IEEE Access

Multidisciplinary  Rapid Review : Open Access Journal

Received March 17, 2022, accepted March 24, 2022, date of publication April 1, 2022, date of current version April 8, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3164201

A Modular Dual-Polarized Ka-Band
Vivaldi Antenna Array

HENRI KAHKONEN“12, JUHA ALA-LAURINAHO“2, AND
VILLE VIIKARI“?2, (Senior Member, IEEE)

!Saab Finland Oy, 00100 Helsinki, Finland
2Department of Electronics and Nanoengineering, School of Electrical Engineering, Aalto University, 02150 Espoo, Finland

Corresponding author: Henri Kidhkonen (henri.kahkonen @aalto.fi)

This work was supported in part by Saab AB.

ABSTRACT A modular dual-polarized Vivaldi antenna array design for 18-30 GHz frequency is pre-
sented. The array module consists of the antenna and RF modules. The antenna module comprises
4 x 4 dual-polarized antenna elements with element spacing of A/2 at 30 GHz. The RF module contains the
amplifiers and phase shifters that control all the elements using commercial off-the-shelf (COTS) flip-chip
components. The footprint of the RF module is the same as that of the antenna module allowing assembly
of antenna arrays of almost any size and shape. Additionally, the interface between the antenna and the RF
modules is connectorless, decreasing the number of components required in the assembly and decreasing the
overall cost of the system. An array of 4 x 8 dual-polarized antenna elements is constructed from two array
modules to prove the seamless operation of the modular design. The prototype uses Anokiwave chips with a
frequency range from 26.5 GHz to 29.5 GHz. The measured amplitude and phase of the electric field in front
of the antenna aperture is uniform so as to equally feed the elements. Additionally, the demonstrated beam
steering up to £60° in the plane of the larger array dimension matches well with the simulations, proving
the feasibility of the design.

INDEX TERMS 5G, antenna array, electronically scanned array, flared-notch antenna, Ka-band, mm-wave,

phased array, surface-mounted antenna array, tapered slot, Vivaldi antenna, wideband.

I. INTRODUCTION

Antenna arrays are becoming increasingly important in future
mobile networks and sensing applications [1]-[5]. Especially
electronically beam-steerable antenna arrays will have the
advantage in being able to decrease interference by directing
the radiated energy only in the desired direction. Integration
of high-performance electronically beam-steerable antennas
and the related electrical components becomes increasingly
important and at the same time more difficult when mov-
ing to higher frequencies, for example, in millimeter-wave
(mm-wave) mobile networks. Integrating the amplifiers close
to the antenna element decreases losses in the structure,
greatly increasing the efficiency and decreasing waste heat.
Although, decreasing antenna element size in an antenna
array is beneficial to minimize the length of the trans-
mission lines, it also decreases the available area for the
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electrical components, such as the amplifiers, phase shifters,
and connectors. For example, in an antenna array operating at
30 GHz, the area of one antenna element is approx. 25 mm?.

There are a few candidates for a wide-band antenna ele-
ment suitable for phased antenna arrays at mm-wave fre-
quencies, such as the Vivaldi antenna array [6]-[12] and
the planar ultrawideband modular antenna (PUMA) array
[13]-[17]. PUMA arrays are relatively thin compared to
Vivaldi antenna arrays, and they also offer better polarization
characteristics when steering in the diagonal plane. However,
Vivaldi antennas still have better capability to keep the active
reflection coefficient (ARC) below —10dB when steering
beyond £45° angles, especially in the H-plane. Additionally,
a fully metallic Vivaldi antenna can be used as a heat sink
for the electrical components when mounted directly on the
PCB, and even integrating water-cooling channels within the
metallic antenna structure is possible. Conventionally, both
PUMA and Vivaldi antenna elements have been constructed
so as to have a dedicated connector in each radiating element.
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A dual-polarized array, would have two connectors per radi-
ating element. However, fitting these connectors to all the
antenna feeds in a dual-polarized antenna array becomes a
major issue due to the decreasing size of the antenna ele-
ments when the RF-systems move to mm-wave frequencies.
In addition to the connector size issue, the cost of the higher
frequency connectors also becomes unreasonably high with
respect to the manufacturing of the antenna elements.

Other planar antenna structures suitable for mm-wave
phased arrays are presented in [18]-[23]. These arrays are
mainly manufactured on PCBs and may be manufactured
cost-efficiently. These arrays may generally have a narrow
bandwidth, narrow beam-steering range, low efficiency due
to high dielectric losses, or surface waves in the dielectric.
Antenna arrays integrated in the PCB allow the electronics
and the antenna elements to be in the same structure and the
manufacturing process of these kinds of arrays is well known
and reliable [24]-[26]. However, antennas in the PCB require
additional layers that increase the cost and complexity of the
board. The PCB antennas also prevents the use of additional
heat sink components on this side of the board.

In this paper, the objective is to extend the design pre-
sented in [27]-[29] and realize the envisioned integration
capability of these structures. In the previous works, a sim-
ilar type of antenna element design is used to confirm the
feasibility of the surface-mounted antenna design and the
applicability of additive manufacturing to the design to retain
good performance up to 40 GHz. This work presents how
the antenna array can be directly mounted on top of a PCB
without connectors in a modular antenna-array design, plac-
ing the beamformer RFICs for Tx/Rx communication behind
the antenna array on the same PCB modules and within the
same footprint as the antennas for two linear polarizations at
30 GHz. These antenna-array modules enable the array size
and shape to be freely chosen, and the cost of the array is
decreased by the reduced number of expensive mm-wave RF
connectors within the antenna structure. Additive manufac-
turing is used to manufacture the radiating part of the array,
allowing greater freedom in the antenna-array design without
increasing the complexity of manufacturing and simultane-
ously decreasing the cost. The antenna array is designed and
optimized using full-wave simulations. Measurements are
used to characterize the radiation patterns and the gain of a
prototype antenna array to confirm the simulation results.

The article is organized as follows: The antenna element
and module designs as well as the measurement board for the
proof-of-concept antenna array used to combine the modules
together are presented in section II with the simulation results
whereas the manufactured structures and the measurement
results of the prototype are presented in section III. The paper
is concluded in section I'V.

Il. ANTENNA ARRAY DESIGN

An antenna array prototype is designed integrating previ-
ously presented ideas [27]—-[29]. The core idea of the antenna
array is to be wideband, beam-steerable, modular, and to
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theoretically enable the array to be extended to any size and
shape. The modularity of the structure includes the integra-
tion of the mm-wave front end (RF chips with amplifiers
and phase shifters) to provide beam-steering capability to
these modules. The antenna and RF modules can then be
connected to a single or multiple analog or digital receivers
through power-division networks, and the logic controlling
the antenna element weights.

The prototype is designed to be a dual-polarized 4 x 4
Vivaldi antenna array module that can be connected to a
measurement board behind the module. The measurement
board can be configured with up to four modules forming
an array of 8 x 8 antenna elements or 2 x 2 antenna mod-
ules. Each array module includes a metallic, surface-mounted
antenna module and an RF module. The RF modules act as
the interface of the antenna modules and includes Anoki-
wave AWMF-0162 chips with amplifiers and phase shifters.
Whereas the designed antenna module is wideband having
an operational bandwidth from 18 to 30 GHz, the ICs are
designed for the n257 band (26.5 to 29.5 GHz). The modular
design allows the AWMF-0162 chips to be replaced with
corresponding chips for n258 band (24.25-27.5 GHz). The
array modules are connected to a power-division network on
a measurement board directly behind these modules. The RF
module signals are combined in the feed network on that
board such that there is one external port for each of the
polarizations. The measurement board is also used to regulate
the input voltage to the ICs and combines the digital control
lines.

A. ANTENNA MODULE

The radiating part of the antenna array sets the restrictions
for the size of the rest of the components due to the element
spacing requirement. The antenna element spacing should be
close to half a wavelength with respect to the upper frequency
limit of the operational band to prevent the rise of grating
lobes within the field of view of the array. In this case, half
wavelength at 30 GHz implies an element spacing of 5 mm.

The Vivaldi antenna element used in the antenna module
is designed for a frequency range between 18 and 30 GHz
and is shown in Fig. 1. The most important dimensions are
presented in Table 1. The antenna element is based on a dual-
polarized Vivaldi antenna design that can be surface-mounted
on a PCB. The antenna element is a single piece of metal and
can be manufactured using additive manufacturing or electric
discharge machining. It is based on the design presented
in [27]-[29] with the dimensions scaled and optimized for the
frequency range up to 30 GHz. One antenna element is dual
polarized, and the elements can be used to construct arrays of
various sizes. The size of one element is 5 x 5 x 18.5 mm?
(x Xy x2).

The simulations have been performed using CST Studio
Suite. The simulation results of the antenna element in a unit-
cell show that the antenna is matched well in the designed
frequency band in the steering range up to £60°. Fig. 2 shows
the active reflection coefficient (ARC) of the antenna element
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FIGURE 1. (a) 3-D view of the simulated unit-cell antenna element
structure, (b) the side view of a section of the antenna element, and
(c) the top view of the antenna element.

TABLE 1. Dimensions of the simulated unit-cell structure.

din coaxial inner diameter 0.5 mm
dou coaxial outer diameter 1.8 mm
Pel total height of the element 18.5 mm
Rfiare height of the exponential taper 7.8 mm
Ptaper height of the linear taper 7.2 mm
Pecay height of the cavity 2.05 mm
R rate of the exponential taper 0.17
Tel radius in the cutout between the ridges 1.6 mm
Weay width of the cavity 0.8 mm
We width of the slot after linear taper 1 mm
Wel element spacing 5mm
Wridge width of the ridge 1.3 mm
wy width of the slot 0.33 mm

between 18 and 30 GHz in the broadside direction, in the
£60° beam steering in the elementary E- and H-planes, and
in both diagonal planes. The presented beam steering results
in the highest possible ARC within the beam-steering range
of the specific antenna element and thus gives a good overall
perception of its operation. The ARC is better than —10dB
everywhere else except in the H-plane with £ 60° steering

36364

ARC (dB)

Frequency (GHz)

Broadside —B— Phi 0° (E-plane), Theta +60°
—o— Phi 90° (H-plane), Theta +60° —e— Phi 45° (D-plane), Theta +£60°
—— Phi —45° (D-plane), Theta +60°

FIGURE 2. Simulated ARC of the antenna element in the broadside
direction, and in the +60° beam-steering directions in the E-, H-, and
D-planes.

Cross coupling (dB)

Frequency (GHz)

Broadside —B— Phi 0° (E-plane), Theta 60°
—e— Phi 0° (E-plane), Theta —60° —B3— Phi 90° (H-plane), Theta 60°
—— Phi 90° (H-plane), Theta —60° —F— Phi 45° (D-plane), Theta £60°
—B— Phi —45° (D-plane), Theta 60° —— Phi —45° (D-plane), Theta —60°

FIGURE 3. Simulated coupling between the ports of different polarization
of the antenna element in the broadside direction, and in the +60°
beam-steering directions in the E-, H-, and D-planes.

below 19.5 GHz and above 29 GHz. Fig. 3 shows the coupling
between the ports of the vertical and horizontal polarization.
Similarly to the ARC, the cross coupling is also dependent on
the beam steering. The behavior of the ARC is approximately
symmetric in any given plane but the cross coupling is not.
The coupling is generally below —20 dB, but in the ¢ = —45°
plane (D-plane) it rises above —15 dB below 22.5 GHz when
steered to —60°.

Fig. 4 shows the embedded element patterns at 18, 26, and
30 GHz. In the elementary planes, the co-polarized element
patterns are close to a cosine function, and the scan loss is
approximately —3 dB at & 60°. The cross-polarization level
is generally below —20dB. In the diagonal planes, the co-
polarized pattens are not as wide as on the elementary planes,
and the level of the cross polarization increases.

In this demonstration, the elements are arranged in a
4 x 4 array module. The base of the module is 20 x 20 mm?
in size, and the antenna modules can be arranged to form a
larger continuous array.

B. RF MODULE

The RF module, containing the integrated amplifiers and
phase shifter chips, is designed to interface directly with
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FIGURE 4. Simulated embedded element patterns of the antenna array in
a unit-cell simulation at (a) 18 GHz, (b) 26 GHz, and (c) 30 GHz, in the E-,
H-, and D-planes.

the surface-mounted antenna module without any connec-
tors so that the chips are close to the antenna elements.
The connectorless design significantly reduces the cost of
the array since expensive RF connectors are not used. The
antenna may be attached to the RF module either with screws,
with solder, or with a thin film of conductive glue. The
RF module design in based around RFICs with amplifiers
and phase shifters capable of both TX and RX applications.
The Anokiwave AWMF-0162 chips are commercial off-the-
shelf (COTS) components with a common port connected
to four antenna ports, where the phase and the amplitude of
each antenna port can be controlled separately. The operation
frequency of these chips is 26.5-29.5 GHz (n257 band).

The transition from each of the antenna elements to the
RFICs is designed to be as short as possible to minimize
losses and the footprint of the module. The size of the RF
module is 20 x 20 mm?, the same as that of the antenna
module. There are eight Anokiwave AWMEF-0162 chips on
the module with a total of 32 antenna ports, 16 for each
polarization. The ICs are divided so that four are dedicated
to the vertical and another four to the horizontal polarization.
The common ports of the ICs are connected to four SMPS
connectors from which each of the polarizations have two
connectors. Fig. 5 shows a schematic of the RF-signal paths
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FIGURE 5. RF-signal schematic of the RF module. The circles represent RF
connectors, and the signal follows the path from the connectors to the
ICs from where the signals are guided to the antenna elements.
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FIGURE 6. (a) Top view of the PCB which is in contact with the antenna

module, and (b) the bottom side of the PCB where the RF chips and the

connectors are mounted. Red squares illustrate the chip placement and
the numbers indicate the port numbers used in the simulations.

in the RF module. Fig. 6 shows illustration of the top and
bottom layers of the RF module where the RF traces are, and
the port numbering used in the simulations. Fig. 7 shows more
detailed view of the RF traces and the PCB layers and Table 2
shows the indicated dimensions. The PCB is an eight-layer
design using 118-um substrates between the layers. The RF
layers on the top and bottom are connected through the board
with a plated through hole while other vias are microvias. The
inner layers are used for the cavities behind the connector
and antenna transitions, and the control and power lines for
the chips. The signal enters the RF module from a SMPS
connector and the following T-junction power divider splits
the signal between two ICs. The IC divides the signal further
to four antenna ports. The antenna ports are connected to a
short microstrip line that is routed from the bottom layer to
the top layer, where another short microstrip line functions as
a transition to the coaxial antenna feed.

The ICs are controlled with SPI. On the module, they are
arranged in two chains of four chips, as shown in Fig. 8.
The control data is passed through the chain of four chips
when the chip’s select pin is enabled and the telemetry data
from the chip is simultaneously pushed back to the controller.
In addition to the pins required for the SPI control signals,
there are, in all four additional control lines to enable the
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FIGURE 7. (a) a close-up of the antenna feed lines on the top side of the
PCB and (b) on the bottom side of the PCB with RF lines for one
polarization indicated with blue. (c) illustration the PCB stack-up with the
most important features.

TABLE 2. Dimensions of the RF lines in the RF module.

deoaxpad antenna feed pad diameter 0.71 mm
dyiapad RF via pad diameter 0.45 mm
dyia diameter of the laser vias 0.15mm
drevia dlameterr1 ((,);1 tikrllzld(rélrliel;i) RF via, 0.15 (0.2) mm
d diameter of the hole in 07
viahole the ground plane around the via -/ mm
d diameter of the cavity under 1.3 mm
fe the coaxial feed line .
dee connector cavity diameter 1.1 mm
hsub substrate thickness 118 pm
i height of the triagular cutout 0.3 mm
Imatching length of the 35-£2 matching line 1.82mm
Wmsa antenna-feed line width 0.3mm
Wins3s width of the 35-€2 line 0.35mm
Wins50 width of the 50-€2 line 0.26 mm
Wy width of the triangular cutout 0.6 mm
SPI control RF-module
SPImiso| * * * +
SPIyos :I ICly |—>| IC2y |—>| IC3y |—>| IC4y
CLK AA AA AA AA

LDB
CSvpol

'y 'y 'y

] S

FIGURE 8. Schematic of the SPI logic lines used to control the RFICs.
Multiple modules can be arranged parallel to each other on the SPI data,
clock, and latch lines.
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transmit or receive mode of the chips separately for each
polarization.

The module is divided into four identical RF branches.
Each of these include the trace from the SMPS connec-
tor to the two chips, and each chip is connected to the
antenna elements with identical traces. Thus, the simula-
tions included here only present the results for one of these
sections. The results for the remaining sections would be
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FIGURE 9. Simulated (a) reflection and (b) transmission coefficients of
the RF module PCB.

identical to the presented ones. The simulated reflection and
transmission coefficients of one RF branches are shown in
Fig. 9. The reflection coefficient sy is the value simulated
from the SMPS connector and includes the power divider
and the common 50-Q ports on two ICs. The reflection
coefficient from the connector to the ICs is below —20dB
up to 28 GHz and below —17.5dB up to 30 GHz. The trans-
mitted power to the ICs is described with the transmission
coefficients s and s3,1. The transmission coefficients are
between —3.2dB and —3.4dB. The reflection coefficients
of ports 4 and 5 are close to —30dB in the shown range
between 24 and 31 GHz whereas the transmission coeffi-
cients from these ports to the corresponding antenna coaxial
lines is approximately —0.2 dB. The other two antenna feed
lines from the chip to the ports 6 and 7, have the reflection
coefficients of approximately —20 dB, and the transmission
coefficients of —0.25 dB.

C. MEASUREMENT BOARD

The RF modules can be used to virtually create an array of any
size and shape within the limitations of the module geometry.
In this prototype, a feed network is designed to accommodate
ameasurement of a maximum of four dual-polarized modules
in an 8 x 8 element configuration. The configuration requires
a feed network for four RF modules in a 2 x 2 module
configuration resulting in a total of 16 RF inputs, eight for
each polarization. This is realized with two RF connectors at
the edge of the PCB, one for each polarization, being con-
nected to the RF modules with two trees of Wilkinson power
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FIGURE 10. lllustration of the simulation model of the power division on
the board: (a) the top side of the measurement board showing the SMPS
connectors with short microstrip transitions, and (b) the bottom side of
the board showing the feed network with the Wilkinson power dividers.

dividers resulting in two separate one-to-eight power division
networks, as shown in Fig. 10. The measurement board uses
the same SMPS connecters as the RF module, and the RF
modules are connected to the measurement board with SMPS
bullets. The transitions where the signal passes through the
measurement board and the transition from the microstrip line
to the SMPS connectors use identical structures as in the RF
module. The logic lines, including the SPI clock, SPI data
lines, SPI latch, and chip select lines, which route the control
signals to the ICs, are also combined on this PCB. In addition
to the SPI logic lines, there are also enable signal lines for
transmit and receive modes for both polarizations: Txy, Txy,
Rxy, and Rxg. These control the state of the chips and are
connected to the chips depending on their polarization.

Additionally, the measurement board is used to handle the
voltage control of the modules. The board includes linear
voltage regulators on one side of the PCB to ensure that the
proper voltage level is applied to the RF modules. In this case
the voltage is regulated to 1.8 V, the operating voltage of the
RF chip amplifiers and the logic. The PCB is designed to be
able to handle an input voltage range of 2.5V to 3.3V and
up to 48 A current which is sufficient to operate four modules
and both polarizations in all the antennas simultaneously. The
size of the measurement board is 80 x 80 mm?

Fig. 11 shows the simulated reflection and transmission
coefficients of the feeding network of one polarization. sj j
is the reflection coefficient of the edge-launch connector, and
the eight other ports represent the antenna module ports with
SMPS connectors. Similarly, the transmission coefficients
illustrate the coupled power from the edge-launch connector
to the module connectors. The s;; is less than —15dB in
the frequency range from 24 GHz to 31 GHz whereas the
reflection coefficient of the other ports is less than —20 dB.
The transmission coefficient from the board-edge port to the
SMPS connectors is —12.5 - —11.5dB.

IIl. MANUFACTURED STRUCTURE AND MEASUREMENT
RESULTS

The goal of the measurements is to confirm the operation
of the complete structure combined from separate modules.
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FIGURE 11. (a) Simulated reflection and (b) transmission coefficients of
the measurement board.

Simulations were used to design the following separate struc-
tures: the transition from the edge-launch connector to the
common port of the RF chip and the transition from the
antenna port of the RF chip to the antenna feed. Also, sim-
ulations of the operation of the antenna in unit cell and in full
array configuration were performed.

A. MANUFACTURED STRUCTURES

The manufactured structures include the additively manufac-
tured antenna module shown in Fig. 12. The antenna modules
were manufactured from 316L stainless steel with binder
jetting. Binder jetting is an additive manufacturing technique
that can be used for both plastics and metals but, the methods
are different for the two materials. For metallic structures, the
metal powder is first bound using a binding agent to form a
scaled-up shape of the part. Then the formed part is heated in
a high-temperature oven to first dissipate the binding agent
and then to sinter the metal particles together.

316L stainless steel was selected as the material to manu-
facture the antennas based on experience in [29]. Addition-
ally, a trial run with the same manufacturing method was
made using copper powder. However, the copper structures
failed during sintering mainly around the coaxial feed pins
due to the softness of copper unlike the stainless steel.

The antenna module size is 20 x 20 x 18.5mm?>
(x x y x 2). The coaxial antenna feeds can be seen at the
bottom of the antenna module. Cutouts for the microstrip
feeding lines are seen in Fig. 12 (c). Additionally, the coaxial
feeds are filled with PTFE inserts to achieve an impedance of
50 €. The dimensions of the manufactured parts are in line
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(b) (c)

FIGURE 12. (a) One manufactured 4 x 4 antenna module with the tip of a
ball-point pen alongside as a scale, (b) a side view of the antenna
module, and (c) the base of the antenna module.

with the design parameters. The bottom of the antenna was
machined flat after the printing process to achieve better con-
tact between the antenna module and the RF-module PCB.
The antenna and the RF modules are attached with screws.

Fig. 13 shows the bottom of one manufactured RF module
where the surface-mounted components are, the top where
the antenna feed lines are, and a two-euro coin as a scale to
illustrate the small size of the module. In addition to the RF
chips, there are four SMPS connectors for the RF signals, two
1-mm eight-position socket connectors, and 01005 capacitors
required by the ICs.

Fig. 14 shows the manufactured measurement board
capable of supporting a maximum of four antenna and RF
modules. The top side of the PCB includes connectors cor-
responding to the RF-module connectors and linear voltage
regulators to ensure that the proper voltage is fed to the RF
modules. The feeding networks for the two polarizations are
visible on the bottom of the PCB. The feed network is realized
with Wilkinson power dividers. Edge-launch connectors are
used to connect the PCB to the measurement device.

During preparation of the antenna array measurements,
the RF modules and the operation of the chips were tested.
In some modules, one or more of the chips had issues with
the SPI data line. The control data either did not pass through
the chip or the passed data was distorted in the SPI chain.
The issue rendered some RF-module PCBs uncontrollable,
and the measurements were hence performed with two oper-
ational modules in a dual-polarized 4 x 8 antenna array
configuration.

B. MEASUREMENTS
The measurements were performed with a 4 x 8 antenna
array due to the previously mentioned issues with the SPI
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FIGURE 13. Images of one RF module: (a) the bottom of the module
where the RF chips and connectors are placed, (b) the top of the RF
module where the antenna interface is visible, and (c) the RF module with
a two-euro coin as a scale.

data lines used to control the ICs. The measurements were
performed using a near-field scanner where an open-ended
waveguide (OEWG) probe was moved in front of the antenna-
under-test, and the amplitude and phase of the electric field
was measured at multiple points with a spacing of < A/2.
Fig. 13 shows the assembly of the prototype with two antenna
and RF modules and the measurement setup. The antenna
array is oriented such that there are eight antenna elements
along the vertical axis and four along the horizontal. A far-
field transform is performed on the measured data to acquire
the far-field patterns.

Fig. 16 presents the measured co-polarized electric field
in front of the antenna array aperture at 28 GHz when the
array is excited with a uniform amplitude and phase. Both
the amplitude and the phase of the E-field for both vertical
and horizontal polarizations are smooth across the aperture.
Even though the antenna aperture is assembled from two
separate modules with a very small gap between the radiating
elements, there is no observable effect, and the measured
results look similar to those of a continuous antenna array
structure.

Fig. 17 shows the normalized far-field patterns in the
broadside direction on the V- and H-planes at 26.5 and
29.5 GHz. In these planes, the patterns are close to the sim-
ulated results, but there is some variation in the side-lobe
levels. The main lobes of both polarizations are almost iden-
tical further indicating there are no issues with the antenna
elements or the feeding structure. Fig. 18 shows measured
total gain of the system, simulated directivity and realized
gain of the antenna, and two estimations of the measured
realized gain of the antenna in the broadside direction.
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(b)

FIGURE 14. The measurement PCB for connecting up to four antenna
array modules: (a) the bottom of the PCB with the power division
network and (b) the top of the PCB with the connections to the antenna
array modules and the linear voltage regulators.

RF modul
‘m~ 7 Antenna module

(b)

FIGURE 15. (a) Photo of the assembly with two antenna and RF modules
on an aluminum mounting plate and (b) the measurement setup where
the 4 x 8 antenna array is positioned in front of the open-ended
waveguide probe.

The total gain is 36.6-39.5dBi at frequencies between
26.5GHz and 29.5 GHz, and it includes a loss of 3dB as
only half of the test board feed network is utilized in the 4 x
8 array configuration. The simulations are performed using
the model of the manufactured 4 x 8 antenna array where each
antenna is fed with a wave port directly at the coaxial feed and
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FIGURE 16. Measured amplitude and phase of the electric field in front
of the antenna array aperture at 28 GHz with the antenna element grid
overlaid on top. (a) The amplitude and (b) the phase of the vertical
polarization, and (c) the amplitude and (d) the phase of the horizontal
polarization.

with a material conductivity of 1.3 x 10°S. The estimations
are calculated from the total gain using the simulated losses
in the feed network (Fig. 9 and Fig. 11) and the gain of the
Anokiwave chips. The first estimation uses the specified gain
of 25 dB which results in a gain exceeding the directivity of
the simulated antenna array. The second estimation uses a
measured chip gain. The gain of the chip was measured using
a test board from one port of the chip and it varies between
25dB and 26.5dB as a function of frequency. The second
estimation results in a more realistic gain approximation for
the antenna array not exceeding the directivity. The estimated
gain is generally at a lower level than the simulated realized
gain. The estimated realized antenna peak gain is 19.8 dB and
itis achieved at 28 GHz. Temperature variation during the test
and possible gain differences between the chips and antenna
ports may result in some errors.

Fig. 19 demonstrates the electrical beam steering of the
antenna array with progressive phase shifts when steered
from the broadside direction up to £60° on the vertical plane
at 26.5 and 29.5 GHz. The measured beam-steering angle is
slightly different at 26.5 and 29.5 GHz as the progressive
phase shifts are calculated for 28 GHz resulting in some beam
squint. In addition to the broadside direction, the demon-
strated beam-steering angles are —60°, —40° —20°, 20°,
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FIGURE 17. Measured and simulated normalized far-field patterns of the
V- and H-polarized antenna elements in the vertical and horizontal
planes at (a) 26.5 GHz and (b) 29.5 GHz.
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FIGURE 18. Measured and simulated antenna gains. Simulated realized
gain and directivity results use an accurate model of the 4 x 8 Vivaldi
antenna array. Measured total gain includes the gain of the chips and the
losses in the transmission lines. Estimated array gains are calculated from
the total gain by removing the gain of the chips and the transmission line
losses. First estimation uses the specified 25 dB gain in the chip while the
second estimation uses a gain measured using a test board.

40°, and 60°. The measured patterns behave extremely well
between —40° and 40° being close to identical to the simu-
lated beams. In the case of —60° and 60°, the patterns have
a small amount of deviation, and the measured beams taper
faster beyond 60° at both frequencies. The faster tapering may
be caused by the absorber material used around the antenna
aperture to minimize reflections caused by the ground plane
where the antenna modules are attached.

Finally, since the RF chips also include gain control,
an amplitude weighting along the vertical plane of the antenna
array for the vertically polarized elements is demonstrated in
Fig. 20. The tapering is arbitrarily selected such that the eight
rows on the vertical plane from one to eight are excited with
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FIGURE 19. Measured and simulated normalized far-field patterns at
different beam steering angles when steered in the vertical plane. (a) The
V-pol patterns at 26.5 GHz, (b) the H-pol patterns at 26.5 GHz, (c) the V-pol
patterns at 29.5 GHz and (d) the H-pol patterns at 29.5 GHz.

arelative power of —6dB, —3dB, —1dB,0dB, 0dB, —1dB,
—3dB, —6dB, respectively. The figure shows that, compared
to the uniform excitation, the amplitude tapering decreases
the side-lobe level to between —17 to —22 dB whereas the
width of the main lobe is increased by 2°. The decrease of the
gain cannot be seen from the normalized patterns, but the gain
is decreased by 2.2 to 2.4 dB when the tapering is applied.
Table 3 shows a comparison of the proposed modu-
lar Vivaldi antenna array structure with the state-of-the-art
antenna arrays supporting modularity. The simulated and
measured performance of the 30 GHz modular antenna array
is in line with the recently published work in the same fre-
quency range. The size of the Vivaldi antenna arrays is larger
in height compared to the PCB antennas, and the antenna
array or array modules have to be manufactured separately.
However, such separate antenna can have some advantages.
PCB antennas require additional layers in the PCB. The PCB
module in this work uses eight-layer construction while the
PCBs in [24] and [25] have 12 layers. The metallic antenna
can also be used as a heat sinks when in direct contact with
the PCB to conduct heat away from the ICs. Additionally,
the Vivaldi antenna structures have a lot wider bandwidth
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FIGURE 20. Measured far-field patterns of the vertically polarized
elements with uniform excitation and with amplitude-tapered excitation
at (a) 26.5 GHz and (b) 29.5 GHz.

TABLE 3. Comparison of recent mm-wave antenna arrays at 30 GHz

frequency.

Il

This work

[24]

[

[25]

[30]

Fi (GHz) Antenna: 18-30 27-31 27.5-31 10-35
requen z -3 53 -35
cduency 1Cs: 26.5-29.5!
Polarization Dual-Linear Dual-Linear Dual-Linear* Single-Linear
Scan range +60° +70°3 +70°5 +45°
. Metallic (Vivaldi), - . Metallic (Vivaldi),
Antenna type surface mounted PCB (patch) PCB (patch) separate connectors
. 5 X 5mm, 4.67 X 4.67mm, 5X5mm, 4.5x4.5mm,
Antenna lattice
Modularit Yes, Yes, Yes, Yes,
odularity 4% 4 elements 32X 32 elements 4 X 4 elements 8% 86
Antenna efficiency, 90-929%2 80% N/A 96%7
broadside
TiCsare with a pin 24.25-27.5 GHz model. < Antenna metal conductivity = 1.3 X 109°S and

including the transmission lines from the ICs to the antennas. 3 460° with a scan loss of 3 to 3.3 dB. 4 Dual-linear
polarized antenna elements connected to a single beam former and RF line. ® Exact scan loss and antenna performance
not indicated. © Size of the presented antenna array. 7 Simulation of a fully excited array in the broadside direction.

than the PCB antennas. For example, the antenna array in this
work can be configured to operate either at 24.25-27.5 GHz
or 26.5-29.5 GHz by simply changing the ICs.

IV. CONCLUSION
A beam-steered dual-polarized modular Vivaldi antenna
array design at 30 GHz with integrated electronics is demon-
strated. The design includes the antenna module, the
RF-module PCB with phase shifters and amplifiers for both
polarizations within the antenna module footprint, and the
antenna array prototype board that can be used to combine
up to four array modules together. The antenna modules are
manufactured successfully using additive manufacturing.
The structure is used to demonstrate antenna array oper-
ation using two modules in a dual-polarized 4 x 8 antenna
element configuration with two separate modules. The com-
bined operation of the modules is demonstrated to be very
satisfactory both in simulations as well as measurements.
The measured electric field in front of the antenna array
displays consistent amplitude and phase across the whole
array aperture. The simulated and measured far-field patterns
agree well. The patterns in the V- and H-plane are almost
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identical for the both polarizations observed in both the sim-
ulations and measurements. The results stay consistent with
the simulations also in the beam-steering scenario. Finally,
amplitude control is demonstrated successfully by using arbi-
trary amplitude tapering in the aperture along the vertical
plane. The measured total gain of the system is between
35.6dBi and 39.5dBi including the 3dB loss incurred in
the power dividers due to only half of the ports being used.
The estimated realized antenna gain is close to the simulated
realized gain.

The manufactured and measured dual-polarized 30-GHz
modular antenna array prototype proves the feasibility of
manufacturing high-performance antenna-array elements in
small modular parts. The array modules can successfully be
used to assemble arrays with various shapes and sizes. The
use of identical parts, the antenna and RF modules, decrease
the overall cost by decreasing the need to design the antennas
and entire RF front ends for all the arrays separately. Addi-
tionally, the connectorless interface between the antenna and
RF modules decreases cost and the number of components in
the assembly even further.
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