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A 16×16 45◦ Slant-Polarized Gapwaveguide
Phased Array with 65 dBm EIRP at 28 GHz
Alireza Bagheri, Hanna Karlsson, Carlo Bencivenni, Magnus Gustafsson, Thomas Emanuelsson,

Marcus Hasselblad, and Andrés Alayón Glazunov, Senior Member, IEEE

Abstract—A high equivalent isotropic radiated power (EIRP)
active phased array antenna is proposed for 5G communication
systems at 28 GHz. The numerical design, the measurements
of a fabricated prototype and the performance analysis are
presented. The antenna design is based on the gapwaveguide
technology and consists of 16 × 16 single 45◦ slant-polarized
elements. The proposed design employs a low complexity printed
circuit board (PCB) structure with only six layers, i.e., a half
of existing wideband solutions. The array antenna incorpo-
rates up/downconverter integrated circuits (UDCs) and 1 × 4
transceiver beamformer integrated circuits (BFICs). Moreover,
a compact and highly efficient transition at the end of each
channel of the BFICs has been designed to interconnect the
antenna elements with the PCB. The antenna’s frontend loss,
which includes the feed line, mismatch, and ohmic losses, is
only 1.3 dB. The array covers the scanning range of ±60◦
in the azimuth plane and ±10◦ in the elevation plane. The
S11 < −10 dB frequency bandwidth is from 26.5 − 29.5 GHz.
The maximum EIRP of the antenna is 65.5 dBm at saturation
point. The presented design offers a compact, robust and low
loss performance solution meeting the high transmission power
requirements of 5G applications.

Index Terms—28 GHz, fifth-generation (5G), gapwaveguide
based antennas, phased array, mmWave, transceiver.

I. INTRODUCTION

5G wireless communication networks aim at simultaneously
serving a large number of steadily increasing mobile

devices, craving for high data rates [1]. Large bandwidths
are therefore required to deliver the new communication
technologies capable of supporting the required massive multi-
Gbps data rates. Several GHz are available at the millimeter
wave (mmWave) frequency bands, i.e., at the 24, 28, 38, and
60 GHz, which have been allocated for 5G links. However,
waves propagating at the mmWave frequencies suffer from
higher propagation losses than at the sub-6 GHz frequencies
due to absorption, blocking, and obstruction [2]. For example,
to compensate for the high path-loss and to maintain a prac-
tical link budget, phased array antennas with many antenna
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elements come at handy. They allow producing base stations
with high output power, while being able of tracking mobile
users with high resolution thanks to high directivity and the
wide scanning ranges obtained with large array antennas.

The two main challenges in the design of antenna elements
and last stage feed lines of a large phased array that are
addressed in this paper are: (i) the design complexity and
(ii) the antenna bandwidth. Complexity leads to higher cost,
while bandwidth is essential to provide a high data rate link
to users in 5G and beyond wireless communications. At 28
and 38-GHz frequency bands, state-of-the-art phased array
antennas commonly use substrate-based antenna elements [3]–
[12]. Antennas are typically integrated with other circuitry,
such as mixers, feeding networks and beamforming networks,
e.g., beamformer integrated circuits (BFIC). Multiple layers of
printed circuit board (PCB) are required for BFICs to deliver
the DC power and the control signals. When substrate-based
antennas are combined with a PCB, the number of PCB layers
rapidly increases and therefore the losses too. This increase
may also be necessary in order to increase antenna bandwidth
[12], [13], or to accommodate the routing from the BFIC to the
antenna port [14]. However, a high number of layers usually
results in high complexity and therefore in high costs of the
PCB design. Buried and blind vias can additionally complicate
the manufacturing, altogether increasing the cost of the active
phased array antenna [7], [14].

In state-of-the-art phased array designs with a large num-
ber of antenna elements, a compromise is made regarding
complexity, bandwidth, ohmic losses, dielectric losses and
mismatch. Feeding patch antennas directly with a via probe
is a common way to achieve low loss last stage feeding in
28-GHz phased arrays. In [7], a phased array with 16 layers
of PCB including an air cavity was proposed, where 10 layers
were dedicated only to antenna elements and feed lines. The
achieved antenna element gain was from 4−7 dBi with about
2 GHz bandwidth at 30 GHz. In [8] and [4], losses of <1 dB
and 0.8− 1.3 dB with a 12-layer PCB and bandwidth from
28− 32 GHz have been reported, respectively. In [15], a 7-
layer of PCB stack with narrow band single-layer probe-fed
patch antennas with 4 dBi gain was employed, which limited
the bandwidth of the phased array. In all the mentioned cases, 6
layers of the PCB were dedicated to DC power, control signals
distribution and connection to BFIC’s common port. The use
of endfire antenna elements, such as the printed dipole and
the Yagi-Uda can increase complexity and losses. In [6], [11],
multiple PCBs were implemented in a 2D array design; one
PCB per antenna column, which can result in an alignment



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015 2

issue. The reported losses from the PA output to the antenna
element port were 3.5 and 6 dB, respectively.

Gapwaveguide technology can be used to reduce the com-
plexity of the PCB design while supporting large a bandwidth
and minimizing feeding losses. This technology has been
proposed as a good candidate for providing a fair trade-off
between manufacturing cost and manufacturing flexibility of
electromagnetic components [16], [17]. The main contribu-
tions of the paper are listed below:

• A high gain compact and low profile active phased array
antenna with 16× 16 elements realized on a non-PCB
antenna technology has been designed and manufactured
for 5G applications.

• A PCB with a reduced number of layers was man-
ufactured meeting the biasing and the control signal
requirements while providing high gain, wide beam steer-
ing capabilities as well as bandwidth requirements. The
designed gapwaveguide antennas provide high integration
flexibility, with the PCB acting as the active part of the
phased array.

• A wideband microstrip-to-waveguide transition was also
designed and manufactured providing optimal power
transfer to a ridge gapwaveguide following the principles
outlined in [18], [19].

• A methodology to develop a 28 GHz phased array
with high EIRP and a low-complexity PCB utilizing
gapwaveguide-based antennas has been outlined.

The remainder of the paper is organized as follows. Sec-
tion II discusses the design approach and the simulation results
of the antenna elements, where the strategy of the integration
of the PCB with the gapwaveguide antenna is presented. The
architecture of the phased array and the key components of
the PCB are explained in Section III. Section IV discusses the
properties of the active phased array antenna in both transmit
and receive modes. Finally, Section V outlines the conclusions.
We anticipate that practicing engineers from both industry and
academia will benefit from the outlined design methodology.

II. ANTENNA ELEMENT AND ARRAY DESIGN

A design sketch of the structure of the antenna element is
shown in Fig. 1(a), which is comprised of a 4× 1 subarray
of 45◦ slant-polarized slots. The corresponding main design
parameters are listed in Table I. In a phased array system
with fixed number of transmitting and receiving modules,
subarraying increases the antenna element gain and provides
a large area per antenna element for placing components on
the PCB, which can reduce hardware complexity. Such an
increase in antenna element gain, increases the EIRP and
the signal-to-noise ratio (SNR) at the user equipment (UE)
end, thus enhancing the cell-edge coverage. A disadvantage
of this approach is, however, the reduced scanning range in at
least one of the principal scanning planes, e.g., the elevation
plane as in this paper. In certain deployment scenarios of
phased arrays, e.g., in low-rise urban, suburban, and rural
environments the beam scanning coverage along the vertical
axis can be reduced because the spread of users’ positions in
this direction is modest [20].

The 45◦ slant-polarized subarray is fed from the center with
a ridge gapwaveguide line. The proposed antenna element
in Fig. 1(a), offers its orthogonal polarization (−45◦ slant),
merely by mirroring the slot layer with respect to yz-plane its
center.

A. Pin and ridge gapwaveguide line design

A ridge gapwaveguide transmission line is used to feed
the slots, where we have followed the design rules in [16],
[21]. In order to allow for the propagation of the feeding
quasi-TEM (QTEM) mode and at the same time to suppress
undesirable modes to minimize leakage across subarrays, it
is vital to ensure that pins on both sides of the transmission
line exhibit a PEC/PMC stopband for parallel-plate modes.
Therefore, the stopband of the pins should coincide with the
phased array’s desired operational bandwidth. The pin, which
is shown in the inset of Fig. 2(a), has been simulated assuming
infinite periodic boundary conditions. The corresponding pin
dimensions are given in Table I. The simulation procedure
is similar to the one discussed in [21]. The corresponding
dispersion diagrams of the first two modes are shown in
Fig. 2(a), with a stopband from 15− 60.5 GHz. The wave
propagation can be controlled in the desired direction by
introducing a ridge between the pin structures. As illustrated
in Fig. 2(b), a single mode band from 21− 53 GHz can be
generated using only one pin at each side of the ridge (shown
in the inset of Fig. 2(b)) with parameters shown in Table I. The
results are obtained by infinite periodic boundary conditions,
while a propagating mode exists only in the y-direction within
the phased array’s operating bandwidth. This QTEM mode is
utilized to excite the slots.
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Fig. 1. The design sketch of the subarray of four 45◦ slant-polarized slots.
The whole subarray is shown in (a) comprising the slot layer (1) on top of
the distribution layer (2). To visualize the cavity and vertical slot, some parts
of the slot layer are shown transparent. (b) The layout of the slanted slots on
top of the slot layer. (c) The layout of a vertical slot which is placed at the
bottom of slot layer. (d) The layout of a cavity between vertical and slanted
slots. (e) The co-polar and cross-polar directions with respect to the slots and
the cavity’s orientation.
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B. Antenna element design

The slot layer structure includes slanted slots at the top and
vertical slots at the bottom, which is similar to the implemen-
tations in [22], [23]. Vertical slots cut the transverse surface
currents induced by the ridge gapwaveguide at locations where
the currents are maximum. The vertical distance between the
slots is 0.56λ0, however they have in-phase electromagnetic
fields. Between these two slots, there is a cavity facilitating
the rotation of electric fields. As can be seen in Fig. 1(a), the
centers of the vertical slot, cavity and vertical slot are aligned
along the z-axis. The layout of the slanted slots and their
respective positions in the xy-plane are shown in Fig. 1(b).
The 2D layouts of one vertical slot and one cavity are shown
in Fig. 1(c) and Fig. 1(d), respectively.

Fig. 3 depicts the distribution of the electrical field (E-
field) in the various areas of the slot layer. The vertical slot’s
horizontally polarized E-fields rotate in the cavity and become
45◦ slant-polarized in the slanted slot. The cavity thickness is
optimized to ensure maximum matching between the two slots,
and it equals 0.09λ0.

TABLE I
ANTENNA STRUCTURE KEY DIMENSIONS EXPRESSED IN λ0 AT 28 GHZ.

Parameter Value Parameter Value Parameter Value
a 0.13 sl1 0.61 ml1 0.12
p 0.28 sw1 0.17 ml2 0.27
h 0.17 sl2 0.07 v1 0.45
g 0.005 sw2 0.1 v2 0.34
w 0.52 sl3 0.51 v3 0.06
hr 0.11 sw3 0.1 hs 0.18
wr 0.13 sl4 0.07 gs 0.02
d 0.56 sw4 0.18 h1 0.28
b 0.07 mw1 0.04 h2 0.12
t 0.15 mw2 0.02 h3 0.33

mw3 0.03 h4 0.06
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Fig. 2. Dispersion diagrams for infinite periodic (a) pins and (b) ridges
embedded within a pin texture including all the modes. The target bandwidth
is highlighted in gray.
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Fig. 3. Simulated E-field distribution in the (a) vertical slot, (b) cavity, and (c)
slanted slot of the slot layer. Simulation is performed at 28 GHz and E-fields
are normalized to the maximum value.

A vertical microstrip-probe transition with a backshort
cavity is used to feed each subarray from the middle. Such
transition allows the components facing backwards to make
direct contact with the shield layer. The layout of the mi-
crostrip probe is shown in Fig. 4(a). A rectangular via fence
surrounds the probe, allowing for a strong coupling to the
gapwaveguide through multiple layers of PCB. The PCB stack-
up used for the transition design has 5 layers of substrates
(consisting of RO4350B with εr = 3.66, tanδ = 0.0037, and
thickness = 168 µm as core substrates, and RO4450F with
εr = 3.7, tanδ = 0.004, and thickness = 102 µm as prepreg
substrates), which is typically employed in the design of
mmWave phased arrays as indicated above. As shown in
Fig. 4(b), the backshort cavity is made of cylindrical pins
and is positioned over the probe. The backshort pins are
simulated in a unit cell configuration and show a stopband
from 25−57 GHz. Four pins on the sides will be shared with
neighbour subarray transitions, and in overall 10 pins are used
to build a backshort.

1) Unit cell antenna element model performance: The
subarray, comprising an antenna element and a transition, is
simulated as a unit cell with periodic boundary conditions on
each side (along the x- and y-directions in Fig. 1(a). CST
Microwave Studio’s time domain solver is used for the simu-
lations. The subarray was excited by a waveguide port from the
microstrip line. The simulated return loss (|S11|), the azimuth
pattern, and the elevation pattern at three frequencies (26.5,
28 and 29.5 GHz) are shown in Fig. 5(a), Fig. 6(a) and (b),
respectively. It should be noted that the co-polarization (Co-
pol) and cross polarization (X-pol) directions are (x̂+ ŷ)/

√
2

and (−x̂+ ŷ)/
√

2, respectively, as shown in Fig. 1(e). The
azimuth and elevation are defined on the xz- and yz-planes,
respectively, and angles are measured from the z−axis. The
subarray’s impedance bandwidth defined at |S11| ≤ −11 dB is
from 26.5−29.5 GHz as required. Across the frequency range,
the co-polar radiation pattern exhibits good angle coverage
in azimuth and elevation planes. As subarraying is done in
the vertical direction, the element pattern is narrower in the
elevation plane compared to the azimuth plane. The X-pol
level increases at angles far from broadside in the azimuth
plane, which is due to the behavior of slanted slots.

2) Embedded antenna element model performance: An-
other technique for simulating the antenna element combined
with the transition is to integrate it into the phased array
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Fig. 4. Microstrip to double ridge gapwaveguide transition model. (a) Layout
of microstrip probe. (b) Three dimensional view of transition at a cross section
which is vertical to the middle of microstrip probe.
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Fig. 5. (a) Unit cell and (b) embedded return loss of the subarray. (c) The mutual coupling between different array elements. (d) The 4×16 layout of array,
which is used for embedded antenna element simulation.
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Fig. 7. Active matching of one row of elements when scanning to different azimuth plane angles.

antenna. The radiation properties of an element are affected
by its position in the array. The antenna elements are excited
one at a time, while all the other are terminated, which is
known as the embedded element antenna. For this simulation,
an array consisting of 4× 16 subarrays is used. The results
are displayed in Fig. 5 and 6 for a subset of the elements.
The results for the rest of the elements are omitted due to
similarity. Fig. 5(b) shows the return loss for the elements
at the array’s corner, top edge, left edge, and center. All of
the elements in the array’s center work in the same way. As
it can be seen from Fig. 5(b), the return loss of the antenna
elements stay below −12 dB within the designated frequency
range 26.5−29.5 GHz. The mutual coupling between a set of
selected array elements is shown in Fig. 5(c). The coupling be-
tween neighboring elements is less than −16.5 and −23 dB in
x- and y-directions respectively, for all elements over the whole
frequency range. The higher level of |S11| in Fig. 5(a) is due to
coupling from neighbor elements in the unit cell simulation,
while they are terminated in embedded element simulation
of |S11|. The azimuth and elevation radiation patterns of
these selected elements at 28 GHz are depicted in Fig. 6(c)
and 6(d), respectively. The variable number of neighboring

elements causes variation in antenna element performance, and
this variation is the highest for edge elements in the array.
A solution to make the performances more even is to add
terminated dummy subarrays next to the array edges [24]. This
method will result in increasing the similarity of the elements’
return loss as well as the mutual coupling.

C. Active matching
Following the subarray design, the 4 × 16 array’s active

matching is simulated with CST Microwave Studio’s time
domain solver. The structure has approximately 70,000,000
meshes in a hexahedral shape. The smallest and the largest
mesh sizes are 0.04λ0 and 0.54λ0, respectively. The small
meshes are concentrated near critical areas, such as slots and
waveguides, and they are employed to provide accurate elec-
tromagnetic field calculations in those areas. The simulation
area’s outer corners have larger meshes because they have
weaker electromagnetic fields.

Scan matching for three specific scanning angles are shown
in Fig. 7. Only the results of a row of elements in the middle of
the phased array antenna are given here. Due to the similarity
of results between the rows, the results from the other rows
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are omitted. The results for the elements on the row edges and
center are highlighted in the figure. Active matching varies
depending on the scanning angle for each element, since it is
affected by the element position and embedded pattern [25].
The antenna is matched for all scanning angles up to ±60◦

in the azimuth plane (lower than −10 dB), while at ±60◦,
the matching is better than −7 dB over the designated band.
Active matching in the elevation plane within the ±10◦ range
is rather similar to the broadside radiation results. This is due
to low coupling level between neighboring elements in the
y-direction.

III. PHASED ARRAY ANTENNA DESIGN

A large phased array antenna consisting of 16×16 radiating
elements is developed and manufactured, allowing for high
antenna gain and EIRP. The phased array antenna consists of
multiple layers with the stack-up depicted in Fig. 8. The layers
are from top to bottom: the slot layer, the distribution layer
(which were discussed in the last section), the PCB layer and
the shield layer.

Fig. 9 shows a block diagram of RF components on the
PCB. The array makes use of four mmWave frequency highly-
integrated silicon up/down converter ICs (UDC). Each UDC
has a ×4 local oscillator (LO) multiplier [26]. Each UDC
supports a quarter of the array, and the structures of all quarters
are comparable. UDCs are connected to separate transmit (TX)
and receive (RX) connectors via 50 Ω striplines, allowing each
UDC to function independently, whether in TX or RX modes.
With this concept, four beams can be produced at the same
time, meaning that hybrid beamforming can be achieved. The
LO frequency is set to 5.6 and 5.975 GHz for the lower and
upper frequency bands, respectively, and the IF band (both
for RX and TX) is set to 4.1− 5.6 GHz. This configuration
allows to cover the band from 5.6× 4+ 4.1 = 26.5 GHz to
5.975×4+5.6 = 29.5 GHz. It should be pointed out that the
PCB occupies the same surface area as the antenna layers do,
including up/down conversion and beamforming.

As shown in Fig. 9, the phased array comprises 16 BFICs
that are connected to 4 antenna elements each, i.e., in a 1×4

1

Slot layers

Distribution layer

PCB

Shield layer

x

y

z

Fig. 8. Stack-up of the array antenna system. Layers from top to bottom: slot
layer, distribution layer, PCB and shield layer.
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Fig. 9. RF PCB block diagram.
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Core
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1
Fig. 10. 6-layer RF PCB stack-up

architecture. BFICs are produced with NXP’s SiGe technology
and have four bidirectional channels. All device functions
are digitally controlled and monitored via a high-speed serial
peripheral interface (SPI) interface [27]. Each channel has a
TX and an RX chain, both of which contain a high-resolution
phase shifter and a variable gain amplifier (VGA). The VGA
gain control in the TX and RX chains is 25 dB and 30.5 dB,
respectively. The transmit chain 1 dB output power compres-
sion point (P1dB) of each channel is 19 dBm. This BFIC
is packaged by wafer-level chip-scale packaging (WLCSP)
process with small dimensions of 4.39×3.59×0.5 mm3. The
metallic shield layer, shown in Fig. 8, dissipates heat from the
BFIC and aids in its temperature stability.

The PCB stack-up depicted in Fig. 10 contains six lay-
ers. RO4350B and RO4450F with the properties mentioned
in the previous section are used as core and prepreg sub-
strates, respectively. The UDCs, BFICs, Wilkinson power
divider/combiners, and all 50 Ω microstrip routing lines are lo-
cated on the top metal layer (M1). The main trace of striplines
is on Layer M4. Layers M2 and M6 serve as grounding for IF
and RF frequency signals. Each BFIC channel is linked to one
antenna element array through the transition from microstrip
to double ridge waveguide.



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015 6

IV. PHASED ARRAY PROTOTYPE MEASUREMENTS

In this section we present the measurement results per-
formed on the manufactured prototype. Measurements are
compared to simulations. In the first part we present the
calibration procedure prior to performance measurements.

Fig. 11 shows the assembled phased array mounted on a
fixture. Although not shown, the fixture includes a 1 to 4 power
dividing/combining network connected to the IF ports, and
an SPI interface circuit providing communication to the ICs
through a universal serial bus (USB) connector.

The slot layer is made with an aluminum etching process,
while the distribution and shield layers are made with alu-
minum milling. These processes add a ±20 µm tolerance
(equivalent to ±0.002λ0) to the layers dimensions. The nom-
inal tolerance for layer misalignment when assembled on top
of each other is ±10 µm (x- and y-directions in Fig. 11).
The simulation shows minor changes in the results within the
manufacturing tolerances specified.

A. Calibration measurements

Active phased arrays need to be calibrated in order
to achieve high performance by removing undesired non-
idealities. Indeed, although the design presented is identical
in all parts, there will be unavoidable differences between
channels due to edge effects, manufacturing, assembly, and the
differences between the components, especially the BFICs. If
the phase and gain difference between channels is large, the
phased array may not perform as desired. For example, the
resulting farfield pattern may display high side lobe levels, the
main lobe pointing direction might deviate and the correspond-
ing gain might be lower. Fig. 12(a) shows the normalized co-
polar radiation pattern of the phased array without calibration,
where for the sake of comparison, the corresponding ideal
radiation pattern obtained from simulations is also included.

Numerical simulations were performed in order to gain
further insight on the impact of non-idealities, e.g., variations
of the phases and the amplitudes of the excitation of the
antenna elements on the radiation pattern. The variations are
assumed to follow the Gaussian probability distribution, which
are added to the ideal (simulated) phases and amplitudes of
each antenna element. They are independent, have zero mean
with standard deviations of 1 dB and 9◦ for amplitude and
phase of excitation, respectively [4].

The resulting simulated performance deviation, e.g., in
terms of the side lobe level (SLL) and antenna gain errors,

Fig. 11. The phased array antenna prototype mounted on the fixture.

arising from the random element excitation variation in phase
and amplitude is shown in Fig. 12(b)-(d). As can be seen from
the simulation results, when only excitation phase variation
is applied (Fig. 12(b)), on average a −0.1 dB antenna gain
and a 0.4 dB SLL degradation are observed. But when only
amplitude excitation variation is applied (Fig. 12(c)), the
average antenna gain error is −0.05 dB and the SLL error is
negligible. Finally, combining both amplitude excitation and
phase variations (Fig. 12(d)), will result in −0.16 dB and
0.5 dB average antenna gain and SLL errors, respectively,
where Fig. 12(b) and (c) suggest it is mainly due to phase
variation.

In this work, only channel phase calibration has been
performed while no channel gain calibration is considered.
This is because the measured channel gain variation is in
the ±1 dB range. However, due to unequal lengths in the
IF-feed network from the RX/TX connector on the PCB
to the UDCs, a calibration of the UDC-gain levels were
performed prior to the main calibration. In this way, an even
gain distribution to the common ports of BFICs is achieved.
The calibration routine follows the method presented in [28].
During the calibration procedure, antenna elements are rotated
successively, and only variations in the array’s power in the
desired direction are measured. The optimal phases for each
element are then determined using the rotating element electric
field vector method.

B. Radiation pattern measurements

The phased array antenna prototype was fully calibrated and
characterized in farfield (> 2D2/λ0) using a vector network
analyzer and a standard gain horn antenna. The normalized
radiation pattern was measured in a fixed configuration that
included all TX/RX, scanning angles, and azimuth/elevation.
This helps to compare all of the measurement cases fairly.
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Fig. 12. (a) Measured radiation performance of the array antenna at broadside
without calibration compared with simulation at 28 GHz. SLL and antenna
gain error (b) with random excitation phase only (Gaussian distribution with
zero mean and 9◦ standard deviation), (c) with random excitation amplitude
only (Gaussian distribution with zero mean and 1 dB standard deviation),
and (d) with random excitation phase and amplitude at the same time but
independently, at 28 GHz broadside.
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Fig. 13. Radiation pattern of the antenna for two scanning angles at 28 GHz in TX mode. For each case, the squint in azimuth plane over frequency is shown
inset of figure.
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(a) Simulated gain roll-off
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(c) Measured RX gain roll-off
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(d) Measured RX SLL
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(e) Measured TX gain roll-off
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Fig. 14. Radiation performance of array antenna in simulation, RX and TX modes.
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Fig. 16. Fine scanning resolution with 1◦ step at 28 GHz in RX mode.

Although, all the aspects for reducing the systematic error
were considered, the measurement results are estimated to
have a ±0.5 dB uncertainty. This uncertainty is caused by
angular misalignment of the antennas, temperature drift of ICs,
and measurement equipment added noise.

Fig. 13 show the measured co- and cross-polar farfield
patterns after full calibration. Fig. 13(a) shows the co- and
cross-polar azimuth patterns for the broadside scanning angle,
while Fig. 13(b) shows results for the −40◦ scanning together
with their corresponding simulation results. The measurement
results are in good agreement with simulations in terms of
SLL, nulls and beamwidth. The deviation of scanning angle
(squint) over the target frequency band is shown inset of the
respective figure for each case. This deviation is not more than
1◦, demonstrating the beams’ stable pointing over frequency.

In order to evaluate the radiation pattern performance at
different frequencies and at different scanning angles the gain
roll-off for the main lobe and the corresponding SLL were
computed from both simulations and measurements. The gain
roll-off is defined here as the difference in dB between the
gain in the main lobe at a scanning angle and the gain in
the broadside direction at a given frequency. The results are
summarised in Fig. 14 and presented over the whole scanning
range in both azimuth and elevation, and within the working
bandwidth of antenna for both in the RX and the TX modes
of the array antenna.

As can be seen from Fig. 14(c) and (e), the gain roll-off
in both TX and RX modes obtained from measurements are
in good agreement with the simulations in Fig. 14(a). The
error stays within ±1 dB for all scanning angles over the
frequency band of operation. Also, by comparing Fig. 14(d)
and Fig. 14(f) it can be noted that the measured SLL in the
azimuth plane is less than −9 dB for the majority of scanning
angles from −50◦ to +50◦. Furthermore, high side lobes are
seen from Fig. 14(b), (d) and (f), for scanning angles smaller
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Fig. 17. EIRP measurement at broadside angle and 28.5 GHz versus (a) input
power and (b) number of elements.

than −50◦ and larger than +50◦ in the azimuth plane, and
for frequencies above 28 GHz. A further comparison between
measurements and simulations show good agreement for SLLs
in the elevation plane as shown in Fig. 14(b), (d) and (f).
However, in this plane, grating lobes appear for scanning
angles smaller than −5◦ and larger than +5◦ due to the large
separation distance between elements.

The root mean square (RMS) steering angle error of RX
mode is shown in Fig. 15. At each angle, the error is calculated
over all measured frequency samples in the 26.5−29.5 GHz
band. The accuracy of the calibrated steering angle is 1.6◦ or
less. The error is caused by different factors, such as beam
squint over frequency, pattern shape and phase quantization
error of phase shifters. The beam squint has no effect on
the broadside, but it gets worse in the angles with larger
absolute values. Due to lower gain and wider beamwidth in
angles further from the broadside, the pattern shape has a
similar impact to the beam squint. The phase quantization
error results in an error that is constant across all angles. In
the angles near the broadside, it is the only factor that causes
the error. Given the little RMS steering error at those angles,
phase quantization’s impact appears to be minimal. Fig. 16
shows the measured radiation pattern of multiple beams in
the azimuth plane with 1◦ steps. Due to the use of 8-bit
phase shifters in BFIC, achieving 1◦ resolution is expected
[29]. Hence by considering this resolution and measured SLLs
in Fig. 14, the proposed phased array antenna shows a high
scanning resolution capability without degrading SLLs, which
is essential to achieving high SNR for 5G transceivers [6].

C. EIRP measurements

The phased array’s EIRP is characterized in TX mode.
It was determined by calibrating the entire setup with a
standard horn antenna. Considering that the horn antenna’s
gain was known, the entire loss of free space, all cables, and
the reception antenna were all measured. The standard horn
antenna was replaced with the phased array in TX mode. To
maintain the same loss of free space, the aperture positions of
both antennas were the same.

The measured EIRP at broadside scanning angle of the
antenna versus the input power is shown in Fig. 17(a).
The EIRP achieves the 1 dB compression point (P1dB) at
63.4 dBm and saturates at 65.5 dBm (Psat). The power
consumption per channel in TX mode at a 9 dB back-off from
P1dB and in RX mode are 225 and 155 mW, respectively.

alireza.bagheri
Rectangle

alireza.bagheri
Highlight



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015 9

TABLE II
SUMMARY AND COMPARISON WITH THE STATE-OF-ART 28 GHZ PHASED ARRAYS

This work UCSD ’20
[8]

UCSD ’18
[4]

Tokyo Tech ’20
[15]

IBM ’17
[3], [30]

UCSD ’20
[10]

Tokyo Tech ’19
[6]

Frequency [GHz] 26.5−29.5 28−32 28−32 28* 27.2−28.8 24−29.5 26.5−29.5

Antenna technology Gap
waveguide

Dual-pol
stacked patch

Stacked
patch

Dual-pol
patch

Dual-pol
stacked patch

Stacked
patch

Printed dipole
array

PCB complexity 6 layers 12 layers 12 layers
w/ burried vias 7 Layers

16 layers
w/ buried vias
and air cavity

12 layers
Separate boards

per subarray
column

Frontend
losses [dB]

Feed line 0.3
< 1 0.8−1.3 - - - 6.04**

Antenna’s
ohmic loss 0.55 - - - -

Mismatch 0.45 0.45 0.45 - - - -
Subarray/
element

size [λ 2
0 ]*** 2.24×0.52 0.62×0.5 0.63×0.5 −×0.56 0.59×0.59 0.48×0.51 0.54

antenna gain [dBi] 10.5 4.5 4.5 4 3-4 4 11.9
TX P1dB/channel [dBm] 19 11-12 11-12 11.3 13.5 11.5-12 15.7
Array size 4×16 8×8 8×8 2×16 8×8 16×16 1×8
Polarization Single Dual Single Dual Dual Single Single
El/Az plane scan range [◦] ±10/±60 ±25/±50 ±25/±50 −/±50 ±50/±50 ±50/±60 −/±50
EIRP @ P1dB [dBm] 63.4 50-51 50 - - 63.5 36.5
EIRP @ Psat [dBm] 65.5 52 51-52 45.6 54 65.5 39.8
* Narrow bandwidth antenna design at 28 GHz center frequency.
** It includes SMPM connector and bond wire.
*** Sizes are in terms of free space wavelength of respective center of frequency bands.

These values are achieved in the whole IF to RF chain
including the up/downconverter integrated circuits (UDCs) and
the 1×4 transceiver beamformer integrated circuits (BFICs).
This agrees well with the design assumptions

EIRPP1dB = OP1dBBFIC +Gsubarray +20log10(N), (1)

where EIRPP1dB = 65.5 dBm is the phased array EIRP at
P1dB, OP1dBBFIC = 19 dBm is the BFIC output power at
P1dB, Gsubarray = 10.5 is the subarray antenna gain including
feed, ohmic and mismatch losses, and N = 64 is the total
number of subarrays. The difference between measured and
expected value of EIRPP1dB can be due to a variation of output
power of BFICs which will result in power amplifiers going
into compression at lower input power and higher loss in the
antenna elements.

Fig. 17(b) shows the measured EIRP versus the number of
active elements at Psat and P1dB. Ideally, halving the number
of active elements should result in a 6 dB drop in EIRP. This
is depicted by the ideal straight line in the figure. The EIRP at
Psat and the ideal straight line intersect at 64 elements. As the
number of of elements decreases, a deviation from ideal line
appears, which can be explained by the variation in radiated
power among the single antenna elements of the array.

D. Comparison with the state-of-art

A comparison with the state-of-art phased array antennas at
28 GHz band is presented in Table II. The comparison criteria
comprise the PCB complexity, antenna subarrays/elements
characteristics, and active array performance parameters, e.g.
array size, coverage and EIRP. Comparing the phased arrays
in terms of frontend losses, it can be seen that the proposed
design in this paper has similar loss levels as the other very
low loss designs in [4], [8], while demonstrating a much lower
PCB design complexity. The proposed phased array design
achieves EIRP as high as in [10], while it has lower number of

RF chains, and consequently lower power dissipation density
and consumption due to the implementation of subarraying,

V. CONCLUSION

This article has demonstrated the high perforamce of a
16 × 16 elements phased array at 28 GHz band for 5G
applications. Both design simulations and measurement results
of a manufactured prototype are presented. The fabricated
prototype fulfills the required systems performance. The array
is a complete system including up/downconverters and 1×4
TRX beamformer ICs and is able to steer its main beam in the
range of ±60◦ in azimuth and ±10◦ in elevation. The phased
array can deliver a maximum EIRP of 65.5 dBm at saturation
with a 3 dB bandwidth of 26.5− 29.5 GHz. The proposed
structure employs gapwaveguide based antenna elements to
simplify the design and to reduce losses in the array frontend.
Hence, the proposed phased array system design is a good
candidate for a compact deployment in practical 5G systems
requiring beamforming with high output power, while reducing
manufacturing complexity.
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