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Abstract—This  paper presents a low-profile, high-
performance, and low-cost Ka-band circularly polarized (CP)
passive phased-array antenna (PAA) system. A 1 x 4 passive
subarray operating at the Ka-band frequency band is
investigated, developed, and tested as a possible building block
for mobile satellite communication systems. In particular, a CP
antenna integrated with a high-performance passive phase
shifter is presented and experimentally verified. A new low-cost
and low-profile magnetic actuator is proposed to precisely
control the phase state of the phase shifter. A 3-D printed
polymer package is utilized to enclose the phase shifter and
reduce the environmental effects. The proposed CP passive PAA
achieves high-performance right-hand CP radiation with high
cross-polarization discrimination over a wide scan angle from
0° to £38° over the frequency band (29.5-30.5 GHz). An axial
ratio (AR) < 3 dB is demonstrated over the entire scanning
range. Moreover, the measured radiation efficiency is 60% at
boresight. The gain drops by 1 dB at £38° scanning angles.
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I. INTRODUCTION

S THE demand for higher data rates increases, wire-
less technologies (e.g., satellite communications, 5G,
and automotive radar) are migrating toward millimeter-wave
(mm-W) fregquencies to utilize the large available frequency
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bandwidth over this frequency band (e.g., Ka-band) [1]-{13].
A phased-array antenna (PAA) can offer a low-profile con-
formal solution with fast beam scanning, as compared to
the reflector antenna [14]. These unique features are essen-
tial for emerging Ka-band mobile satellite communication,
which requires a low-profile robust antenna system to dynam-
icaly track the satellite when the terminal moves and
maneuvers [14]-{17]. The cost and complexity of active feed
circuits have seriously limited the deployment of active PAA in
mass market applications. A wideband passive PAA can offer
an attractive low-cost alternative for a wide range of emerg-
ing mm-W communication systems [18]-{26]. Such antenna
systems are made of passive components, (antennas, phase
shifters, and passive feeding networks), to reduce the power
consumption, cost, and complexity. Furthermore, a single
passive PAA made of reciprocal components can be utilized as
both a transmitter and receiver. In order to build such systems,
a high-performance antenna and phase shifter must be devel-
oped and integrated. The antenna element should be simple
and have a wide operating frequency band. Moreover, it would
be required to demonstrate a high cross-polarization discrimi-
nation over awide angular beamwidth to sustain a high-quality
data link and avoid undesired interferences. In addition,
the phase shifter must have a low insertion loss (IL) variation
over the operating frequency range to eliminate the necessity
for costly variable gain amplifiers. The phase shifter needs to
provide a continuous phase shift of 360°, so the beam can
be steered to any direction in space precisely and quickly. A
wideband phase shifter using arelatively low dielectric tapered
dab to perturb the propagating electromagnetic wave in a
transmission line is reported in [18]-{26]. This phase shifter
was incorporated into a linear antenna array to develop a
wideband passive PAA. A piezoelectric transducer (PET) was
used to control this phase shifter. However, the passive PAAs
presented in [18]-{26] have several drawbacks and limitations.
A large dielectric slab (>10) is required to realize a 360°
phase shift. Therefore, the interelement spacing will be 0.5
Ao in one plane of the 2-D PAA, which leads to the appear-
ance of the grating lobe when the beam is steered in that
particular plane. Accordingly, this method is limited to only
linear (1-D) phase-array configuration. The PET requires a
high voltage to operate, necessitating a high voltage power
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supply be a component of a large PAA. The PETs used in
these structures are bulky. Furthermore, no packaging structure
has been presented to-date to protect such systems against
environmental effects. In [18]-{26], since a single tapered
dielectric dlab has been used to control the phase state of
the antenna elements, the beam of these phased arrays can
only be steered in one direction off-boresight, which is the
main drawback of such structures. To steer the beam in two
directions, a second complementary dielectric slab must be
used that adds more complexity and increases the size of the
phased array. This type of PAA is prone to large pointing
errors due to warpage of the printed circuit board (PCB); as a
result, any local surface defect can affect the progressive phase
state of that specific antenna element and there is no way to
correct this phase error. This lack of independence can lead
to serious difficulties in phase calibration. It should be noted
that none of the reported configurations has been presented in
a low-profile and packaged form. Moreover, to the best of the
authors' knowledge, a circularly polarized (CP) passive PAA
has not been presented in the literature employing this beam
scanning technique.

The objective of this paper is to investigate enabling
technologies and develop a proof-of-concept prototype for
a low-cost and low-profile compact CP passive PAA for
mm-W applications (Ka-band systems specifically). First,
an aperture-coupled CP antenna is designed to operate at
Ka-band (29-31 GHz) with a wide angular axial ratio (AR)
beamwidth. A low-cost and high-performance compact phase
shifter consisting of a grounded coplanar waveguide (GCPW)
line with a high dielectric material dab is integrated with the
antennato realize the proposed CP passive PAA. Furthermore,
a novel low-profile actuation method is presented with a
3-D printed enclosure to avoid the bulky PET structure. The
remainder of this paper is divided into three main sections that
describe the antenna element, phase shifter, and CP passive
PAA, respectively.

Il. CIRCULARLY POLARIZED ANTENNA

A. Circularly Polarized Ka-Band Aperture-Coupled
Antenna Element

A CP PAA with a wide scanning angle requires an antenna
element with wide angular AR < 3-dB beamwidth. In addition,
the interelement separation must be <0.5 1, to avoid the
grating lobe effect. In this paper, a novel CP patch antenna
element based on aperture-coupled excitation is proposed for
low-cost Ka-band applications. The proposed antenna design
was inspired by the work presented in [27]. The antenna
structure consists of three metal layers (M1, M2, and M3)
as shown in Fig. 1(a) and (b). An elliptical microstrip patch
antenna (M1) is etched on the top substrate with a major axis
of 2Ry and a minor axis of 2R, where the two values are
chosen to achieve a wide impedance bandwidth. The middle
metal layer (M2) forms the ground plane and contains a square
ring slot (L-shaped) to degenerate two orthogonal modes with
equal amplitudes and a 90° phase difference. The dot ring has
six arms with lengths labeled (Lsi1—Lsg) and a dot gap of S.
With this slot configuration, two orthogonal transverse electric
fields can be degenerated in the X and Y directions over the

(a)

(b)
Fig. 1. Proposed CP antenna structure. (a) Meta layers. (b) 3-D exploded
view.

dot gap. The length of the arms Ls; and Lsy are chosen to
ensure the square ring slot has an electrical length of 1 at
the resonance frequency, and the arms L3, Lsa, Lss, and Lsg
are chosen to excite two orthogonal modes with a 90° phase
difference. The dlot is coupled to a GCPW line (M3) that
is etched at the backside of the bottom substrate through a
series transverse slot. The ground size of the antenna element
is5x 5 mm2(0.5 o x 0.510) at 30 GHz. RO4003 substrate
(er = 3.55, tan, = 0.0027) is used to design the radiating
patch and RO4360G2 substrate (¢; = 6.15, tan, = 0.0038) is
used to design the GCPW feed line. In addition, RO4450F
substrate (¢; = 3.52, tan, = 0.004) is used to bond the
above-mentioned substrates. The elliptical patch has two dom-
inant resonance modes, which are TM11%° odd and even. The
resonance frequency of these modes can be calculated from (1)
to (5) [28]
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B. Smulation Results for Proposed Antenna Element
A commercial full-wave simulator from ANSYS

(HFSS 18.2) was used to anadyze and optimize the
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TABLE |
OPTIMIZED PARAMETERS OF CP ANTENNA (millimeter)

Parameter Ry Ro Ls1 |Lso |Lsz |Lsa |Lss

Dimension 1.345 | 1.06 |2.1 2.17 1.07 1.1 1.025

Parameter Lgg S Lsy Lgtup | h1 ho hs3

Dimension 1.072 |0.14 1.525 | 0.8 0.203 | 0.203 | 0.508
(@) (b)

Fig. 2. Simulated reflection coefficient and AR. (8) Sp1 (dB). (b) AR (dB)
for ¢ = 0°, 45°, and 90°; and & = 0° and +70°.

antenna parameters. An extensive parametric study was
conducted on the antenna's parameters to examine their
impacts on the overall antenna's performance. It was found
that the slot arms L4, L5, and the eccentricity of the elliptical
patch, e, are the most critical parameters affecting the purity
of the circular polarization pattern over a wide angular
beamwidth. The major axis 2R;, the dot arms Lg1, Lsp,
the feeding point, and the length of the transverse slot Ly
were found to be mainly responsible for the impedance
bandwidth. The antenna parameters were optimized by using
the HFSS optimization tool, the goa being to achieve the
optimum AR and impedance matching over the operating
frequency band (i.e., 29-31 GHz). The optimized parameters
of the antenna are given in Table I. Using the state-of-the-art
multilayer fabrication technology, high-quality planar antennas
and feed circuits can be realized with the dimensional accuracy
better than 20 um. Extensive full-wave sensitivity analysis
(not shown for brevity) have been conducted on the proposed
antenna with +20 xm variation from the nominal values of
some critical design parameters(e.g., Ry, Ry, Ls1, Lsa, S, Lst,
and Lstyp). Simulation results reveal that the proposed antenna
is not highly sensitive to parameters variation within the range
of the fabrication tolerances. The simulation results show
an impedance bandwidth (S;1 < —10 dB) of almost 8 GHz
centered at 30 GHz. The two resonances of the elliptical
patch appear at 28 and 32.75 GHz, as shown in Fig. 2(a).
The proposed antenna shows an AR < 3 dB bandwidth
of 1.8 GHz (6%) centered at 30 GHz at the boresight and
an AR bandwidth of 1.3 GHz over an angular beamwidth
from —70° to +70° off-boresight, as shown in Fig. 2(b).
These results demonstrate that the antenna satisfies most of
the stringent Ka-band system requirements in terms of the

Fig. 3. Simulated radiation patterns at 29.5, 30, and 30.5 GHz for ¢ = 0°,
45°, and 90°.

Fig. 4. Exploded 3-D view of phase shifter with magnetic actuator and
3-D printed enclosure.

reflection coefficient, size, and AR and angular beamwidths.
It has a 5 dBic gain over the operating frequency, with an
amost symmetrical pattern over the azimuth angles (¢);
moreover, it shows a cross-polarization discrimination better
than 35 dB at 30 GHz, as shown in Fig. 3.

1) Tables. Data charts which are typically black and white,
but sometimes include color.

I1l. Low-PROFILE MILLIMETER-WAVE PHASE SHIFTER

A new low-profile and high-performance phase shifter is
proposed in this paper. The phase shifter was inspired by the
work presented in [29]. It consists of a GCPW line, a high
dielectric dab, a magnetic actuator, and a 3-D printed pack-
aging structure. The proposed phase shifter is implemented
in a PCB technology that allows for direct integration with
the antenna; therefore, no wire bonding or ball grid arrays are
required. The GCPW lineis designed on RO4360G2 dielectric
substrate with an (¢, = 6.15, tan, = 0.0038), and a
thickness of hy = 0.2032 mm with a 50 Q impedance at
the input—output. The dielectric slab is made of barium lan-
thanidetetratitanates (BLT; BaLn2Ti4012), and has alength of
LeLt = 4 mm, a width of Wg .t = 1.5 mm, a height
of hgLt = 0.2 mm, an ¢ = 100, and a dielectric loss of
tan, = 0.01 at 30 GHz [30], [31]. The BLT dlab is placed on
top of the GCPW line, and the magnetic actuator is utilized
to control the position of the BLT dab. This allows a tunable
and continuous phase to be realized. An exploded view of the
proposed phase shifter is shown in Fig. 4.
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(a)

(b)

Fig. 5. Proposed phase shifter circuit. (a) Top view. (b) Side view.

TABLE Il
OPTIMIZED PARAMETERS OF PHASE SHIFTER (millimeter)

Parameter Wi Sy Lprr |WaLT | hBLT
Dimension 0.28 0.11 4 1.5 0.2
Parameter Weo dy Sv h1

Dimension 0.11 0.203 0.5 0.203

A. Smulation Results for Proposed Phase Shifter

The GCPW line, shown in Fig. 5(a), has a linewidth of
W1 = 0.28 mm and agap size of S¢ = 0.11 mm at the input
and output of the phase shifter. The existence of the BLT slab
reduces the GCPW line impedance, so impedance matching is
introduced on the GCPW part below the BLT slab. Impedance
matching is realized by decreasing the width of the GCPW line
from 0.28 mm to W2 = 0.11 mm; therefore, the proposed
phase shifter shows an S1 < —10 dB for all the phase states
over the operating frequency band. The proposed phase shifter
has a wide operating bandwidth as was demonstrated in [29]
and [30]; however, for this prototype, it was designed and
tested over the operating frequency band of the CP antenna
(i.e,, 29-31 GHz centered at 30 GHz), and its optimized
dimensions are listed in Table II.

Simulations were performed to optimize the phase shifter
and to calculate the actuation height required to realize > 360°
phase shift. Asthe BLT slab moves, an air gap (hgap) is created
between the GCPW line and the BLT slab. Most of the electro-
magnetic energy propagates in the air gap, which behaves as
an adjustable waveguide. As aresult, the phase shifter shows a
low IL and more importantly minimal IL variation as the phase
shift changes. Simulations showed that to realize a 360° phase
shift, the air gap hgap should vary between 1 and 45 um as
shown in Fig. 6(a). From this figure, it can be observed that
the phase response of S21 varies exponentialy with hgap.
A small hgap’s contributes more significantly to the phase

(a)

(b)

Fig. 6. Simulated results for proposed phase shifter for different hgap.
(@) Phase versus hgap. (b) S-parameters versus frequency.

shift than large gaps. Moreover, the proposed phase shifter
demonstrates an 1 < —10 dB over the operating frequency
band (29-31 GHz) for al hgap values. Similarly, it depicts
very low IL for the same frequency bandwidth. The simulation
results show an average IL of 0.95 dB at 30 GHz with an
exceptionally low IL variation of less than +0.5 dB over the
entire range of phase shift. The ssimulated S-parameters are
shown in Fig. 6(b).

B. Low-Profile Magnetic Actuator

One of the most challenging aspects to loading a trans-
mission line with a dielectric dab in order to redlize
a phase shifter is the actuation technique. Existing solu-
tions [29], [30], [32]-{35], such as PET, have a high profile,
high driving voltages, and high fabrication costs. To over-
come these limitations, a high-performance, low-cost, and
low-profile actuation mechanism is introduced in this paper.
The proposed actuation mechanism consists of an integrated
miniaturized permanent magnet made from materials with
high magnetization such as samarium-cobalt (SmCo) and a
planar magnetic coil. The proposed magnetic actuator utilizes
the repulsion and attraction forces occurring between the
permanent magnet and the planar magnetic coil to move the
BLT dab with high precison and in the most repeatable
manner. The BLT dlab is attached to a flexible polyimide
membrane supported by two beams to keep the BLT dlab in
its proper position during actuation. The polyimide membrane
has a 50 gm thickness, a beamwidth of Wy = 200 x«m, a gap
of Gp = 200 um, a2 x 4 mm? base on which to attach the
BLT dab, and a 1.1 mm opening to hold the SmCo magnet,
as shown in Fig. 7(a). A very thin SmCo magnet (typically
considered to have a thickness and diameters < 1 mm),
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(a) (b)

Fig. 7. Proposed polyimide membrane and planar electromagnetic coil.
() Top view of polyimide membrane. (b) Top view of planar magnetic coil.

Fig. 8. Fabricated phase shifter's circuit and actuator components.

is placed on the top of the polyimide membrane. A tunable
current source is employed to control the current of the mag-
netic coil thus generating an adjustable and reversible magnetic
force. The magnetic coil was implemented on an FR4 PCB
substrate with a spiral shape. A typical design has a linewidth
of W = 100 um, a gap between turns of G; = 50 xm, and
14 turns, as shown in Fig. 7(b). A 3-D printed packaging is
used to enclose the proposed phase shifter and protects its
components. The total height of the new actuator and its 3-D
package is less than 2 mm, compared to a height of 12 mm
for the PET actuator used in [29]. A field-programmable gate
array-based controller is employed to precisely adjust the cur-
rent so that a continuous phase shift is achieved. The proposed
actuator requires only +40 mA to elevate the BLT dlab 50 um
from the GCPW line surface; this is five times the displace-
ment of a typical PET requiring 150 V actuation voltage.

C. Measurement Results for Proposed Phase Shifter

The proposed phase shifter was fabricated and tested using
a network analyzer (PNA) from Keysight Technologies. Mea-
surements were taken over the frequency band 29-31 GHz.
Fig. 8 shows the fabricated phase shifter. The proposed
phase shifting technique can provide more than 360° phase
shift with proper choice of the BLT material, appropriately

(a)

(b)

Fig. 9. Measured results for proposed phase shifter for different applied
currents. (a) Normalized phase versus applied current. (b) S-parameters versus

frequency.

designed actuator, and sufficient surface smoothness. The
reported structure is a proof-of-concept prototype, which can
be easily improved to provide full range phase shift with
minimal IL. S-parameter measurements of the proposed phase
shifter demonstrated linear phase-frequency behavior with a
maximum phase shift of 285° at 30 GHz when a 10 mwW
was applied to the magnetic actuator. The fact that the power
consumption during the experiment was higher than the theo-
retical valueis mainly due to the extralosses introduced by the
interconnecting dc power lines between the magnetic coil and
the current source. However, this extra power consumption
can be easily eliminated by integrating the current source
on top of the magnetic coil. Moreover, the proposed phase
shifter was designed to achieve a 360° phase shift at 30 GHz,
but measurements showed a maximum phase shift of 285°,
as illustrated in Fig. 9(a). This discrepancy occurred because
during simulation it was assumed that the air gap height hgap
could be reduced to 1 um in order to realize the required
360° phase shift. This was not possible to achieve with the
fabricated prototype mainly due to the surface roughness of
the fabricated GCPW line. Such asmall air gap height requires
an airtight, hermetically sealed package and very smooth
metallic GCPW surfaces. This type of packaging and surface
characteristic will be pursued in the next phase of this paper.

Measurement results illustrate an §1 < —10 dB over the
operating frequency bandwidth for different hgap States, and
the measured Sj1 is quite similar to the simulated result.
In addition, the measurements demonstrate very low IL (S1),
especialy at 30 GHz. They show an average $1 of —1 dB
with an extremely low measured $; variation of +0.2 dB
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TABLE Il
COMPARISON OF STATE-OF-THE-ART PASSIVE PHASE SHIFTERS

Reference [32] [33] [34] [35] This
work
Perturber type Metallic| Low Low magneto | High
slab dielectric | dielectric | dielectric | dielectric
slab slab slab
Frequency (GHz) 6 9.7 6 20 30
AP, o 860 132 60 384 285
[/ Lmaz]| (dB) 3.80 |2.31 1.00 4.50 1.20
A‘z)(r)naz
FOM = 212 57 60 85.3 237.5
IIL‘ITLH..T ‘
Area (mm?) 12.8 x [73x32 |7x3.18[12x4 [4x2
12.8
Packaged No No No No Yes
Actuation PET PET PET PET Magnetic
actuator
Power consumption | High High High High Low

around the center frequency (30 GHz). The measured IL is
one of the best reported to-date in the literature (see Table I11).
Fig. 9(b) presents the measured S-parameters versus frequency
for the proposed phase shifter at different applied current
states. Table Il compares the performance of the phase shifter
presented here with state-of-the-art phase shifters that use
similar phase shifting mechanisms.

IV. 1 x 4 MM-WAVE PASSIVE PHASED-ARRAY ANTENNA

The proposed phase shifter and CP antenna were inte-
grated to construct a proof-of-concept 1 x 4 passive PAA
to operate at the mm-W frequency range (29.5-30.5 GHz).
It consists of four CP antenna elements arranged in a linear
grid, four phase shifters, and a corporate feeding network.
In the proposed structure, since each antenna element has a
phase shifter, which can be controlled independently, the beam
can be steered in two directions off-boresight and the proposed
phase shifting mechanism not only able to compensate for
substrate warpage but also for other mechanical and fabrication
errors which are inevitable. Therefore, accurate and flexible
beam scanning can be achieved over the angles ranging from
—90° to +90° in elevation—an advantageous feature of the
proposed passive PAA over the existing solutions [18]-{26].
The proposed array was fabricated on a 4000 series three-layer
PCB from Rogers Corporation. A 5 mm (0.5 1) interelement
spacing was used. The proposed passive PAA was simulated
for different scanning angles over the frequency band of
interest.

A. Measurement and Smulation Results for Proposed
1 x 4 mm-Wave Passive Phased-Array Antenna

A PNA was used to measure the reflection coefficient
(S11) of the fabricated passive PAA. The antenna shows

Fig. 10. Measured reflection coefficient at different steering angles.

()

(b)

Fig. 11. Measurement setup. (a) Fabricated passive PAA. (b) PNF measure-
ment setup.

a S;1 < —10 dB over the operating frequency band for all
steering angles with small variations as shown in Fig. 10.
A planar near-field (PNF) measurement system from NSI
was used to measure the radiation characteristics of the pas-
sive PAA. The measurement setup is illustrated in Fig. 11.
A lookup table was extracted for each phase shifter by employ-
ing the NF system probe. The probe was placed very close to
each antenna element and by varying the current source the
phase range could be obtained for each individual antenna
element. The extracted data were saved as a lookup table.
The theoretical basis of this calibration method is introduced
in [36]. The look-up tables were loaded to a PC and the array
factor theory was used to calculate the required progressive
phase to steer the beam of the antenna under test toward
different elevation angles. The maximum realized phase shift
was 320°, when a 100 mA current was applied to the magnetic
coil. The proposed 1 x 4 passive PAA prototype consumes
maximally 40 mW dc power.

The passive PAA was tested over the frequency band
(29-31 GHz). Its measured results were compared to the
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Fig. 12. Mesasured and simulated radiation patterns at 30 GHz for different
steering angles.

simulated results for three different steering angles at 30 GHz.
A right-hand CP (RHCP) beam was realized with high
cross-polarization discrimination. Measurements showed a
20 dB cross-polarization discrimination at boresight that
agrees with what the simulation results had predicted; fur-
thermore, < 11 dB sidelobe level (SLL) was found by both
measurement and simulation analyses. In addition, the mea-
sured results agree with those found through simulation for
the £25° steering angles, as shown in Fig. 12.

For completeness, the NF system was used to measure the
directivity and gain of the antenna under test. The standard
method consists of two steps. 1) measuring the directivity
from the scanned data and 2) using a standard gain horn
antenna to calibrate the NF system. The antenna gain is then
obtained from the measured directivity and the standard gain
measurement. The radiation efficiency (= gain/directivity) can
be calculated from these measurements as well.

The simulated directivity of the proposed 1 x 4 passive PAA
is9.874 dBic at 30 GHz. Part of the reduction in the directivity
is attributed to mutual coupling and different environment of
the two edge elements as compared to those of the two internal
elements. Moreover, it is found that due to the cooptimization
of the corporate feeding network with antennas and BLT phase
shifters, the power splitter introduced unbalanced amplitude
and phase to the antenna elements. The internal two elements
receive more power as compared to the two edge elements with
30° phase difference. The resulting amplitude tapering, which
becomes intensified when the BLT phase shifters are intro-
duced into the feeding network. Accordingly, the directivity
of the 1 x 4 passive PAA is reduced. Full-wave simulations
were performed to verify this conclusion. Fig. 13 depicts the
simulated directivity for three different cases, namely, ideal
uniform excitation, antenna and corporate feed network, and
proposed feed circuit containing BLT phase shifters. If the
antenna elements are excited independently with the same
amplitude and phase, an 11.12 dBic directivity is realized at
30 GHz. If we excite the four antenna elements by the devel-
oped corporate feeding network without BLT phase shifters;
the simulated directivity at 30 GHz is 10.34 dBic. Finaly,
integrating the BLT-based phase shifters with the 1 x 4 antenna
array (passive phased array configuration) leads to a simulated
directivity of 9.85 dBic at 30 GHz. As a result, as compared
to the uniform excitation case, a 1.27 dBi directivity reduction

Fig. 13. Simulated directivity for three different cases: uniform excitation;
antenna and corporate feed network; and proposed concept passive PAA.

TABLE IV
SUMMARY OF MEASURED 1 x 4 CP PAssIVE PAA AT 30 GHz

29.5 GHz

03 —38° —25° —15° —10° 0° +10° +15° 4+25° 438°
X-Pol discrimination(dB) | 22 16 163 18.6 19 19 18.8 158 193
15'SLL (dB) 6 9.7 8.7 9.6 119 106 7.6 7 4.4

30 GHz
20.33 22 184 179 1585
11.75 119 176 7.6 3.7
30.5 GHz
X-Pol discrimination(dB) | 19.4 15 18.7 183 23 20.7 202 16 20.7
15'SLL (dB) 835 165 6 9.7 12.1 13.5 8 7.8 3.8

X-Pol discrimination(dB) | 23 225 204 184
15tSLL (dB) 7 109 72 9

(a) (b)

Fig. 14. Measured and simulated gain, directivity, and radiation efficiency.
(a) Gain and directivity. (b) Radiation efficiency.

occurred due to the above-mentioned factors. This issue will
be resolved in the next phase of this paper where a larger and
a better optimized array will be developed.

The maximum measured gain was 7.4 dBic with 0.5 dB
variation. The maximum measured directivity was 9.75 dBic
with 0.5 dB variation over the operating frequency band for the
boresight case. A good correlation was observed between the
measured and simulated gain, and between the measured and
simulated directivity, as shown in Fig. 14(a). The passive PAA
shows a measured radiation efficiency of 60% at 30 GHz—
exceptional performance for a passive PAA system. To the
best of the authors' knowledge, no similar performance had
been reported in the literature. The measured and simulated
radiation efficiencies are depicted in Fig. 14(b).
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TABLE V
COMPARISON OF STATE-OF-THE-ART PASSIVE PAA
Reference [18] [20] [22] [23] [25] [26] This work
Frequency (GHz) 16 33 30 15 35 60 30
Scanning coverage 1-D 1-D 1-D 1-D 1-D 1-D 1-D
Measured scanning range 0° — 430° —21° — 424° | —17° — 4+19° |0 — 425° 0— +33° —1.6°—42.99 | —389 — +38°
Polarization LP LP LP LP LP LP CP
Measured gain (dB) - - - 8 15.6 15 7.4
Efficiency (%) - - - 39.9 60
Profile High High High High High High Low
Array size 1x4 1x8 1x8 1x8 1x4 4 x4 1x4
Voltage range (V) 0-60 0-50 0-40 0-60 0-60 0-100 0-0.1
Actuation PET PET PET PET PET PET Magnetic actuator
Packaged No No No No No No Yes
Fig. 16. Measured gain at different steering angles.
(@)
beam with low pointing error <2° in al cases over the
frequency bandwidth 29.5-30.5 GHz with an AR < 3 dB.
Fig. 15(a) and (b) illustrates the measured RHCP and LHCP
components of the proposed passive PAA. It can be observed
that the main beam was properly formed in all steering angles.
The proposed phased array maintains good CP and high
cross-polarization discrimination over a1l GHz frequency band
centered at 30 GHz, with excellent beam pointing and accept-
able SLLs. The proposed passive phased array demonstrates a
gain variation, ~ 1 dB at 30 GHz, for different steering angles.
This gain variation is due to the scanning loss, as shown
b in Fig. 16. Theoretically, the SLLs for any 6#s should be
(b) the same. However, due to the limited number of calibration

Fig. 15. Measured RHCP (Co-Pol) and LHCP (X-Pol) patterns at 30 GHz.
(@) —38° and —15°. (b) +15° and +38°.

B. Measurement Summary

The proposed passive PAA was tested for different steering
anglesin elevation to validate its performance and capabilities.
The main beam was steered toward the angles (0°, £10°,
+15°, £25°, and £38°), and it demonstrated an RHCP

points, the phase shifters characterization in this initial stage
of research was not very accurate and most of the calibration
data over the entire phase shift range were obtained by inter-
polation over a limited number of measurements (10 points per
each phase shifter). This inaccuracy led to asymmetry in the
measured gain and SLLs. Table IV summarizes the radiation
characteristics of the proposed passive PAA at 30 GHz for
different scanning angles.
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Finally, an extensive comparison between the presented pas-
sive PAA and state-of-the-art passive PAAsisgivenin Table V.
This comparison focuses on aspects that are the most critical
factors in designing an efficient and low-cost passive PAA
suitable for implementation in a large-scale system.

V. CONCLUSION

In this paper, the process of developing and successfully
fabricating a novel Ka-band CP passive PAA was presented,
aong with measurement results. To the best of the authors
knowledge, it is the first time that a multiantenna module,
employing a BLT-based phase shifter circuit, has been intro-
duced for used in a CP passive PAA with full electronic
control of each individual antenna element. The proposed
system was implemented using a low-cost PCB technology.
A low-profile and efficient magnetic actuator was proposed
and utilized to control the phase shifter. A wide scanning angle
(£38°) was achieved with high precision. Given these results,
the presented module is suitable for large-scale mm-W PAA
systems with full electronic beam control capabilities toward
any azimuth and elevation. The proposed structure will be
extended to a 2-D CP passive PAA for emerging mm-W appli-
cations, which require low-profile, low-cost, and |ow-power
consumption systems with full beam control capability.
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