z, = 1/Y, = 120 , and 6, = 123°.

III. EXPERIMENTAL RESULTS

For experimental validation, a prototype of tunable DPS
operating at f; = 1.88 GHz and fy = 2.44 GHz is designed
and fabricated using a Taconic substrate with a dielectric
constant of 2.2 and thickness of 0.787 mm. Fig. 3(a) depicts
the physical layout of the fabricated circuit with dimensions.
The photograph of the fabricated circuit is shown in Fig. 3(b)
its size is 0.94, x 0.84,. In this work, a 3-dB hybrid coupler
S03A2500N1 from ANAREN is used.

Figs. 4 and 5 show simulation and measurement results.
The measurement results agreed with the simulations. The
performances of the proposed phase shifter are investigated in
three cases. In the first case, the bias voltage of the varactor
diode operating at lower band f; is varied from O to 16 V,
while the bias voltage of the varactor diode operating at
higher band fy is fixed at 0 V. In this case, the measured
maximum PSR of 149.32° with PDE of £8.25° is achieved
within BW of 300 MHz at f;, while maintaining 0° phase
shift at fy, as shown in Fig. 4(a). Furthermore, insertion loss
(IL) smaller than 1.96 dB and input—output return losses larger
than 20.16 dB are measured at both operating bands.

In the second case, the bias voltage of the varactor diode
operating at f; is fixed to O V, while the bias voltage of the
varactor diode operating at fy is varied from O to 16 V. The
simulation and measured results of the second case are shown
in Fig. 4(b). From the measurement, a maximum PSR of
125.14° and PDE of £9.34° are obtained within 300 MHz BW
of fy. Moreover, IL smaller than 1.84 dB and input—output
return losses larger than 16.14 dB are measured at both
operating bands.

Fig. 5 shows the simulation and measurement results of
the third case where relative phase shifts at both operating
bands are tuned simultaneously. In this case, the maximum
PSR of 149.33° with PDE of 48.45° is measured within BW
of 300 MHz at f;, while the maximum PSR of 125.25° with
PDE of +8.36° is measured within BW of 300 MHz at fg.
The measured insertion losses vary from 1 to 1.84 dB at f;,
and from 1.1 to 1.81 dB at fy. The IL can be improved by
using a varactor diode with low parasitic resistance. While
tuning relative PSR, the measured input—output return losses
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Fig. 5. Simulation and measurement results of the third case. (a) PSR and
(b) S-parameter responses.
TABLE III
PERFORMANCE COMPARISON WITH STATE-OF-THE-ARTS
fo BW |FBW | PSR | PDE 1L RL i
: o | o D/I [FOM
(GHz)| (GHz) | (%) | ) | (©) (dB) (dB)
146 | 047 [322] 90* | £5 <0.73 >15
01 1 435 | 045 |1034|270%| =5 | <128 | =15 [YN[NA
59 0.2 |[3.39] 106 | £7 <2.8 >10 1.18
U019 | o4 |25 [ 108 ] =7 | <35 | =10 [YY]o0s2
1.88 ] 0.1 532 114 | £8.4 <1.86 | >19.7 5.60
(21 Vo4l 01 | 4 | 114|254 | <180 | >168 |V ] 483
This | 1.88 | 0.3 [15.96(149.33/+8.45 | <1.84 | >21.1 YIY 26.08
Work [ 244 | 0.3 [12.30(125.25+8.36 | <1.81 >17.3 10.96
FBW: Fractional Bandwidth, PSR: Relative phase shift range, PDE: phase

derivation error within certain bandwidth. D: Dual-band phase shifter, I:
independent control phase shift, *: differential phase shifter with fixed phase
shift.

are higher than 21.1 dB at a lower band operating frequency
and 17.36 dB at a higher band operating frequency.

Table III shows the performance comparison of the proposed
tunable DPS with previously reported works. In this work, the
figure of merit (FoM) is defined as (5) by considering PSR,
IL, return loss (RL), and BW

—IL(dB)
1o(75)

BW(GHz) x PSR(rad) y
fo(GHz) x PDE(rad) | 0(%};"”) '

Most of the previously reported tunable phase shifters are
designed for single-band frequency operation [4], [5], [6], [7].
In comparison to previously reported DPSs, the proposed work
provides high PSR with the highest FoM. Furthermore, the
proposed dual-band tunable phase shifter allows independent
phase shift tuning at each operating frequency as well as
simultaneous phase shift tuning at both bands.

FoM = )

I'V. CONCLUSION

This article presented a design of reflection-type tunable
DPS that allows to control independent phase shift at each
operating band as well as simultaneous tunable phase shift at
both bands. For experimental validation, a prototype of tunable
DPS is designed and fabricated at operating center frequencies
of 1.88 and 2.44 GHz. The proposed dual-band provides a
high relative phase shift range with flat phase characteristics
within 300 MHz BW. The ability of independent phase shift
control in different operating frequency bands makes the
proposed dual-band tunable phase shifter valuable in wireless
communication systems, radar, and phased array antennas that
require multiband operation.
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