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A low-cost wideband phase shifter for
two-way mm-wave phased array antenna
system
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This paper presents a wideband, low-cost, high-performance, and continuous phase shifter for millimeter-wave (mm-wave)
phased array systems. Its operational principle is based on modifying the propagation mode of a grounded coplanar wave-
guide (GCPW) line by placing a high dielectric constant slab over the GCPW line. The propagation constant and hence
the phase shift is varied by changing the air gap height between the GCPW line and the dielectric slab. As a proof of
concept, a piezoelectric transducer is used to precisely control this air gap height. A printed circuit board-based phase
shifter prototype has been designed, fabricated, and tested at two different frequency bands (19-21 and 28.5-30.5 GHz),
which are the downlink and uplink bands, respectively, of the Ka-band two-way satellite communication system. A continu-
ous and almost linear phase-voltage characteristic has been achieved experimentally with average phase shift variations 170°
and 260° over the two bands, respectively. The footprint of the proposed phase shifter is 2.1 mmx 3 mm, which is quite small
and suitable for low-profile mm-wave applications. The average insertion losses over the two bands are <o.53 and 2.35 dB

with very low variations+0.22 and +0.35 dB, respectively.
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. INTRODUCTION

Recently, the demand for phased array systems has been
steadily increasing [1], particularly for emerging millimeter
(mm)-wave applications, such as 5 G, 60 GHz Wi-Fi, automo-
tive radar, and land mobile satellite communication. The elec-
tronic beam-scanning capability is the major advantage of the
large-scale phased array antennas. However, this capability
requires a high-cost, high-power consumption, and complex
feeding network with a large number of tuning elements
such as phase shifters, amplifiers, and switches. The phase
shifter is the most critical element and the bottleneck
toward reducing the cost and the complexity of the phased
array system and significantly enhances the performance of
such systems. There are many factors that are used to evaluate
a phase shifter. Phase shift variation range, insertion loss,
insertion loss variation, size, cost, speed, integration, band-
width, passivity, and high-power handling are the most

'Department of Communication Engineering, University of Technology, Al Alsina’a
Street, Baghdad, Iraq

*Department of Electrical and Computer Engineering, The Centre for Intelligent
Antenna and Radio Systems (CIARS), University of Waterloo, Waterloo, Canada
3C-COM Satellite Systems Inc., 2574 Sheffield Rd, Ottawa, ON K1B 3V7, Canada
“Electronics Research Institute (ERI), Cairo, Egypt

Corresponding author:

Hussam Al-Saedi

Email: hhalsaed@uwaterloo.ca

https://doi.org/10.1017/51759078717001118 Published online by Cambridge University Press

crucial properties that should be considered in the choice of
the phase shifter [2, 3].

The phase shifters are typically divided into analog and
digital types. Despite their main attractive feature, namely
their accurately predictable phase shift, digital phase shifters
are a suitable choice only for applications that require discrete
phase shift and for which power consumption is not a
concern. The most desirable characteristics of a phase
shifter, particularly for large phased array applications,
include low insertion loss, low insertion loss variation, wide
operating frequency band, compact size, and reciprocity.
Such phase shifters are key elements for realizing a low-cost,
low-power consumption, and low-complexity phased array
antenna. In particular, for a mm-wave-phased array system
with (0.5 A;x0.5 A,) cell size, it is quite important that the
phase shifter has such a small footprint that it can be placed
directly underneath the antenna element and share the
power amplifiers and low-noise amplifiers among a group of
antennas. Furthermore, these characteristics facilitate anten-
nas and phase shifters to be shared between the transmitter
and the receiver, thereby highly reducing the cost, power con-
sumption, complexity, and the size of the phased array
systems [2, 4]. Therefore, a low-cost, compact, and integrated
phase shifter with minimal insertion loss variation is essential
for high-performance telecommunication phased array
systems.

Micro-electro-mechanical systems (MEMS)-based phase
shifters are mainly of digital type. The analog MEMS phase
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shifters are large and show a low figure of merit (FOM) [4-7].
Passive-type monolithic microwave-integrated circuit phase
shifters suffer from high insertion loss, limited resolution,
and limited operating bandwidth [8-12]. An alternative
approach is to use tunable dielectric-based phase shifters
such as ferroelectrics [13-16], and liquid crystal (LC)
[17-19]. These materials have dielectric properties that
change when exposed to an electric field, causing a phase
change. All the aforementioned phase shifters can potentially
be low cost, and compatible with planar circuits. However,
they show a low FOM performance <50°/dB especially at
the frequency bands of interest. Additionally, ferroelectric-
based phase shifters show a poor return loss—phase relation
over the operating frequency bandwidth [16], and phase shif-
ters based on common LC materials suffer from slow response
to the applied electric field [17]. Adding a perturber to the top
of a planar transmission line and using a mechanical actuator
to change the phase shift [3, 20-23] is the basis of another type
of continuous phase shifter. Among these, elastomer-based
phase shifters require a very high biasing voltage [20] and
the device occupies a large area. A metallic perturber, used
in [3], generates a large-phase shift variation and reduces
the size of the device. However, the insertion loss rapidly
increases with frequency. Furthermore, the measured inser-
tion loss variation is substantially high. In [21, 23], a low
dielectric slab is used to tune the phase of a planar transmis-
sion line, but the length of the device should be sufficiently
large to achieve the required phase shift, also the insertion
loss increases with frequency. Similarly, phase shifters using
a magneto-dielectric disturber suffer from large size and
high insertion loss at high frequency [22].

As a highly promising response to these challenges, the
authors presented a novel low-loss phase shifter based on
very high dielectric constant materials, such as Barium
Lanthanide Tetratitanates (BLT) ceramics in [24] and [25].
Based on this new concept, low insertion loss and compact
phase shifters with minimal insertion loss variation have
been developed. The phase shifter consists of a coplanar wave-
guide (CPW) line on a high resistivity silicon substrate loaded
by a BLT rectangular slab. By changing the gap between the
CPW and BLT, the propagation constant of the CPW mode
is perturbed causing a substantial change in phase. Among
the proposed designs, the CPW-serpentine line loaded with
BLT slab is more compact and offers higher phase shift
~369° at 30 GHz. However, it suffers from impedance mis-
matches that limit the operating frequency bandwidth, espe-
cially when it is loaded by a BLT slab with high dielectric
constant &r > 100. To solve this problem, the BLT slab is
tapered from both ends to minimize reflections [25].
Although this technique is successful in enhancing the operat-
ing bandwidth (more than 20 GHz), it degrades the phase
shifter dynamic range and increases the complexity of the fab-
rication process. Moreover, due to the use of non-standard-
fabrication methods, the proposed designs in [24] and [25]
might not be suitable for high-volume low-cost phased array
systems.

In this paper, a more cost-effective approach is proposed
for the phase shifter, particularly for large-scale mm-wave
phased arrays. The proposed phase shifter is simple,
compact, and easy to integrate to the array beam-forming
network. For demonstration, it is designed for two-way
Ka-band satellite communication (downlink from 19 to
21 GHz and uplink from 28.5 to 30.50 GHz). Moreover, an
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experimental demonstration of voltage-phase control is pre-
sented at both frequency bands. No geometry scaling, match-
ing/transition techniques are required over the entire tuning
range in both operating frequency bands. Inspired by the
approach presented in [24], a small dielectric slab made of
ceramic material covers a grounded coplanar waveguide
(GCPW) structure. The GCPW’s gap line is modified under
the dielectric slab to overcome the mismatch limitation of
the previous design.

II. DESIGN

A) Phase shifter analysis

Since the phase shifter will be integrated into the antenna
element that has 5 mmxs mm area at 30 GHz, this area
should house the proposed phase shifter and part of the
feed circuit. This area is set as the upper bound of
maximum size obviously; we try to make the phase shifter
smaller than this limit to facilitate circuit assembly and pack-
aging. On the other hand, the lower bound on the size of the
phase shifter is limited by the required phase variation, which
is 360°.

The physical values of the proposed phase shifter can be
obtained based on the area assigned for the phase shifter,
maximum phase variation, and dielectric permittivity of the
BLT slab. The design steps can be summarized as follow:

1. The trace width and the gap of the 50 ) GCPW line are
calculated at the operating frequency.

2. Calculating the thickness and the length of the dielectric slab
to achieve 27 phase shift variation based on equation (1).

3. Full-wave simulation to evaluate the performance of the
phase shifter.

4. Routing the GCPW line under the BLT slab within the
assigned physical area to facilitate the maximum physical
length of the GCPW line within assigned area to maximize
the achievable phase shift variation.

5. Modification of the GCPW gap size under the BLT slab to
improve the impedance matching of the proposed phase
shifter due to the effect of BLT slab proximity to the
GCPW line.

6. Fabrication and measurement to validate the theoretical
results.

A full-wave simulation using high frequency structure simula-
tor (HFSS) was used to develop a simple analytical formulation
between the phase shifter performance and its physical dimen-
sions. Accordingly, we found that a simple formula extracted
(equation (1)) to predict the maximum phase variation of the
proposed phase shifter with return loss <10 dB over the oper-
ating frequency band and minimum insertion loss. In this
analysis, the air gap size is limited to 1-10 wm, which is the
displacement range of the piezoelectric transducer (PET).

ADpax = k x Ly x \/er, (1)

where A,y is the maximum phase shift variation at design
frequency 30 GHz, K is the proportionality constant, which
depends on the dielectric slab thickness (h;), L is the dielectric
slab length in mm, and &, is the dielectric permittivity of the
BLT slab.
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Dielectric slab thickness is chosen to maximize the phase
shift variation with minimum insertion loss over the operating
frequency hy=0.13 X Agy,, Wwhere Agga = (c/f X /&)
Figure 1 shows the phase shifter circuit used to validate the
extracted design equation. In this simulation, a BLT slab
with 1 mm width and thickness of hs=0.13xAgy,, at
30 GHz, is used with a 50 ) GCPW line.

The BLT dielectric permittivity is varied between 40 and
80, and the length varied between 3 and 4 mm. The air gap
between the BLT slab and the GCPW line is varied between
1 and 10 wm. The simulation results of the phase-gap rela-
tion of different cases are shown in Fig. 2.

Table 1 compares the analytical maximum phase variation
versus the full-wave results. The analytical formula predicted
the maximum phase variation accurately within +2%
variation.

B) Meander line-based phase shifter

The proposed phase shifter prototype consists of a high dielec-
tric ceramic slab that is placed on the top of the GCPW line
with a tunable height (gap) as shown in Fig. 3(a). As a proof
of concept, a PET controls the air gap between the dielectric
slab and the GCPW line. The GCPW line is designed on
RT/duroid 6002, which has an electric permittivity &, =
2.94, tand = 0.0012, and 35 wm copper thickness. The side-
walls of the substrate are plated to ensure an electrical connec-
tion between the top and the bottom grounds of the GCPW
line. The substrate is light, easy to fabricate and integrate
within multilayer printed circuit board (PCB) feeding net-
works. The other advantage of using a low dielectric constant
substrate in the proposed design is that it creates a high con-
trast between the GCPW substrate and the dielectric slab. This
contrast makes the phase shift more sensitive to the air gap
variation, thereby increasing the dynamic range of the phase
shifter. The relative phase shift is varied as a function of the
gap height.

Due to its extremely high dielectric constant (42-250), the
dielectric slab plays the role of a perfect magnetic conductor
(PMC) medium, which is almost impenetrable for the propa-
gating mode. The propagation mode is mainly guided in the
air gap between the perfect electric conductor (PEC) strip
and the extremely high dielectric constant slab (effectively a
PMC medium). The propagation constant of this PEC-PMC
waveguide is essentially changed as a function of the air gap
height. The main advantages of this new phase shifter

Fig. 1. Phase shifter structure labeled with the design parameters W,=
0.14 mm, S, = 0.03 mm, S, = 0.1 mm, W, =1 mm.
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Fig. 2. Phase shifter simulation results with different dielectric permittivity
and slab length.

include: (1) the insertion loss is quite small due to the fact
that the wave is propagating mainly in the air gap, (2)
because of the same reason, the insertion loss has a minimal
variation with phase shift, (3) the footprint in terms of wave-
length is quite small since a high dielectric slab is used, (4) a
small actuation height (12 wm) is required to attain a highly
relative phase shift, which highly reduces the PET size.

It is noted that as the air gap height varies, there is an
increase in the input and the output return loss mismatch,
particularly at smaller air gap heights. In this paper, a
simple, wideband, and effective matching method, based on
optimization of the width of the gap and the line width of
the GCPW segment under the slab, is presented to signifi-
cantly reduce the return loss mismatch of the phase shifter
over the operating frequency band. A highly desirable
feature of this new phase shifter is that the same device can
be used for both receiver and transmitter without significant
deterioration of the performance. This feature is necessary
for interleaved arrays, where the cost and complexity of the
feed circuit and the phase shifter integration are important
issues. Moreover, a compact configuration, where the phase
shifter is directly integrated within the feeding network with
no extra wire bonding or ball grid array (BGA), is presented.

The interesting aspect of the proposed phase shifter is that
its operation is based on traveling wave delay, which is essen-
tially given by the length of the phase shifter divided by the
speed of the electromagnetic wave in the wave-guiding
region. With the fact that the GCPW line has minimal disper-
sion over the range of frequency 19-31 GHz, this delay is
almost constant over this entire bandwidth, thereby generat-
ing an almost linear phase-frequency response over this
band. In the proposed configuration, a stronger field concen-
tration in the air gap between the planar line and the slab is
essential to attain a high phase shift tuning. It is therefore
clear that the GCPW line is a better choice than a microstrip

Table 1. Comparison of analytical maximum phase variation with the
simulation results.

Case & L(mm) Al (°) Analytical A, (°) Simulation
1 40 3 132.8 130.8
2 40 4 177 174.4
3 60 3 163 166.2
4 60 4 216.9 217.3
5 80 3 188 191.5
6 80 4 250.5 251.5
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Fig. 3. Proposed phase shifter structure labeled with the design parameters:
h=o0.5 mm, Wr=o0.14mm, S, =o0.03mm, §,=o0.1mm, L,=1.7mm,
W, = 2.6 mm, L, = 2.1, Wy=3 mm, h;= 0.2 mm. (a) Cross-section of the
proposed phase shifter. (b) Top view of the GCPW and the BLT slabs.

line for this particular application. In addition to its lower
insertion loss, the other advantage of the GCPW configuration
for high-performance antenna arrays is that the phase shifter
and active devices can be integrated on one side, and the other
side (bottom ground) can be used as a ground plane to reduce
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the interference between the feed circuit and the radiating
antennas.

The GCPW line is designed and optimized to operate over
the required frequency band 19-31 GHz. The GCPW line can
be divided into two parts: a 50 { GCPW line with a width of
Wy and a spacing of S, at the input and output ports, and a
middle phase shifting segment with a width of W;and a gap
of S,. The space size (S,) is optimized to achieve a low
return loss over the operating frequency bands that overcome
the limitation of the previous works that were based on the
similar phase shifting concept.

To house a full-range phase shifter within a compact area
in the range of 2.1 mmx3 mm, which is required for
K,-band phased array with antenna footprint in the range of
5 mmxs5 mm, the GCPW line, is designed in a meander
line configuration. This configuration achieves a longer phys-
ical length and therefore a larger phase shift within a smaller
area (W, xL,), and it can be easily fabricated with a low-cost
fabrication process. The dielectric constant and the dimen-
sions of the ceramic slab are chosen to optimize the size,
dynamic range, and input and output return losses. For a
sample design, a low-cost ceramic material is chosen; it has
a dielectric constant of (e, = 42), a low-loss tangent (10" %),
high thermal stability, and low surface roughness. This mater-
ial is an appropriate choice for high-performance miniatur-
ized phase shifters. The ceramic dielectric slab has a length
of L, a width of W, and a thickness of h,. The optimized
design parameters of the proposed phase shifter are shown

in Fig. 3(b).

C) Sensitivity analysis

Full wave HFSS simulation was used to perform sensitivity
analysis on the proposed phase shifter, which is shown in
Fig. 3. A + 5% variation of the dielectric permittivity of the
BLT slab demonstrates at 30 GHz =+ 3.2% variation of the
maximum achievable phase variation. Moreover, the pro-
posed phase shifter shows +1.8% insertion loss variation
and +1.5% frequency shift of return loss. Figure 4 illustrates
the effect of the dielectric permittivity variation of the BLT
slab on the phase and S-parameters.

Similarly, +10% variation of the BLT slab thickness
demonstrates at 30 GHz 4 1.6% variation of the maximum
achievable phase variation and +2.7% insertion loss
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Fig. 4. The effect of the dielectric permittivity variation of the BLT slab on the phase and S-parameters.

https://doi.org/10.1017/51759078717001118 Published online by Cambridge University Press


https://doi.org/10.1017/S1759078717001118

A LOW-COST WIDEBAND PHASE SHIFTER FOR TWO-WAY MM-WAVE PHASED ARRAY ANTENNA SYSTEM

variation. Figure 5 depicts the effect of the BLT slab thickness
variation on the phase and S-parameters.

Furthermore, misalignment between the BLT slab and the
GCPW line shows the most critical case among other varia-
tions. A +100 pm (~ +5%) misalignment of the BLT slab
in both X and Y leads to 13% increase in the insertion loss
of the proposed phase shifter at 30 GHz with the small deteri-
oration of the return loss. However, the maximum achievable
phase shift is reduced only by 0.25%. Figure 6 shows the phase
shifter performance with misalignment effect on both phase
and S-parameters.

PET tolerance variation is directly affecting the air gap
range that leads to the accuracy of the phase shifter state.
The surface roughness issue is another important factor that
limits the operation of the proposed phase shifter. However,
the accurate model of the surface of the GCPW line and the
BLT slab is not available to perform sensitivity analysis due
to the surface roughness.

Based on the sensitivity analysis, the proposed phase shifter
demonstrates low sensitivity to the fabrication and material
tolerance. The insertion loss is highly affected by the misalign-
ment of the BLT slab. On the other hand, phase accuracy is
limited by the accuracy and repeatability of the actuation
system.

1. FABRICATION PROCESS AND
MEASUREMENTS SETUP

A) Fabrication process

The fabrication and measurements are performed at the
Centre for Intelligent Antenna and Radio Systems (CIARS),
University of Waterloo, Canada. This phase shifter is analyzed
at two frequency bands. The GCPW line is fabricated using an
LPKF laser machine and the sides are coated with a copper to
avoid parallel plate modes. Laser machining is a fast, low-cost,
chemical-free, and mask-free process that offers a very precise
fabrication capability with the accuracy better than 2 pm.
Since the laser fabrication is a non-contact process, the
surface of the GCPW line is not damaged or scratched in
this fabrication process. The smooth surface is crucial for
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the proposed phase shifting mechanism as depicted in
Fig. 7(a). The power and the movement speed of the laser
beam are adjusted to etch the cladding copper completely
while providing vertical walls for the traces. In addition to
the GCPW line, the laser machine is also used to make high-
precision cuts on the ceramic dielectric slab. Since the amount
of the phase shift depends on the gap between the ceramic slab
and the GCPW line, the surface roughness of both the ceramic
and the GCPW lines has to be minimized. In particular, the
first few microns of the spacing exhibit the largest phase vari-
ation with respect to gap height.

A potentially low-cost and compact PET (AEo203Do8F
form NEC Cooperation) is used to precisely change the air
gap height between the GCPW line and the dielectric slab.
This transducer generates 0-9.1 um continuous displacement
by applying o-150 V DC voltage to its poles. This amount of
displacement is sufficient for the proposed phase shifter to
achieve more than 360° phase shift variation at 30 GHz. The
PET is capable of moving lighter loads at frequencies of
more than 10 kHz. In the proposed phase shifter, the PET
can reach its nominal displacement within 30 ws. An alumi-
num fixture is designed to hold the phase shifter substrate
and to support the PET. The proposed phase shifter prototype
structure including the aluminum fixture is demonstrated in
Fig. 7(b).

B) Measurements setup

The measuring setup is shown in Fig. 8, which consists of a
50 GHz PNA-X from Keysight (Agilent), an aluminum
fixture to support the GCPW substrate and the PET, a DC
power supply from Keysight, and probes with 500 pm pitch.
The assembly procedure is as follows. First, the transducer is
attached to the fixture arm and the height of the arm is
adjusted through the adjusting screw to give the minimum
gap for the GCPW substrate and the ceramic dielectric. In
the second step, the GCPW substrate is fixed to the base of
the fixture and centered underneath the PET. Then, a 100 V
DC is applied to the PET to expand the transducer to its
recommended maximum length, and finally the ceramic
dielectric slab is inserted between the PET and the phase
shifter substrate and an adhesive material is used to fix the
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Fig. 5. The effect of the BLT slab thickness variation on the phase and S-parameters.
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Fig. 6. The phase shifter performance with misalignment effect on both phase and S-parameters.

slab to the PET. Despite all the misalignments, the surface
roughness of the GCPW substrate, and manual assembly,
the measurement results are in good agreements with those
of the simulations. A comparison between the measurements
and the theoretical results is presented in the Results section.
Then a comparison between the proposed work and alterna-
tive continuous, passive phase shifting technologies is also
presented.

adjustable arm

Aluminum

(b)

Fig. 7. The fabricated GCPW line and the system fixture. (a) Microscopic
image of the fabricated GCPW line, (b) phase shifter assembly with
aluminum fixture and PET.
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V. RESULTS

A) Simulation and measurements results

Extensive full-wave simulations are performed by using HFSS
in order to optimize the dimensions of the GCPW line and the
dielectric slab. The optimal design is fabricated and tested at
room ambient temperature. The measured S-parameters of
the phase shifter over the downlink band when 35V was
applied to the PET are presented in Fig. 9(a). The measure-
ment shows a reflection coefficient <—20 dB with insertion
loss <0.66 dB over the frequency band. A good agreement
between the experimental results and simulation results is
observed. Similarly, Fig. 9(b) shows a comparison between
the measurements and simulations over the uplink band.
The phase shifter exhibits a reflection coefficient <—13 dB
with an average insertion loss <2.38 dB over the uplink fre-
quency band. There are some discrepancies between the simu-
lation and measurements are observed, which is mainly due to
the slab misalignment to the GCPW line. However, the mea-
surements still match the simulation trends and are suffi-
ciently accurate.

Fig. 8. Measurement setup.
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Fig. 9. A comparison of the simulated and measured S-parameters of the
phase shifter with control voltage 35 V. (a) Insertion and return loss
measured and simulated results @ downlink band. (b) Insertion and return
loss measured and simulation results @ uplink band.

Figures 10(a) and 10(b) show the normalized phase shift
variation (with respect to zero applied voltage) versus
control voltage at 20 and 30 GHz, respectively. A good
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Fig. 10. Comparison of the phase delay versus control voltage measurement
and simulation (a) phase delay at 20 GHz, (b) phase delay at 30 GHz.
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Fig. 11. Downlink measured results with different control voltages. (a)
Insertion and return loss, (b) phase variation.

agreement between the simulation and measurements is
observed over the whole range of the control voltage variation
except small discrepancies at few points, which are mainly due
to the fact that in the simulations, the control voltage is repre-
sented by its equivalent actuation displacement based on the
datasheet of the PET besides the misalignment between the
BLT slab and the line in the experiment. The proposed
phase shifter shows that a 170° phase variation is at 20 GHz
and 270.5° at 30 GHz. The realized phase variation is
limited in this experiment due to surface roughness of the
ceramic slab and PCB substrate, and limited actuation dis-
placement ~o-7 wm when the applied voltage varies
between o and 100 V. Accordingly, a better surface finish is
required; also a larger actuation displacement PET is needed
to achieve the 27 phase variation.

Figure 11 shows the measured S-parameters of the phase
shifter over the downlink band for different actuation vol-
tages. A reflection coefficient <—17 dB with low average
insertion loss ~0.53 dB and low average insertion loss vari-
ation +0.22 dB is observed, as shown in Fig. 11(a) over the
entire phase shift range. Furthermore, the measured average
phase shift variation of 170° is achieved, when the control
voltage varies between o and 100V at downlink band, as
shown in Fig. 11(b) (the phase state at o V is considered as
a reference).

Similarly, the phase shifter is tested over the uplink fre-
quency band, where it exhibits a good reflection coefficient
< —10 dB over the entire phase shift range with average inser-
tion loss ~2.35 dB and the average insertion loss variation is
<+o0.35dB over the frequency band, as shown in
Fig. 12(a). Additionally, the measured average phase shift vari-
ation of 260° is achieved, when the control voltage varies
between o and 100V, as shown in Fig. 12(b) (the phase
state at o V is considered as a reference).
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Table 2. Comparison of state-of-the-art phase shifters.

Ref. Type Compere frequency (GHz) AD, 0 (°) |IL,,,0x| (dB)  FOMZ2@,,,../|IL,,.0x| Area(mm?)
[5] MEMS 17 5 bit 3.5% - 4.7%X2.8
[6] MEMS 26 20 0.95 21 0.5X1.5
[4] MEMS 2030 4 bit 2.5%3*% - -
[7] MEMS 75 32 5 6.4 6X30
(8] CMOS 28 4 bit 7.6 - 0.636X0.36
[9] CMOS 10.2 115 6.3 18.3 0.6X0.5
[10] CMOS 26 360 16.6* 21.7 0.56X0.56
[11] GaNSchottky 32 45 8.25 5.5 -
[12] Varactordiodes 30.3 315 5.4 58.3 20X 20
[13] BSTferroelectric 60 150 5.9 25.5 1.5X0.8
[14] Multiferroic 6 60 3.5 17 20X 10
[15] KTNferroelectric 10 88 7.6 11.5 8.6x0.13
[16] BSTferroelectric 21.732 329.4372.3 6.17.3 5451 0.95X1.351X1.2
[17] Liquid crystal 30 60 6 10 14.6X5
[18] Liquid crystal 28 400 - 40 60X 4
[20] Elastomer 30 180 0.83 253 12X3
[3] Metallic perturber 6 806 3.8 212 18x18
[21] Low dielectricperturber 9.7 132 2.31 57 73.1X32
[22] Magneto dielectricperturber 20 384 4.5* 85.3 12X 4
[23] Low dielectricperturber 6 60 1 60 7%X3.18
This work  High dielectricperturber 20 170 0.87 195.4 2.1X3

30 270 2.9 93.1 2.1X3

*Estimated from the results

B) Summary of the results

The proposed phase shifter demonstrates a continuous mono-
tonic linear phase-voltage response. It operates over a wide
frequency range with acceptable return loss and insertion
loss performance over the entire range of the phase shift.
The repeatability of the proposed structure has been tested
by re-measuring the phase shifter under test with the same
voltage settings for different samples repeatedly. This phase
shifter can be implemented on any low-cost PCB substrate

311 & S21(dB)
o

)
S

)
o

295 30
Frequency (GHz)

(a)
300 T - >

R e

)
o
2]
N
©

30.5

L e ge--B==-0 ==

L]
(=1
o

-

(=]

(=]
L

£ 521 phase

28.5 29 29.5 30 30.5
Frequency (GHz)

(b)

Fig. 12. Uplink measured results with different control voltages. (a) Insertion
and return loss, (b) phase variation.
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with almost no impact on its performance. The comparison
of the proposed phase shifter with the state-of-the-art phase
shifters developed by other technologies is shown in Table 2.

V. CONCLUSION

In this paper, a high-performance phase shifter structure is
proposed and implemented in a low-cost standard two-layer
PCB technology. The development of the proposed phase
shifter enables the realization of a low-cost mm-wave
passive phased array, which is in high demand for numerous
emerging mm-wave applications. This paper presents a proof
of the concept for a high performance mm-wave phase shifter.
The proposed phase shifter shows that high-performance cap-
abilities can be achieved with low-cost PCB technology, but
there are some challenges that should be addressed in integrat-
ing the current phase shifter prototype in the practical com-
munication systems. The PET size and the driving voltage
can be one of the most important challenges for large-scale
antenna systems. Misalignment and surface roughness are
other important challenges of the proposed phase shifter. A
planar low-profile and efficient packaging system based on
MEMS and three-dimensional printing technologies are cur-
rently under development to overcome the PET challenges
and misalignment issues. The results of the new packaged
system will be demonstrated in a future paper by the
authors. Surface roughness problem can be minimized by
either using appropriate surface treatment technology, using
low surface roughness copper foil materials or increasing the
air gap range. The proposed design concept offers a promising
performance over two frequency bands. A higher dielectric
constant slab (g, = 80 or 100) and a PET with more actuation
displacement (15 pm) can be used to increase the phase shift
variation at both bands within the same footprint. The pro-
posed phase shifter shows a high FOM of 195.4°/dB at
20 GHz and a FOM of 93.1°/dB at 30 GHz, respectively.
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The main contributions in this work as compared with the
work presented in [24, 25] are: the proposed phase shifter is
developed on a low-cost PCB GCPW meander line, which
reduces the fabrication and integration cost significantly;
also GCPW is a preferable choice for multilayer phased
array antenna as compared with CPW line. In this research,
a simple matching technique is presented to overcome the
limitation of the previous works. A simple analytical
formula is developed to calculate the dielectric permittivity
and the length of the BLT slab to obtain the required phase
variation at the operating frequency. The proposed phase
shifter can be directly integrated into the feeding network,
which means no BGA or wire bonding required. Therefore,
it can be used in high-power handling feeding networks.
Moreover, a wide phase-voltage variation has been experi-
mentally demonstrated in this paper at two different fre-
quency bands.
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