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Featured Application: The significant feature of Wi-Fi 6 and beyond generations is a beamform-
ing technology that allows the antenna arrays in a router or a client device (such as a tablet) to
send and receive information over Wi-Fi in a desired direction. Conventionally, this is achieved
using the commercially available phase shifters connected to the antennas. In contrast to com-
mercially available phase shifters, the proposed novel phase shifters do not require additional
electronics biasing circuitry, thus saving space and reducing the burden of additional power re-
quirements at the Wi-Fi router.

Abstract: A linear phased array antenna excited with a novel composite right/left-handed (CRLH) phase
shifters structure is proposed. The phase of the conventional CRLH transmission line is controlled with
magnetically aligned micron-sized particles embedded inside the unit cell of the CRLH transmission
line. The cascading of unit cells produces the desired phase shifts for the main beam scanning of the
linear antenna array operating at a 5.5 GHz center frequency for Wi-Fi 6 applications. The proposed
phase shifter design has a very low insertion loss (0.5-2 dB), excellent matching characteristics with the
antenna array (less than —10 dB) and a small phase error (1-2 degrees). A 1 x 4 linear patch antenna
phased array operating at a 5.5 GHz center frequency of the Wi-Fi 6 band is simulated using the Method
of Moments (MoM) simulator platform. Then, the array is driven with the proposed novel CRLH
phase shifters for the main beam at broadside and the main beam steered at 15- and 30-degree scan
angles toward the desired users. For experimental validation, multiple unit cells of the proposed phase
shifters are fabricated, and the 1 x 4 patch antenna array is fed with these fabricated unit cells of the
phase shifters. The phased array radiation patterns are measured using an in-house fully calibrated
anechoic chamber and were compared with simulated phased array patterns. The measured phased
array patterns are in good agreement with the simulated patterns. As compared with commercially
available phase shifters, the proposed novel CRLH phase shifters do not need external complex biasing
circuitry, which is a major advantage in space constraint limitations at the router side of multi-user
MIMO-OFDM systems.

Keywords: magneto-static particles; phased arrays; metamaterial transmission line; composite
right/left-handed (CRLH) phase shifter

1. Introduction

The Wi-Fi 5 (IEEE 802.11ac) and Wi-Fi 6 (IEEE 802.11ax) technologies both operate
the 5 GHz bands. The significant Wi-Fi 6 change is that an access point (AP) can supervise
both downlink and uplink transmissions to multiple devices (or groups of devices) through
the physical layer using the phased array beamforming technique [1]. As a result, there is
a 20-25% increase in the data rate throughput to ensure a high quality of service for the
Internet of Things (IoT) environments such as train stations, convention centers and sports
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arenas [2,3]. Beamforming is a technology that allows the antennas in the router or a client
device (such as a tablet, smartphone and laptop) to focus information signals toward the
intended users and nulls (signals not of interest) toward the interferers. In Wi-Fi 6 and
beyond generations, in combination with multi-user MIMO (MU-MIMO) technologies,
beamforming helps users obtain more secure connections that boost their data rates. Wi-Fi
6 with MU-MIMO uses multiple spatial data streams for simultaneous communication
with multiple devices using array antennas [4-6]. The Wi-Fi Alliance (WFA) specifications
for various Wi-Fi standards are given in Table 1. The spatial stream is the antenna of
an access point (router). A large number of antennas indicates higher throughput of the
entire system. Array antennas in communication systems are popular because of the ability
to electronically scan the directive beam instead of mechanical slewing. The beam pattern
is scanned toward the signal of interest (desired user) in angular space by dynamically
adjusting the excitation phases. Such an array is referred to as a phased array [7]. The
excitation phases in a phased array are achieved with commercially available phase shifters.
However, achieving the desired phases with commercially available phase shifters requires
external dc biasing circuitry. If the dc control circuitry is designed on the same layer as
the phase shifters, then there is a probability of coupling between the RF signal and dc
signals. Therefore, dc signals may interfere with the RF signal in the array, which can
cause variations in the desired amplitudes and phases of the antenna elements in the array.
This can cause a reduction in antenna/array gain, efficiency and possible distortions of
the radiation patterns [8,9]. Another disadvantage of the commercially available phase
shifters is their limitations of usage in flexible and conformal electronics applications as
they cannot be made flexible/bend due to the discrete electronics components. Currently,
active research work is in progress to design and develop flexible antennas, flexible phased
array antennas and flexible phase shifters for conforming them on commercial Wi-Fi
routers [10,11]. A very important aspect of the proposed phased array with integrated
phase shifters is the future exploration of its beam coverage (enhancement feature in Wi-Fi
6) with the router system shell [10]. A conformal antenna based on graphene-assembled
films has been explored in [11] by placing it on the surface of a commercial router. The
proposed phased array antenna can be a potential candidate for exploring its advantages
(such as space utilization and miniaturization) on Wi-Fi commercial routers. Therefore,
this proposed work focusses on a linear patch phased array with integrated novel phase
shifters, which is an initial step toward exploring its performance on a Wi-Fi 6 access point
(router) in near future.

Table 1. WFA (Wi-Fi Alliance) Wi-Fi standards with specs.

Release Year

Maximum Number of

802.11 Standard New Name Frequency Band Modulation Type  Spatial Streams (Antennas)

on a Single Radio

802.11n Wi-Fi 4 2.4 GHz or 5 GHz 64 QAM 4

2013 802.11ac Wave 1 5GHz
Wi-Fi 5 256 QAM 8

2015 802.11ac Wave 2 5 GHz
2019 802.11ax Wi-Fi 6 2.4 GHz or 5 GHz 1024 QAM 8

In the literature, active research work is in progress to design planar phase shifters
for phased array applications. In [12-15], planar phase shifters based on INKJET printing
of BST (barium strontium titanate) material for phased array applications are proposed.
The BST material is filled inside the fingers spacing of conventional inter-digital capacitors
(IDCs). The major drawback of these designs is the requirement of high tuning voltages (up
to 200 V) to achieve the desired phase shifts. In [16,17], planar tunable phase shifters based
on ferroelectric ceramics for phased array antenna are designed. The ceramic material is
filled inside a conventional artificial composite right/left-handed (CRLH) printed trans-
mission line to vary the permittivity of the filled material and, therefore, change the phase
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response of the CRLH transmission line. The complex fabrication process and requirement
of applying an external dc field strength hinder its usage for space constraint and conformal
phased array applications on Wi-Fi routers. The phased array antenna in [18] is based
on a polymer composite-based artificial left-handed transmission line phase shifter. The
dielectric constant of the composite material is varied to obtain the desired phase shifts
for the main beam steering of the array. However, a separate dc bias network needs to be
designed and printed along with the phase shifters. In [19-22], switching elements (PIN
diodes, varactor diodes, reed switches, MEMS switches) are utilized for the phased array
antennas. Their main disadvantages are the requirements of external dc power supplies,
bonding wires and fabrication of additional mechanical components, which not only com-
plicate the design but are also bulky. Most recently, novel magnetic particles of micron
size [23] have been successfully utilized in various RF and microwave devices. A complete
thorough characterization of these particles is mentioned in [24]. Their applications for
reconfigurable antennas, RF switches and microwave filters are explored in [25-27].

This proposed research work explores the novel design of combining a unit cell con-
ventional metamaterial printed CRLH transmission line [28] and micron-sized magnetic
particles [23] as a phase shifter for phased array applications. We call the proposed printed
CRLH transmission line with embedded micron-size particles design ‘P-CRLH’ and the re-
sulting phase shifter a P-CRLH phase shifter. The qualitative and quantitative comparisons
of the proposed P-CRLH phase shifter with those available in the literature are summarized
in Tables 2 and 3. The proposed P-CRLH phase shifter design has the following advantages
over the phase shifters reported in the literature: (1) in contrast to commercially available
phase shifters, the proposed P-CRLH phase shifter does not require external dc biasing
control circuitry, (2) a 60% size reduction as compared to similarly published work in [29],
(3) no need of interconnects and bonding wires for the proposed P-CRLH phase shifter
as required in conventional MEMS/Reed switches and (4) no need to break the printed
transmission line for the installation of the proposed P-CRLH phase shifter as otherwise
required for PIN/varactor diodes installation in the circuit [30,31].

Table 2. Qualitative comparison of the proposed work with selected existing techniques.

Type of Phase

Research Work Shifter/RF Switch Advantages Disadvantages
The parasitic influence of the p-i-n
. Radiation-pattern diodes distorts the radiation pattern
[19] PIN diodes tunable reconfigurable phased array Direct interfacing of separate biasing
circuitry with the diodes is required
[20] Varactor diodes tunable = Desired phase shift Lumped Componepts (capacitor and
LH-TL phase shifter is achieved inductor) are required
(1] Magnetic field Does not affect the radiation Complex feedir}g circuitry is required to
controlled reed switches  performance of the antenna operate the switches
[22] MEMS-tunable CRLH Limited phase shifts can .Complfex mechanical feed network
phase shifter be achieved is required
[25] Magnetic Have been explored for Have not b.eer} studied for phased
field controlled reconfigurable antennas array applications
Magnetic field Large Si.2e . S
[29] controlled CRLH Provides desired phase shift Magnetic field control circuitry is

phase shifter

under research
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Table 2. Cont.

Type of Phase .
Research Work Shifter/RE Switch Advantages Disadvantages
Surface mount components such as
resistors, capacitors and inductors are
30,31 PIN diodes tunable Desired phase shift required to operate the PIN diodes
[30,31] CRLH phase shifter is achieved Additional electronic circuitry is
required to isolate the RF signal from dc
control circuitry
o e  Provides desired
. Magnetic field phase shift Magnetic field control circuitry is
[This work] controlle;l CRLH e A 60% reduced size as under research
phase shifter compared to [29]
Table 3. Quantitative comparison of the proposed work with selected existing techniques.
Research Work Operational Insertion Loss Physical Size Comments
Bandwidth y
8 dB (sim)
[9] (4-4.5) GHz 9 dB (meas) 40 mm x 29.25 mm
8 dB (sim) A =+ 25°-scanning range for a4 x 4
[12,14] (11-14) GHz 12 dB (meas) 6mm x 4 mm planar array is demonstrated.
8 dB (sim)
[13] (8-10) GHz 9 dB (meas) 8§ mm X 6 mm
[16] (8-10) GHz 6.6 dB 6 mm X 5 mm A .:I: 50°-scanning range for 4 branches
series-fed planar array is demonstrated.
920 MHz 1.67 dB
[20] 26.4 mm X 3.55 mm
2.45 GHz 2.5dB
2 dB (sim)
[22] (9-15) GHz 2.6 dB (meas) 5mm X 2.1 mm
S . A + 30°-scanning range for
[29] (5-6) GHz 12 dB (sim) 22 mm x 9 mm a1 x 4 cylindrical array is demonstrated.
[This work] (5-6) GHz 0.5 dB (sim) 8.8 mm X 8 mm A + 30°-scanning range for a 1 x 4 linear

1.7 dB (meas)

array is demonstrated.

2. Novel Phase Shifter Design
The proposed novel phase shifter based on a standard composite right/left-handed

transmission line (CRLH-TL) unit cell [28] is shown in Figure 1. The top layer consists of
two symmetrical printed stubs with length Ls and width W;. There are six inter-digital
fingers each having length L, and width Wy with spacing s among the fingers. The phase
constant 5 of the CRLH-TL unit cell can be expressed as [28]:

1
ﬁ:wm_ (U\/LLCL (1)

where Ly is the right-handed (RH) series inductance, Cr is the RH shunt capacitance,
Ly is the left-handed (LH) shunt inductance and Cj is the LH series capacitance. Ly
represents the parasitic inductance of the CRLH-TL introduced by current flowing through
the transmission line and Cg, is the parasitic capacitance between the printed conductors
on top of the substrate and the ground plane. Cy is due to the inter-digital capacitors and
Ly is introduced due to the short-circuit stubs. The RF signal traveling through the CRLH
transmission line unit cell will have a phase shift given by:
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@ =L, 2

where L is the physical length of the CRLH transmission line unit cell given in Figure 1. Two
Magneto-static field Responsive Structures (MRSs) [32] are placed in the two symmetrical
stubs to produce the effects of L;. The work in [24] has outlined the detailed procedure
for the development of MRS, and it is briefly mentioned here. As shown in Figure 2,
a cylindrical cavity of diameter d is drilled inside the dielectric substrate material. This
cavity is then partially filled with micron-sized silver-coated ferrite particles [23]. The top
of the cavity is the printed portion of the CRLH stub transmission line and the bottom of
the cavity is the ground plane. When a magnetic field (using a tiny magnet beneath the
ground plane at the MRS location) is applied, these particles are magnetically aligned in
the z-direction, as shown in Figure 2a. This magnetic alignment of silver-coated ferrite
particles inside the MRS provides a path for the flow of current from the top of the stub
to the ground plane producing the effects of L;. Since the CRLH-TL is a composite
structure, changing the path of current flow along the stubs with MRSs will also affect
the other structural parameters (Lg, Cg). This in turn will determine the phase shift
through Equations (1) and (2). The activation of particles inside the MRS along the length
of a stub transmission line is equivalent to a shunted stub in a standard CRLH transmission
line with a conducting via. The connection/disconnection of the stub transmission line with
the ground plane through particles in the MRS is further investigated using S parameters
simulations. The surface current distribution at the design frequency of 5.5 GHz when
particles in the MRS cavities are aligned in the presence of a magnetic field is shown in
Figure 2b, which shows that the structure is smoothly propagating an RF signal from port
1 to port 2. Similar surface current distributions are observed for other frequencies in the
band of interest and are not shown here. The zoom-in views of the surface current along
the length of the stub and MRS in the absence and presence of particle alignment inside
the MRS cavity are shown in Figure 3. The corresponding plots for S1; and Sq;, are also
shown in Figure 3. There is a mismatch at the ports (S1; is greater than —5 dB) with high
isolation between the ports (S, is greater than 5 dB) in the absence of a magnetic field.
When particles in the MRS structure are activated in the presence of a magnetic field, the
S1; is greater than —10 dB and Sy, is 0.13 dB. This shows excellent matching characteristics
with low insertion loss when particles in the MRS structure are activated. This behavior is
similar to that observed in [32] for a simple microstrip transmission line. We denote the
novel CRLH transmission line with embedded magnetic particles as a ‘P-CRLH’ phase
shifter. As compared to the recently published work in [29], the proposed P-CRLH phase
shifter has the following advantages: (1) A 60% size reduction. The size comparison of the
proposed P-CRLH phase shifter with [29] is discussed in Section 4. (2) In the proposed
work, the entire phased array design is on a single PCB as compared to [29], where the
antenna array is excited with phase shifters separately resulting in an overall larger size.
(3) The size requirement of printed microstrip transmission lines on both ends of the phase
shifter in the proposed work is 73.68% less than the phase shifter in [29]. Next, the phase
response analysis of single-unit cells and cascaded unit cells of the P-CRLH phase shifter
are discussed.

2.1. Phase Response of Single- and Cascaded Unit Cells P-CRLH Phase Shifter —45° Phase Shift

The unit cell P-CRLH phase shifter with dimensions in Figure 1 is simulated using
the ADS 2016 Momentum simulator with the following EM setup: 50-ohm single-mode
ports P1 and P2 with TML calibration, mesh frequency is 6 GHz with a mesh density of
20 cells/wavelength. The substrate material used is Rogers RT/duroid 5880LZ (e, = 2.2,
tan & = 0.002 and thickness = 1.27 mm). To mimic, the magnetic alignment of silver-coated
ferrite particles in the MRS structure for P-CRLH phase shifter simulation, grounded vias
with circular layouts were inserted at the MRS locations. The activation of vias connects the
symmetrical stubs with the ground plane, representing the magnetic alignment of particles
in the MRS, and the deactivation of vias disconnects the stubs from the ground plane,
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which represents the non-alignment of particles in the MRSs. The simulated S parameters
for single-unit cells and cascaded-unit cells in the ADS Momentum layout are shown in
Figure 4. The impedance matching characteristics at the ports (511, Sz, ) are below —10 dB.
The insertion loss is 0.087 dB at 5 GHz and goes up to 0.164 dB at 6 GHz. Therefore, it is
concluded that the P-CRLH phase shifter supports the propagation of the electromagnetic
wave in the frequency band of interest.

i r i
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2 -+ »-
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. J Lt . ’
Il |
W5
|
Pl —— P2
|
x
L .
A \s
|0.3
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Figure 1. Proposed unit cell P-CRLH phase shifter with Magneto-static field Responsive Structures
(MRSs). All dimensions are in mm (Ls = 6.8, W = 1, Ly = 6, Wg = 03Lys = 1, W5 = 4,

=%
(0.2425 % 02249) =7 ot the design frequency of 5.5 GHz.

s = 0.2, d = 0.9). The overall size is

Micron-sized silver coated
ferrite particles inside the
cavity

5.000e 4001 «-llllE S | === | cam)
@) (b)
Figure 2. Isometric view of the proposed unit cell P-CRLH phase shifter with (a) magnetic alignment

of particles in Magneto-static field Responsive Structures (MRSs); (b) Surface current distribution at
5.5 GHz when particles inside the MRS are activated.
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(© (d)

Figure 3. Illustration of connection/disconnection of a stub with the ground plane using magnetic
particle activation/deactivation inside the MRS cavity. (a,c) Surface current distribution and S
parameters for a disconnected stub with the ground plane, (b,d) Surface current distribution and S
parameters for a connected stub with the ground plane.

Insertion loss

$11/527 of two unit cells

S| (dB)

50 51 52 53 54 55 56 57 58 59 60
f(GHz)

Figure 4. Simulated S parameter results of the proposed unit cell and cascaded unit cells P-CRLH
phase shifter with MRSs embedded on the symmetrical stubs using —45° unit cell phase shift.
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Phase response (deg)

The simulated phase responses for the unit cell and cascaded unit cells P-CRLH phase
shifter are shown in Figure 5. At the design frequency of 5.5 GHz, the phase shift from
port P1 to P2 for a single-unit cell is —46.7°. For cascaded unit cells, the total phase shift
simply adds as demonstrated in [33]. Therefore, for cascaded two-unit cells, the calculated
phase shift is 2 x (—46.7°) = —93.4°, for cascaded three-unit cells, the calculated phase
shift is 3x (—46.7°) = —140.1° and the calculated phase shift for cascaded four-unit cells is
4x(—46.7°) = —186.8°. The simulated phase shifts in Figure 5 for cascaded two-, three-
and four-unit cells are —92.2°,—137.8° and —183.9°, respectively. The range of phase error
is [1.2° — 2.9°]. The effects of the phase error on phased array antenna will be discussed in
Section 3.

Single unit ce||

I L e e
51 52 53 54 55 56 57 58 59 60

f(GHz)

Figure 5. Simulated phase response results of the proposed unit cell and cascaded unit cells P-CRLH
phase shifter with MRSs embedded on the symmetrical stubs for —45° phase shift.

2.2. Phase Response of Single- and Cascaded Unit Cells P-CRLH Phase Shifter —90° Phase Shift

To achieve a —90° phase shift, the unit cell P-CRLH phase shifter in Figure 1 with
L,s = 3.5 mm (all other dimensions remain the same) is simulated in the ADS 2016
Momentum environment. The same electromagnetic (EM) setup parameters are used
as for the —45° case in Section 2.1. The simulated S parameters and phase response
results are shown in Figures 6 and 7, respectively. The results in Figure 6 show good
impedance matching characteristics and insertion loss indicating the propagation of the
electromagnetic wave from port 1 to port 2. The calculated phase shift values for unit and
cascaded P-CRLH phase shifters at the design frequency of 5.5 GHz are —92.3°, —184.6°,
—276.9° and —369.2°, respectively. The corresponding values of the simulated phase shifts
achieved are —92.3°, —184°, —275.5° and —367.4°, respectively, as shown in Figure 7. The
range of phase error between the calculated and simulated phase shifts is [0.6°-1.8°]. The
effects of the phase error on the phased array antenna will be discussed in Section 3.
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Insertion loss

S11/87, of unit cell
S11/S22 of two unit cells

S| (dB)

f(GHz)

Figure 6. Simulated S parameter results of the proposed unit cell and cascaded unit cells P-CRLH
phase shifter with MRSs embedded on the symmetrical stubs using —90° unit cell phase shift.

] —923{  Single unit cell

Cascaded two unit cells

Phase response (deg)

'5OOIWIIIII[IIIIIIWIII
5.0 51 5.2 53 54 55 5.6 5.7 58 59 6.0

f(GHz)

Figure 7. Simulated phase response results of the proposed unit cell and cascaded unit cells P-CRLH
phase shifter with MRSs embedded on the symmetrical stubs for —90° phase shift.

3. Simulated Phased Array with P-CRLH Phase Shifters

A four-element linear patch antenna array operating at the design frequency of
5.5 GHz is simulated in ADS 2016 Momentum. The inter-element center-to-center spacing
is A/2 with the substrate having a thickness of 1.27 mm, &, = 2.2 and tan 4 = 0.002. The
schematic of the 1 x 4 array with directly excited and integrated P-CRLH phase shifters is
shown in Figure 8. The mutual coupling between the adjacent antenna elements for directly
excited and P-CRLH-excited phase shifters are shown in Figure 9. The maximum mutual
coupling is —13.5 dB at the design frequency for both the direct- and P-CRLH-excited array.
From (5.8-6) GHz, the mutual coupling for the directly excited array is significantly less
than the P-CRLH-excited array. A ladder resonator [34] can be used to reduce the mutual
coupling effects in the patch antenna array structure at the resonant frequency. Next, the
P-CRLH phase shifters designed in Sections 2.1 and 2.2 will be integrated with the array to
test their performance for main beam scanning applications.
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Figure 8. A 1 x 4 linear phased array with: (a) directly excited phases and (b) P-CRLH-excited

21.6

P1 P2

phases.
v -1C<

3 o ol P-CRLH excited L] hE 2 ‘ [ )

iy ) P-CRLH excited ] P-CRLH sicited

] 3 . / - \ g ™3 ] I L

1 - : Ve 1 N

9 D'N“'V“"“""\ 3 Directly excited ] Directly excited '\
50 < 50 \— 50 T i ‘
[ s L e ) B S B e R

50 51 52 53 54 55 &6 57 5B 59 60 50 51 52 653 54 55 56 57 58 59 60 50 51 52 53 54 55 56 57 58 59 60

(GHz) f(GHz) fiaHz)

Figure 9. Simulated mutual coupling between adjacent antenna elements with P-CRLH-excited and
without P-CRLH-excited (directly excited) phase shifters.

3.1. Main Beam at Broadside

For the main beam at the broadside, the four patch antenna elements in Figure 8 are
individually excited with the unit cell P-CRLH phase shifters in Section 2.1. This will make
the feeding of antenna elements with the same phases (—46.7°) at the design frequency
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Gain (dB)

of 5.5 GHz and will result in a constructive radiation pattern at the broadside direction.
For comparison, the patch antenna elements in the array are directly excited with phases
equal to —45°. The simulated far-field radiation patterns with directly excited and P-CRLH-
excited phases are shown in Figure 10. Overall, there is a good agreement between the two
results with a 0.7 dB difference in the broadside gain and a 1.1 dB difference in the first
sidelobe level.

15

10

N
o
T

N
()]
T

m——— directly excited
== = P-CRLH excited

-80 -60 -40 -20 0 20 40 60 80 100

0(deg)

Figure 10. Simulated main beam at broadside 6y = 0° with directly excited and P-CRLH-excited phases.

3.2. Main Beam at 15° Off-Broadside

To scan the main beam at 15° off-broadside of the array axis, the inter-element adjacent
phase difference is calculated using the following expression [7]:

A = —fidsin”, 3)
where 6 is the direction of main beam from the z-axis, d = A/2 is the center spacing
between the antenna elements in Figure 8 and 8 = zf\p " is a wave number. For 6y = 15°,

A@ = —45°. This phase shift is achieved using the unit cell P-CRLH phase shifter discussed
in Section 2.1. The four patch antenna elements in the array of Figure 8 are excited with unit
cell and cascaded unit cells P-CRLH phase shifters having phases of —46.7°, —92.2°,—137.8°
and —183.9°, respectively (see Figure 5). The P-CRLH-excited far-field radiation at 5.5 GHz
is shown in Figure 11. Then, for comparison, using Equation (3), the patch antenna elements
in the array are directly excited with —45°, —90°, —135° and —180°, and the far-field pattern
for the directly excited array is also shown in Figure 11. For both excitation phases, the
value of peak gain is 11.5 dB at a 15° scan angle and there is a difference of 0.85 dB for the
first sidelobe level values.
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Figure 11. Simulated main beam at off-broadside 6y = 15° with directly excited and P-CRLH-
excited phases.

3.3. Main Beam at 30° Off-Broadside

Using Equation (3), A = —90° for main beam location at 6y = 30°. This adjacent
element phase shift of —90° is achieved with the P-CRLH phase shifter in Section 2.2.
Now, the four patch antenna elements in the array are fed with unit cell and cascaded
unit cell P-CRLH phase shifters having excitation phases of —92.3°, —184°, —275.5° and
—367.4° (see Figure 7). The far-field radiation pattern at 5.5 GHz is shown in Figure 12.
Again, for comparison, the array elements are directly excited with computed phases
(—90°, —180°, —270°, —360°) using Equation (3), and the directly excited radiation pattern
is also shown in Figure 12. For both the directly and P-CRLH-excited radiation patterns,
the location of the main beam is at 28° with a peak gain of 11.5 dB. The difference in the
first sidelobe level is 0.77 dB.

15 T T T T T T T T T

10 F m—— directly excited
=== = P-CRLH excited

-10

15 -

Gain (dB)

20

25

-30

35

_40 1 1 1 1 1 1 1 1 1
-100  -80 -60 -40 -20 0 20 40 60 80 100

0(deq)

Figure 12. Simulated main beam at off-broadside 8y = 30° with directly excited and P-CRLH-
excited phases.
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4. Measurements Validation

For measurement validation, three prototypes of a 1 x 4 patch antenna array with
integrated P-CRLH phase shifters are manufacured and are shown in Figure 13c. The
substrate used has a thickness of 1.27 mm, ¢, = 2.2 and tand = 0.002. The dimensions of the
patches are shown in Figure 8 (Section 3) operating at 5.5 GHz. The fabricated proposed
unit cell P-CRLH phase shifter with dimensions discussed in Section 2 is given in Figure 13b.
For size comparison, a photograph of the recently published P-CRLH phase shifter [29]
is also shown in Figure 13a. The reflection coefficient, insertion loss and phase response
of the fabricated unit cell P-CRLH phase shifter are measured with the Agilent Network
Analyzer in Figure 13d. The tiny magnets beneath the ground plane are used to activate
the MRSs. The measured results are shown in Figure 14. In Figure 14a, the reflection
coefficient is less than 10 dB for both the ports, indicating good impedance matching
characteristics, the maximum insertion loss measured is —2 dB, showing good propagation
behavior. In Figure 14b, the phase response at design frequency of 5.5 GHz is around —86°,
which is in close agreement with the simulated phase of —92° in Figure 7. There are three
main advantages of the proposed P-CRLH phase shifter and the proposed P-CRLH phase
shifters-excited phased array as compared to similar work in [29]. (1) There is a 60% size
reduction in the proposed P-CRLH phase shifter. (2) There is a 73.68% reduction on the
requirements of the printed microstrip transmission lines on both ends of the proposed
P-CRLH phase shifter. (3) The proposed P-CRLH excited phased array in Figure 13c is
fabricated on a single PCB as compared to phased array in [29], where the antenna array
and phase shifters are on separate PCBs.

RF absorbers

Antenna positioner

One unit cell

Two unit cells

Three unit cells
Four unit cells

RF cable
Power splitter

P-CRLH

(d)

Figure 13. Photographs of the fabricated (a) unit cell P-CRLH phase shifter reported in [29]; (b) pro-
posed unit cell P-CRLH phase shifter; (c) a 1 x 4 linear phased array with integrated proposed
P-CRLH phase shifters in an anechoic chamber and (d) unit cell P-CRLH phase shifter measurements.
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Figure 14. Measured results of a unit cell P-CRLH phase shifter. (a) Reflection coefficients, insertion

loss. (b) Phase response.

Next, the measured results for three prototypes of the broadside scan, the 15-degree
scan and the 30-degree scan phased array are discussed.

4.1. Measured Broadside Radiation Pattern

To obtain the broadside radiation pattern, the individual patch antenna elements
(A1, Az, Az and A, in Figure 13c) in the 1 x 4 phased array must be excited with the same
phases. Therefore, the four patches in Figure 13 are equally excited with the unit cell
P-CRLH phase shifters in Figure 13b. This will then result in the constructive addition of
individual antenna patterns making an overall array pattern with a higher main lobe toward
the broadside as shown in the measured results of Figure 15. The measured broadside gain
is 10.1 dB and the measured first sidelobe level is 9.1 dB.

—#—( deg scan angle
15 deg scan angle
=& =30 deg scan angle

-20 0 20 40 60
Theta (deg)

Figure 15. Measured pattern results of a 1 x 4 phased array with P-CRLH excited phases.

4.2. Measured 15° Off-Broadside Radiation Pattern

To achieve the 15° off-broadside radiation pattern, the antenna element A; is excited
with the unit cell P-CRLH phase shifter discussed in Section 2.1, the antenna element A,
is excited with two-unit cells P-CRLH phase shifters, the antenna element A3 is excited
with three-unit cells P-CRLH phase shifters, and the antenna element Ay is excited with
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four-unit cells P-CRLH phase shifters. This will cause the four antenna elements in the
array to be excited with phases —46.7°, —92.2°,—137.8° and —183.9°, respectively. The
1 X 4 patch array excited with the unit cell and cascaded unit cells P-CRLH phase shifters
using a fully calibrated in-house anechoic chamber is shown in Figure 13c. The measured
radiation pattern for 15° off-broadside is shown in Figure 15. The measured gain at the 15°
scan angle is 10 dB, and the minimum sidelobe level is 12 dB.

4.3. Measured 30° Off-Broadside Radiation Pattern

For the 30° off-broadside radiation pattern, the four patches in Figure 13c are excited
with the unit cell and cascaded unit cells P-CRLH phase shifters discussed in Section 2.2.
This will ensure phase excitations of the patch elements Aj, Ay, Az and A4 with the phases
of —92.3°, —184.6°, —276.9° and —369.2°, respectively. The resulting measured radiation
pattern for the 30° scan angle is shown in Figure 15. The measured peak gain at the 30°
scan angle is 9.9 dB, and the value of the minimum sidelobe level is 10 dB.

The comparison data for peak gain and sidelobe level for the three prototypes dis-
cussed are given in Table 4. The differences between simulated and measured results are
due to non-ideal fabrications, unavailability of exact phases with P-CRLH prototypes and
a lack of perfect symmetry in the anechoic chamber.

Table 4. Comparison between simulated and measured results of a 1 x 4 phased array with P-CRLH
excited phases.

Peak Gain (dB) Sidelobe Level (dB)
Scan Angle (65)
Simulated Measured Simulated Measured
0° 11 10.1 11.1 9.1
15° 12 10 11 12
30° 11 9.9 13 10

5. Discussion and Conclusions

In this work, a novel phase shifter based on a printed composite right/left-handed structure
(CRLH) with embedded micron-sized magnetic particles is proposed. Then, a 1 x 4 patch
antenna array operating at 5.5 GHz Wi-Fi 6 band is printed, and the patches are integrated
with cascaded novel particles embedded CRLH phase shifters for the broadside and phased
array applications. The proposed CRLH phase shifter is compact in size (60% size reduction) as
compared to the recently published CRLH-based phase shifter. As compared to commercially
available phase shifters, the proposed phase shifter does not require electronic components
(resistor, inductor and capacitor) for biasing. The commercially available phase shifters require
dc biasing circuitry for phase tuning, which can be coupled with the RF signal and may cause
phase deviation. The proposed phase shifter does not require direct biasing arrangements. It
operates on the application of a magnetic field to be applied beneath the ground plane and,
therefore, isolates the coupling of the RF signal with the biasing circuitry. The proposed phase
shifter can be directly integrated with the phased array in a fully planar requirement. In this
study, the novel particles-CRLH phase shifters are experimentally tested with a 1 x 4 patch
phased array for 0°, 15° and 30° main beam scanning. The measured results are shown in good
agreement with the simulated patterns. A possible future extension of the work is to extend
the design of the proposed phase shifter for fully printing conformal array applications on
a commercial router system for Wi-Fi 6.
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