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ABSTRACT This paper presents a novel structure based on liquid crystal (LC) technology to achieve
a high figure of merit (FOM ) phase shifter that works at sub-6 GHz frequencies. The phase-shifting
mechanism is enabled through the phase constant variation in the main microstrip line, which is loaded
periodically by a variable equivalent capacitance controlled by a bias voltage. Furthermore, a systematic
approach based on a transmission line circuit model and the periodic structure theory is developed as a
fast method for design optimization by using the ADS and HFSS software. The fabricated phase shifter
achieves a maximum insertion loss of 4.35 dB and a maximum phase-shift of 461◦ at 4 GHz, which
indicates an FOM equal to 105.9◦/dB. Moreover, the phase shifter return loss is better than –10 dB from
3.7 GHz to 4.2 GHz, covering the sub-6 GHz 5 G band. To validate the performance of the proposed
phase shifter, a 1-D electronically steered phased array is designed, fabricated and tested by using a 4 ×4
aperture-coupled patch antenna array, excited by a continuous RF phase-shifting mechanism. The patch
antenna array, as a 4-port radiation component, is designed with HFSS full simulation, and achieved a
fractional bandwidth of 30% at 4 GHz. The phased array prototype exhibits a continuous beam scanning
over the elevation range of 0◦ to 20◦. According to the achieved FOM, and an integrable structure with the
printed circuit board (PCB), the proposed low-cost and low power phase shifter is a good candidate for 5G
application.

INDEX TERMS Phased array, phase shifter, liquid crystal (LC), patch antenna array, beam steering, beam-
forming.

I. INTRODUCTION
Fifth-Generation (5G) mobile communication is just around
the corner to provide high data-rate and system capacity by
using a combination of sub 6-GHz and millimeter-wave fre-
quencies [1]–[2]. To achieve a higher gain and better signal
coverage in 5 G mobile communication, advanced phased
array or multi-beam antenna systems have been developed
[3]–[4]. Phased arrays have been traditionally used in military
applications for several decades. However, there are still major
constraints against using them in commercial applications,
and these include their high cost, power consumption, and
high hardware complexity. To use the phased array in com-
mercial applications, there is a need for low-cost, low power,
and low-weight tunable phase-shifters as a key component.

The performance of different phase shifters is summarized
further in Table 3. To compare their electrical performance,
the classical figure of merit (FOM ) [5] is used as the ratio
of the maximum differential phase shift and the maximum
insertion loss, as given in (1).

FOM = �φmax

ILmax
(1)

Phase shifters can be classified into two categories: ac-
tive and passive [6]–[7]. Active phase shifters provide gain,
while having more power consumption and introducing more
non-linearity to the system. Vector modulators (V Ms) are
one of the most common active phase shifters, used in ap-
plications which do not require high resolution and high
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TABLE 1. The Primary Specified Parameter to Design MLCPS

TABLE 2. Final Optimized Dimensions of the Proposed MLCPS

dynamic range. In the vector modulator structure, the input
signal is divided by two signals with quadrature phase in a
quadrature generator (QG). Then, the amplitude of each sig-
nal is scaled with variable gain amplifier (V GA), and finally
a combiner adds two signals to achieve the desired phase
shift [8]. Passive phase shifters can achieve more power han-
dling for large input signal with lower power consumption but
exhibit higher insertion loss. To achieve a low insertion loss,
an optimized phase shifter topology can be implemented by
different technologies of CMOS, BiCMOS, Barium Strontium
Titanate (BST), Liquid Crystal and micro-electromechanical
system (MEMS). Three conventional topologies are consid-
ered to design passive phase shifters, which are reflection-type
phase shifter (RT PS), loaded transmission line phase shifter
(LT PS), and switched transmission line phase shifter (ST PS)
[6]–[7]. The RTPS is based on a 90◦ hybrid coupler connected
to a load, like a varactor diode, which is varying continuously
to create the phase shift. In [9], a new switched inductor load
structure is proposed to have a simple and low power control
voltage block in the RTPS with an average insertion loss of 9.5
dB at 29 GHz. RTPS can achieve high resolution; however,
varactor quality factor, Q, and loss vary across capacitance
settings, leading to insertion loss variation with the phase
shift. This loss variation results in a nonuniform amplitude
distribution in phased array antennas and increases the side
lobe-level. The LTPS topology is based on a transmission
line loaded periodically with shunt or series loads, which
are tuned to obtain a phase shift. A transmission line loaded
periodically with MEMS bridge is proposed in [10], and a
FOM of 150◦/dB was achieved. MEMS may need expensive
packaging to protect the movable MEMS bridges against the
environment. In the STPS, the RF signal propagation length
is switched between delay lines of different physical length,
which is implemented with p-i-n diode, MOS-FET or MEMS
switches. By using an improved switching time CMOS tran-
sistor, a low loss STPS was achieved in [11]. A drawback
of the STPS is phase resolution limitation, generated by the
number of the transmission lines and switches, which is in
trade-off with the insertion loss. Another way to make phase

shifters based on transmission lines is to use materials with
controllable permittivity and permeability, like ferroelectric
or ferrite, as a substrate. A phase shifter implemented with
GCPW line under barium strontium titanate (BLT) accom-
plished a high FOM of 221.4◦/dB [12]. Even though these
materials lead to high FOM phase shifters, they need a high
driving voltage or power and high fabrication costs.

Liquid crystals (LCs) are controllable dielectrics which
demonstrate large electrically controlled birefringence in the
microwave frequency domains. They are planar in shape, low
power, low loss and especially low cost because they are fab-
ricated using the conventional Liquid Crystal Display (LCD)
manufacturing technology. Nematic LCs [13] are a type of
tunable anisotropic dielectric whose properties could be con-
trolled by using surface anchoring, or an external electric or
magnetic fields. Nematic LCs possess relatively low dielectric
loss in the microwave frequency range, require low operation
voltage, and have continuous tuning ability. They have be-
come more and more widely used in various microwave appli-
cations, such as phase shifters [14]–[18]. There are various de-
signs for LC-based phase shifters, mostly in millimeter-wave
frequencies. A 2-D phased-array antenna with LC-based vari-
able delay lines is presented in [19], and the FOM achieved
was 62.5◦/dB at 17.5 GHz. A tunable liquid crystal phase
shifter based on periodically loaded CPW transmission line
is proposed in [20], and the FOM achieved was 60◦/dB at
20 GHz. The dielectric loss tangent of LC material decreases
with an increasing frequency, and LC’s generally exhibit their
highest performance at frequencies above 10 GHz [21]. This
is the reason that most LC-based phased shifters have been
proposed in the millimeter-wave frequencies; that way, they
achieve higher FOM. Even though many topologies have been
well developed at millimeter-wave frequencies, they suffer
from RF loss in the frequencies lower than 10 GHz. Thus,
to design a LC-based phase shifter at low frequencies, a new
topology is still necessary to reach a high FOM in sub-6 GHz
applications. In this paper, a novel structure for LC-based
phase shifter (LCPS) is proposed, which achieves an FOM
of 105.9◦/dB at 4 GHz while the insertion loss is roughly
constant over the operational bandwidth. In the previous
LTPS [20], the main transmission line, with a characteristic
impedance higher than 50 �, is loaded directly with a shunt
capacitance by using one tuning stub. In the proposed novel
structure for LCPS, the lower than 50 � microstrip line is used
to have a bigger line width and lower ohmic loss, while the 50
input matching is implemented with a tapered transmission
line. To increase the phase shift in the proposed LCPS, the
main low impedance transmission line is periodically loaded
with an equivalent capacitance created with two series tuning
stubs. These two stubs allow us to achieve a higher loaded
capacitance compared with the directly loading shunt capaci-
tance with one tuning stub [20], resulting a higher FOM.

This paper is organized as follows. In Section II, part A, the
phase shifter structure is described in detail with dimensions
and unknown variables. In Section II, part B, a circuit model
is presented, and a theory is developed to derive the equations
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TABLE 3. Phase Shifter State-of-the-Art

1 Vector Modulator Phase Shifter, 2 Reflection-Type Phase Shifter,
3 Switched Transmission Line Phase Shifter, 4 Loaded Transmission Line Phase Shifter,
5 Barium Strontium Titanate

needed for designing the microstrip line LCPS. In Section II,
part C, the LCPS design algorithm is described step-by-step
by using the equations derived in part C. In Section II, part
D, the LCPS measurement results are shown, which shows a
good FOM of 105.9◦/dB at 4 GHz. To study the performance
of the proposed phase shifter, a phased array is designed and
implemented by using a 4×4 aperture-coupled patch antenna
arrays in Section III. In addition, the phased array calibration
is explained, and measurement results are presented, con-
firming the performance of proposed phase shifter. Finally, a
conclusion is given in Section IV.

II. LC PHASE SHIFTER THEORY, DEIGN, AND
MEASUREMENT
A. MICROSTRIP LINE LCPS STRUCTURE
The proposed Microstrip line LC-based phase shifter
(MLCPS) is shown in Fig. 1. The phase shifter structure is
implemented by two glass layers as a substrate with thickness
of hG, and a Nematic liquid crystal as a tunable dielectric
is contained between them with a fixed thickness of hLC .
As shown in Fig. 1(a), the MLCPS is a two-port compo-
nent, which consists of a main microstrip transmission line
loaded with a shunt stub, creating a periodic structure with
80 unit-cells to reach 360◦ phase-shift. To match the input
impedance of the periodic structure to 50 �, a microstrip
line transition is used at the MLCPS input and output. The
MLCPS unit-cell with specified dimensions is shown from
top view in Fig. 1 b, and from the cross section in Fig. 1
c. Each unit-cell consists of a copper-based main microstrip
line deposited on the top-surface of glass1, and a copper-based
microstrip ground implemented on bottom-surface of glass1.
The microstrip line width and thickness is defined with Wm

and t respectively. In each unit-cell, the main microstrip line
is connected to the red-colored microstrip line stub, which
is specified with the dimension of (t,Ws, ls) in the direction
of X, Y, and Z respectively. A green pad shown in Fig. 1 b
with the dimension of a ∗ b, is connected to the red-colored

FIGURE 1. Proposed Microstrip line LCPS structure constructed by a
microstrip line periodically loaded by a variable equivalence capacitance.
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FIGURE 2. Variable capacitance shown in Fig. 1c, is created by a
sandwiched LC material between two electrodes for applying electric field.
The effective permittivity of the LC material is changed from (a) when there
is no external bias voltage, to (b) when saturated bias voltage is applied.

stub on the top-surface of glass1. This green pad has an in-
tersection with the microstrip line G-stub deposited on the
bottom-surface of glass2, making an LC-based parallel-plate
capacitance like a bridge, as shown in Fig. 1 c with a dash
line. The G-stub is used to connect the LC parallel-plate ca-
pacitance to the main microstrip ground by using a soldered
ground connection implemented on the edge of glass1. The
G-stub has a width WGS , a length lGS and a thickness t . The
length of each unit-cell P is a periodic spacing in MLCPS
structure.

Fig. 2 describes the usage of LC parallel-plate capacitance,
shown with the dash-line in Fig. 1 c, and how to make a
variable LC capacitance for phase-shifting mechanism. The
LC material sandwiched between two copper plates as an elec-
trode, consists of uniaxial anisotropic molecules [22]. When
the external bias voltage between the copper electrodes is
zero, the LC molecules are aligned perpendicularly to the
RF field, as shown in Fig. 2 a. In this perpendicular case,
the effective permittivity εe f f and loss tangent tan δ seen by
the RF field are equal to εr,⊥ and tan δ⊥, respectively. The
LC molecules are aligned parallel to the RF field when an
external bias voltage that is larger than the saturated voltage
Vsat is applied between the copper electrodes, as shown in
Fig. 2 b. In this parallel case, the effective permittivity εe f f

and loss tangent tan δ experienced by the RF field are equal to
εr,‖ and tan δ‖, respectively. By controlling the external bias
voltage applied to the electrodes from 0 to Vsat , the effective
permittivity of the parallel-plate capacitance is changed from
εr,⊥ to εr,‖ as a function of LC molecules orientation. This
mechanism results in a variable capacitance controlled by the
external bias voltage. The upper LC capacitance electrode is
connected to the main microstrip ground, which is used as the
bias voltage ground too. The lower LC capacitance electrode
is connected to the main microstrip line. Therefore, to excite
the phase shifter with the bias voltage and the RF signal

FIGURE 3. Distributed transmission line model of the MLCPS unit-cell,
assuming the variable LC capacitance shown in Fig. 1 and 2 can be
representative by CLC .

simultaneously, a Bias-Tee microwave component is used to
add the external bias voltage to the RF-INPUT. Thus, the
variable capacitance controlled by the bias voltage is loaded
to the main transmission line and will cause a phase shift in
the phase shifter by changing the phase constant.

B. MICROSTRIP LINE LCPS THEORY
To analyze and design the proposed MLCPS, the distributed
circuit model is very useful. Each of the MLCPS unit-cell is
modeled with transmission lines and is shown in Fig. 3. The
main microstrip transmission line shown with width Wm and
length P, in Fig. 1 b, is modeled as a transmission line with
a characteristic impedance of Z0 and an electrical length of
θ◦ at the center frequency of f0. The red-colored stub and
G-stub are modeled as transmission lines with characteristic
impedance and electrical lengths of Zs, θs

◦, ZGS and θGS
◦. The

LC variable capacitance is modeled with CLC , which varies
from Cper to Cpar when LC molecules rotate from perpendic-
ular case to parallel case. The LC variable capacitance can
be loaded directly with one stub to the main transmission
line [20]; however, it is loaded indirectly between two stubs
like a bridge in each MLCPS unit-cell, as shown in Fig. 1–3.
The stubs′ electrical length θS

◦, and θGS
◦, are finally tuned in

a way to see roughly capacitive admittance jω0Cl from the
input of loaded stubs. These two stubs allow us to have more
flexibility in design, and to reach a bigger equivalent loaded
capacitance Cl from LC variable capacitance CLC , resulting in
a higher FOM. The unit-cell transmission line model, shown
in Fig. 3, is simplified and modeled with lump-elements in
Fig. 4. The loaded shunt capacitance Cl varies from Clu to
Clb, when the bias voltage increased from the minimum to
the saturation voltage Vsat . The ratio of maximum loaded
capacitance to the minimum loaded capacitance Cr is given
in (2). This ratio is a function of parallel to perpendicular case
relative permittivity, since the other parameters in the loaded
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FIGURE 4. Lumped-element transmission line model of the MLCPS
unit-cell shown in Fig. 3, assuming the input admittance shown in Fig. 3
can be representative by a shunt capacitance Cl .

capacitance are constant.

Cr = Clb/Clu
∼= εr,‖/εr,⊥ (2)

The main microstrip transmission line, defined with Z0 and
θ◦ in Fig. 3, is modeled with per unit length inductance Lt and
capacitance Ct . The value of Lt and Ct are driven based on the
value of Z0, given by [23]

Ct =
√

εre f f

vcZ0
and Lt = Ct Z

2
0 (3)

in which εre f f is the effective dielectric constant of the
transmission line with the characteristic impedance Z0, shown
in Fig. 3, and vc is the free space velocity. The proposed
MLCPS is modeled with distributed lump-elements by cas-
cading the unit-cell model represented in Fig. 4. The input
Bloch impedance of this periodically loaded line for the un-
biased case is given by [24]–[25].

ZBU =
√

Zs

Yp

√
1 −

(
ω

ωB

)2

=
√

d∗Lt

d ∗ Ct + Clu

√
1 −

(
ω

ωB

)2

(4)
where ωB is the Bragg frequency and given by [24]–[25]:

ωB = 2/
√

d ∗ Lt (d ∗ Ct + Clb) (5)

By using the equations (2), (4) and (5), the periodic length
of each unit-cell d, and the un-biased loaded capacitance Clu,
is determined and represented by equation (6) and (7).

d = ZBU

π fB

√
Lt (CrLt − (Cr − 1)Ct ZBU

2)
(6)

Clu = d

(
Lt

ZBU
2

− Ct

)
(7)

The phase shift per unit length is calculated from the
change of phase constant experienced by the external bias
voltage [25]:

	φ = ω
√

LtCt

(√
1 + Clb

d ∗ Ct
−
√

1 + Clu

d ∗ Ct

)
(8)

C. MICROSTRIP LINE LCPS DESIGN
To design the phase shifter proposed in Fig. 1, the primary
parameters are defined and shown in Table 1. The center fre-
quency of 4 GHz and 50 � input-matching with bandwidth of
500 MHz, are aimed to support the 5G applications in Sub-6
GHz channel. A glass material with relative permittivity of
4.8 and loss tangent of 0.007 is used for MLCPS substrate.
The external bias is a function of LC material type. The
relative permittivity of the used LC material is changed from
the perpendicular case (εr,⊥ =2.7) to the parallel case (εr,‖
=3.77), when the peak-to-peak bias voltage amplitude varies
from 2 to 20 Vp−p. There is no phase shift response between
0 V and 2 V, so the measurement is reported from 2 to 20 Vp−p.
The maximum phase shift is accomplished in MLCPS, when
a rectangular pulse with a frequency of 277 Hz is applied as
an external bias. The LC material permittivity response de-
pends on the external bias voltage and frequency. For the LC
material used in the proposed LCPS, the biggest phase shift
response is achieved in the measurement with the drive fre-
quency of 277 Hz. In the proposed novel structure for LCPS,
the main microstrip line, with a characteristic impedance Z0

lower than 50 �, is used to have a bigger line width and lower
ohmic loss, improving the FOM.

The first step is to calculate the main microstrip line param-
eters and loaded capacitance values, shown in Fig. 4. By using
the primary parameters given in Table 1 and the (3), the per
unit length inductance Lt and capacitance Ct are calculated.
By using these calculated values and the primary parameters
given in Table 1, the periodic unit-cell length d , is defined by
the equations of 2 and 6. By using the calculated values of
Cr , Lt , Ct , d , and the input Bloch impedance given in Table 1,
the minimum loaded capacitance and the maximum loaded
capacitance will be calculated.

The second step, in designing the MLCPS, is finding the
value of the stubs and the LC variable capacitance CLC be-
tween them, as shown in Fig. 3. To make our design more
convenient with faster optimization in ADS software, an ideal
transmission line with εe f f = 1 is assumed in the beginning
for all the transmission lines. A 10 unit-cell network, which
is created by cascading the two-port circuit model shown in
Fig. 3, is used in ADS optimization. The stubs’ values includ-
ing Zs, θS

◦, ZGS , θGS
◦, and the LC variable capacitance CLC ,

are calculated by doing the optimization in ADS. The ADS
optimization goal is to make the minimum and the maximum
input admittance Yin equal to jω0Clu and jω0Clb, which have
been calculated in the second step. The main microstrip line
characteristic impedance Z0 is given in Table 1, and its elec-
trical length θ will be calculated by θ = ( 2π

λ0
) ∗ d , where d is

the unit-cell length, derived in the first step. All the parameters
in the 10 unit-cell networks, created by cascading the two-
port circuit model, are now defined. These known variables
are tuned in ADS to achieve the best FOM while the input
impedance is matched to ZBU .

In the third step or final step, the ADS optimized values
achieved in the second step are converted in HFSS software to
find the variables in Fig. 1. By having the lines’ characteristic
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FIGURE 5. HFSS simulated magnitude of E-field on the cross-side view
shown in Fig. 1c.

impedance of Z0, Zs, and ZGS , the lines’ width and their prop-
agation constant β are defined in the HFSS model. Next, the
optimized electrical lengths from the second step including
θ◦, θS

◦, and θGS
◦, are converted to the lines’ dimensions P,

WS , and WGS respectively, based on their related propagation
constant. The LC variable capacitance dimensions a, and b,
are defined based on the optimized CLC calculated in the
second step.

The two-port network of 10 cascaded unit-cells, shown in
Fig. 1(b), are optimized in HFSS to have the highest FOM and
input matching to ZBU concurrently. To reach a full cycle of
phase shift, 360◦, 80 unit-cells are implemented in the final
MLCPS prototype. A microstrip line transition with dimen-
sions of Wtr and Ltr is used to match the input impedance of
ZBU to 50 �. The input impedance of the loaded transmission
line without the matching section (ZBU ) varies from 16 � to
11.7 �, while the bias voltage changes from the minimum (2
VP−P) to the maximum value (20 VP−P). The final optimized
dimensions of the proposed MLCPS are given in Table 2.
The HFSS simulated magnitude of E-Field on the cross-side
view of MLCPS is shown in Fig. 5. The S-parameter of the
proposed MLCPS versus frequency, calculated with the HFSS
full-wave simulation and ADS circuit model simulation, is
shown in Fig. 6. The maximum phase shift of the proposed
MLCPS versus frequency, calculated with the HFSS full-wave
simulation and ADS circuit model simulation, is shown in
Fig. 7. The insertion loss lower than 3.95 dB and maximum
phase shift of 456.2◦ are achieved at 4 GHz in the HFSS
simulation. The insertion loss lower than 3.35 dB and max-
imum phase shift of 435◦ are achieved at 4 GHz in the ADS
simulation.

D. MICROSTRIP LINE LCPS MEASUREMENT
The prototype of the proposed MLCPS is shown in Fig. 8. The
structures dimensions and specifications are given in Table 1
and 2. As illustrated in Fig. 8, the MLCPS is constructed
with two layers of glass as a substrate which are attached
together in a way that hold the LC material between them.

FIGURE 6. S-parameter of the proposed MLCPS versus frequency,
calculated with the HFSS full-wave simulation and ADS circuit model
simulation, for the perpendicular and parallel case.

FIGURE 7. The maximum state (εr = 3.77), state A (εr = 3.3) and state B
(εr = 2.9) phase-shift relative to the minimum state (εr = 2.7), calculated
with the HFSS full-wave simulation and ADS circuit model simulation.

The main microstrip line, loaded periodically with the stubs,
is connected to the 50 � SMA connector after the microstrip
line impedance matching transition. A copper tape, attached
to the bottom of glass1 as a main ground, is soldered from
the edge (Fig. 8(b)) to the glass2, including the periodic metal
G-stubs.

The measured S-parameter of the manufactured phase
shifter is shown in Fig. 9. The LC loss varies somewhat
linearly from the minimum bias to the maximum bias. The
two-port device shows a minimum insertion loss of 3.82 dB
and a maximum insertion loss of 4.35 dB for different bias
states at center frequency of 4 GHz. The insertion loss at
different states are between these two values. In addition, the
phase shifter prototype is well matched to 50 � from 3.1
GHz to 4.9 GHz, covering the 5G sub-6 band. To measure
the phase-shift through the MLCPS, we have used an RF Bias
Tee component in series with the phase shifter input to simul-
taneously apply the RF input and the external bias voltage.
A rectangular-shaped pulse with a frequency of 277 Hz is
used as an external bias voltage. The measured phase-shift in
degrees at 4 GHz versus the applied bias voltage is shown
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FIGURE 8. Manufactured prototype of the proposed MLCPS. (a) Top-side
view including a main microstrip transmission line loaded with a variable
equivalence capacitance. (b) Bottom-side view including a copper-tape as
a main ground, which is soldered from the edge to make a connection
with the loaded periodic stubs.

FIGURE 9. Measured S-parameters of the proposed MLCPS.

FIGURE 10. Measured phase-shift of the proposed MLCPS versus the
peak-to-peak bias voltage at 4 GHz, which is a rectangular-shape pulse
with the frequency of 277 Hz.

in Fig. 10. By increasing the peak-to-peak bias voltage from
2 to 20 Volts, the amount of phase-shift is increased, and
finally a 461◦ phase-shift is achieved at 20 V p − p. Based on
the phase shifter FOM definition given in (1), the proposed
MLCPS achieved 105.9◦/dB at 4 GHz. This MLCPS has
5.76◦/mm with the tuning speed of 2 msec. To evaluate the
linearity, the two-tone test output power spectrum is measured

FIGURE 11. Measured two-tone test power spectrum for MLCPS.

FIGURE 12. RF phase-shifting phased array pattern measurement set-up,
by using a 4×4 aperture coupled patch antenna array and a 1×4 proposed
phase shifter.

and shown in Fig. 11, resulting the OIP3 of 36.1 dBm. There
is not any LC-based phase shifter at such a low frequency
in the literature which to compare our design, but this result
compares with phase shifters designed in the millimeter-wave
frequencies, reported in [19]–[20].

III. LC-BASED PHASED ARRAY DESIGN AND
MEASUREMENT
In this section, a RF phase-shifting phased array system is
designed and implemented, as shown in Fig. 12, to verify
the performance of the proposed MLCPS. The phased array
system includes an antenna array panel and four-phase-shifter
panel, assembled behind the antenna array to make a relative
phase-shift in each RF path. The antenna array is constructed
with 4×4 aperture-coupled patch antenna elements. By using
the equations in [26], the antenna array is designed and op-
timized in HFSS to cover the sub-6 GHz band, 3.7GHz to
4.2 GHz. The aperture-coupled patch antenna with optimized
dimensions is shown in Fig. 13 a and b. The radiating patch el-
ement is etched on the top of the antenna substrate (AD250c),
and the microstrip 50 � transmission line is etched on the
bottom of the feed substrate (RO4003c). The AD250c has a
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FIGURE 13. A 4×4 aperture coupled patch antenna array. The patch
antenna element designed at 4 GHz, is shown from (a) Side view, and (b)
Top view with related dimensions. (c) 4 sub-arrays placed in Z direction, is
created by exciting 4 patch antenna elements placed in Y direction.

dielectric constant of 2.52 and loss tangent of 0.0015. The
patch length (Lp) and width (Wp) is determined to resonate at
the operational center frequency. The coupling level is primar-
ily determined by the length of the coupling slot (Lslot ), and
the tuning stub (Lstub)is used to tune the excess reactance of
the slot coupled antenna, achieving the 50 � input matching.
As shown in Fig. 13 c, each 4 patch antennas are placed in
Y direction with interelement spacing DY = 45.5 mm, and
are uniformly excited with the microstrip line, which make
four antenna sub-arrays. The antenna sub-arrays are placed
in Z direction with spacing DZ = 45 mm, creating a 4-port
radiation component. The input matching and the radiation
coupling of the 4-port antenna array are shown in Fig. 15,
resulting in 50 � matched ports from 3.2 GHz to 4.4 GHz.

The phase shifter panel shown in Fig. 14, includes 1-to-4
microstrip line power divider to feed the RF field of each
phase shifter, mounted on the RO4003 board. This board has
a thickness equal to the phase shifter’s glass, and is cut inside

FIGURE 14. 1×4 array of the proposed MLCPS assembled on the Rogers
board with a Bias Tee chip to apply the bias voltage with RF field.

FIGURE 15. Input matching and mutual coupling of the 4-port aperture-
coupled patch antenna array, as shown in Figs. 8 and 9.

to hold the phase shifter. The ground of the phase shifter is
connected to the Rogers board ground layer with copper tape
to have a shared ground. The microstrip line on the Rogers
board is connected to the phase shifter line by soldering. To
combine the RF field and bias voltage, and to control the
amount of phase-shift in each phase shifter, four Mini-Circuits
model RCBT-63+ bias tees are integrated at each RF path.
The external bias voltages are applied to each Bias Tee from
four separate ports, as labeled in Fig. 14 from Bias1 to Bias4.
The RF-INPUT signal is divided into 4 RF-path signals and
is added with the bias voltage in the bias tee chips, to excite
the phase shifter in each RF path. After being phased shifted
in each MLCPS, the four phase-shifted RF signals, Fig. 14,
are connected to the antenna array four input ports with the
coaxial cable, Fig. 13 c and Fig. 12.

The amount of phase-shift needed to have a steered pattern
to θ , is given in [27]. To find the bias voltage for each RF pass,
the phased array is calibrated by Agilent Network Analyzer
(V NA). By applying the external bias voltages in the set-up
shown in Fig. 12, the simulated and the measured normalized
radiation patterns are defined and shown in Fig. 16, and 17.

The measured radiation patterns are matched with the sim-
ulated patterns in all cases with some discrepancies especially
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FIGURE 16. Simulated normalized radiation pattern of the phased array at
4 GHz for various beam steering.

FIGURE 17. Measured normalized radiation pattern of the phased array at
4 GHz.

in sidelobes. This is because of the dissimilarities between
the phase shifters’ performance created due to the fabrication
inaccuracies, which results a non-uniform feeding network in
the antenna array. The antenna array peak gain shows 18.1
dBi at the boresight for the HFSS simulation and 17.3 dBi for
the measurement. Nonetheless, the measured result proves the
performance of the proposed LC-based phase shifter.

The MLCPS experimental results are compared with the re-
cent phase shifter state-of-art in Table 3. As shown in Table 3,
the proposed phase shifter achieves a high FOM of 105.9◦/dB
with a full cycle of phase shift. Besides that, the proposed
architecture could be integrated on the PCB board which en-
ables it to be assembled with the antenna platform. In addition,
the insertion loss variation with the phase shift is much smaller
than the RTPS [9], and the accessible phase resolution is much
higher than the STPS [11]. The other parameters of the phase
shifter reported in Table 3 are either better than or on par with
that of previously reported works.

IV. CONCLUSION
In this paper, a new structure is proposed for the LC-based
phase shifter to achieve a higher FOM at sub-6 GHz frequen-
cies, which are necessary for 5G applications. The proposed

structure is based on the microstrip transmission line loaded
periodically with the equivalent capacitance seen from the
shunt stubs. A theory is developed to design and optimize
the proposed phase shifter. By using the derived equations in
the theory section, along with ADS and HFSS simulation, the
phase shifter is designed at 4 GHz, and it achieves the FOM of
105.9◦/dB and input matching from 3.7 GHz to 4.2 GHz. To
verify the performance of the proposed phase shifter, a phased
array system has been implemented by using the aperture-
coupled patch antenna array. The measured radiation pattern
of the phased array prototype validates the performance of the
proposed phase shifter. Due to the planar shape and low-cost
fabrication process available in LCD technology, the proposed
phase shifter with its good FOM will be a potential candidate
for 5G applications.
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