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Abstract: Highly integrated multilayered printed circuit board-based patch antenna arrays are proposed in this study for 60 GHz
wireless communications. Electromagnetic coupling between two stacked patches is used to achieve the broadband
performance. Different structures of single element antennas, two-element antenna arrays and four-element antenna arrays are
presented. The two compact four-element antenna arrays show < −10 dB impedance bandwidth of 13 and 14.6% with 12 dBi
peak gain. The arrays have the 3 dB gain bandwidth of 9 and 13%. A single column, four-element sub-array is used to design
4 × 16 antenna array. This array delivers 20.8 dBi peak gain with 13% impedance and gain bandwidth. Furthermore, a twoelement series fed array is used to realise a 2 × 16 phased antenna array. This array is fed through a 16 × channel radio
frequency IC to achieve the beam steering in ±50° range.

1

Introduction

Wireless data requirements have been increasing exponentially for
the last decade and the realisation of multi-Gbps applications
demands high bandwidths. The availability of 9 GHz license free
band at 60 GHz (57–66 GHz) unleashes the opportunity to meet
these requirements. However, free space path loss and especially
high oxygen absorption at 60 GHz pose a challenge in the
achievement of multi-Gbps data rates [1]. These losses can though
be overcome by using high gain antennas or antenna arrays. In this
regard, planar antenna arrays are preferred structures for high data
rate 5G communication systems because of their ease in
fabrication, compact size and low profile with simplicity of
integration with other system components [2]. The microstrip patch
antenna is inherently a narrow band antenna, but its planarity has
led the researchers to find different ways to broaden its impedance
bandwidth. Among other methods, the electromagnetic coupling
between stacked multilayer patches shows broadband impedance
bandwidth and increased gain performance of the patch antenna
[3–6]. For multilayer structures, low temperature co-fired ceramics
(LTCC) fabrication is getting more attention because of the
flexibility in realising arbitrary number of layers, cross-layer
vertical interconnect access (VIA) and open and embedded
cavities. Several multilayer stacked antenna designs at 60 GHz
have been reported using LTCC [7–10]. However, it has the
disadvantage of relatively higher cost than printed circuit board
(PCB) process [11]. The PCB implementation has been used in [6]
to realise the 5-metal layers differential phased array antenna at 60
GHz. Likewise, a 4-metal layers, microstrip line fed, aperture
coupled multilayer antenna array is presented in [12]. In our work,
multilayer PCB implementation is carried out using three-metal
layers and microstrip edge feeding is used which provides the ease
of integration with the radio frequency integrated circuit (RFIC).
A study has been carried out in [13] for different indoor nonline of sight (NLOS) scenarios by using 12 elements antenna array
with 16 dBi gain. The results indicate that the generic 60 GHz
communication is very challenging due to huge signal loss and
wide shadowing area. However, beamforming and beam steering
can tackle these limitations by using phased array antennas. A good
overview on beamforming and its issues for 60 GHz
communications is provided in [14].

In this paper, we have extended the work presented in [15] by
adding more results and especially including the beam steering
measurements. This beam steering is performed with 2 × 16 phased
antenna array fed through a 16 × channel RFIC. The beam can be
steered in ±50° by providing appropriate phases to 16 × twoelement sub-arrays through the RFIC.

2

Antenna design

In this paper, two different single element multilayered antenna
structures are presented. As shown in Fig. 1a, one structure has
circular top parasitic element while the other has rectangular patch
on top metallic layer (M1). The centre metallic layer (M2) consists
of rectangular patches in both cases. Layered and side views of
former design are shown in Figs. 1b and c. The rectangular patch
on M2 is fed through a 90 Ω microstrip transmission line, which is
transformed to 50 Ω via a λ/4 transformer. The RF part of the
substrate stackup consists of two 5 mil thick RO3003 substrates
(with ϵr = 3 and tan δ = 0.0013) bonded together by a 4 mil thick
Taconic FR-27-0040-43F prepreg [16] with ϵr = 2.78 and
tan δ = 0.0017. This special low loss prepreg is used to minimise
losses and dielectric discontinuity between the RO3003 substrates.
The bottom substrate provides the ground plane (M3) for the
antenna elements on M2. The low dielectric constant materials, as
well as low substrate heights are selected to prevent the strong
excitations of the surface waves. This total stackup height
(0.354 mm) allows only the TM0 mode (with 0 Hz cutoff
frequency) and does not allow the excitation of higher order
modes. The cutoff frequencies for different surface wave modes
can be expressed by (1) [17]
fc =

nc
4h ϵr μr − 1

(1)

where n = 0, 2, 4,..., for TM modes, n = 1, 3, 5,...for TE modes and
h is the substrate height. For TE1, f c = 149.8 GHz which is much
higher than the operating frequency.
Also, low substrate heights reduce the risk of too high inductive
parasitics when VIAs are used. The copper thicknesses of top metal
layer (M1) and ground metal layer (M3) are 40 µm while centre
metal layer (M2) has a thickness of 17 µm. The dimensions of top
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Fig. 1 Multilayer single element antennas and antenna arrays
(a) Top view of single element antennas, ANT 1 and ANT 2, (b) Layered view of ANT 1, (c) Side view of ANT 1, (d) Top view of ANT 3 and ANT 4, (e) Top view of ANT 5 and (f)
Top view of ANT 6

Table 1
Dim.

Antenna dimensions
Value, mm

Dim.

Value, mm

Dim.

Value, mm

D1

1.45

Lf 3

0.5

Lc5

1.77

W b1

1.52

W b3

1.35

D5

1.42

Lb1

1.22

Lc3

1.75

Lb6

1.22

Lf 1

1

Lb4

1.22

W b6

1.35

Lb2

1.2

W b4

1.44

Lt6

1.18

W b2

1.75

Lt4

1.16

W t6

1.4

Lt2

1.15

W t4

1.44

Lc6

1.75

W t2

1.8

Lc4

1.65

—

—

Lf 2

1.5

Lf 4

0.5

—

—

D3

1.42

Lb5

1.22

—

—

Lb3

1.22

W b5

1.35

—

—

and bottom patches are adjusted to make the design resonant at two
closely spaced frequencies; thus resulting in a broadband
impedance.
2.1 Design of antenna array
To reduce the half-power beamwidth (HPBW) in E plane, two,
three and four elements series arrays have been designed and
simulated. For broadside radiation, each element in the series array
needs to be fed with the same phase, which is only possible when
centre-to-centre distance between two adjacent patches is one
wavelength for the frequency of operation. As centre frequency
(61.5 GHz) is used to design the interconnection between two
adjacent patches, few degrees offset in broadside radiation is
observed for the frequencies other than the centre frequency. This
beam squint increases with the difference to the centre frequency
and gets significant for series fed arrays larger than two elements.
Therefore, two elements series arrays, ANT 3 and ANT 4, shown
in Fig. 1d, are selected for fabrication. Both elements in these
series arrays are separated by half wavelength at the centre
frequency and a 67 Ω quarter-wavelength transformer is used to
reach 50 Ω from the 90 Ω microstrip line. Furthermore, to improve
the gain and to avoid major beam squint, ANT 5 and ANT 6 are
designed as centrally fed arrays of four elements, shown in Fig. 1e
and f. To make the inner edges of two central elements 180° out of
phase, a half-wavelength longer line is used for the element on left
5408

of the feed. These arrays are fed through 50 Ω ports, which are
then transformed to 90 Ω long lines through a quarter-wave
transformer. Design dimensions for antennas and antenna arrays
are tabulated in Table 1.
For the phased array applications, the two element series fed
array with circular patches on top layer (ANT 3) is used to design
the 2 × 16 antenna array by placing 16× columns of ANT 3 side by
side. The array results in increased gain and reduced HPBW, and
also allows to steer the beam in H-plane. The beam steering is
realised with the help of 16 × 16 channel 60 GHz transceiver RFIC
presented in Section 3. The spacing d between the adjacent
columns of a phased array must fulfil (2) criteria to avoid the
grating lobes when beam is steering at a maximum angle θ [18]
d<

λo
1 + sin θ

(2)

This shows that the element spacing is inversely proportional to the
maximum beam-steering angle. At broadside, θ = 0°, the equation
reduces to d < λo and for θ = 90°, d < λo /2. In our case, d should
be <2.8 mm to achieve the beam steering in ±50° without
appearance of any grating lobes, which is set to 2.2 mm to make
the array more compact.
Furthermore, to address more high gain requirements, a similar
electromagnetically coupled four-element corporate fed array is
used to design 4 × 16 antenna array, fed through a 1:16 power
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Fig. 2 4 × 16 antenna array fed through a 1:16 power splitter

Fig. 3 Ground-signal-ground (GSG) to 50 Ω microstrip transition (left) coaxial (Rosenberger) to 50 Ω microstrip transition (right)

divider network to demonstrate the performance feasibility. The
impedances used for the corporate feed network are 50 Ω, 67 Ω
and 90 Ω. Top view of the designed array with the power splitter
on M2 is shown in Fig. 2. The column spacing is set to 2.4 mm
which is still less than the maximum limit of 2.8 mm required to
steer the beam in ±50° without appearance of grating lobes.
The antennas and antenna arrays presented in this paper are
designed and characterised with two different feeding structures on
M1. In both structures, VIAs are placed to connect microstrip lines
on M1 and M2 layers. This design approach comes from the fact
that the transceiver circuits for phased antenna arrays are to be
mounted on M1 layer. As shown in Fig. 3, the structure on left has
ground-signal-ground (GSG) to microstrip transition, while the one
on right has coaxial (Rosenberger) to microstrip transition. To
minimise the surface wave excitation, the microstrip lines on M1
are provided with the ground on M2 (shown in blue). As the line
on M1 leads to M2, the grounding ends before the microstrip line
starts on M2. The microstrip line connecting to antenna elements
on M2 is then provided with the ground on M3 (shown in black).
Moreover, through-VIAs between M1 and M3 are used to connect
the ground of GSG and Rosenberger pads with the M2 and M3
ground.

3

802.11ad transceiver

In order to implement the beam steering in ±50°, a 57–71 GHz
transceiver RFIC is developed based on IEEE 802.11ad standard.
The chip is manufactured in a f T / f max = 250/340 GHz, 130-nm
SiGe-BiCMOS technology. The substrate resistivity is 50 Ω/cm
where on-chip transmission lines and inductors are fully
implemented in the 12 µm thick SiO2 backend. The transceiver is
optimised for WiGig time division duplexing systems and also
supports frequency division duplexing by utilising multiple
transceivers. The chip provides 16 × channels on each transmitter
and receiver side and packaged in an embedded wafer level ball
grid array (eWLBGA) with two re-distribution layers. The
12.5 × 12.5 mm2 package contains 314 solder balls on a grid with

0.5 mm pitch. The signal is routed in co-planar waveguide (CPW)
lines between the chip and the RF input/output balls. For each
antenna path, a GSG connection is used to interface the chip and
PCB to the CPW. The HFSS-simulated insertion loss of the chipto-PCB path through the package is <2 dB. Further details about
this transceiver can be found in [19].

4

Simulations and measurements

All simulations are carried out using finite element method in
Ansys HFSS and finite integration technique in CST Studio Suite,
and the PCB is fabricated with electroless palladium/immersion
gold (EPIG) surface treatment. Compared to other surface finish
techniques, EPIG provides high performance nickel-free coating
with ultra-fine pitch layouts. Fig. 4a shows the fabricated antenna
board, showing ANT 1 to ANT 6, with GSG to microstrip
transition. Likewise, top view of the 2 × 16 fabricated array with
the RFIC is presented in Fig. 4b. The solution is implemented with
separate antenna arrays and feeding networks for each transmitter
and receiver sides. Moreover, Fig. 4c shows the fabricated 4 × 16
antenna array. The antennas and antenna arrays are measured by
using both GSG probe and coaxial connector. However, radiation
pattern measurements are mainly made with coaxial connector. It is
worth mentioning that all simulations are carried out by placing a
lumped port between the microstrip line on M2 and the ground
plane (M3), while the measurements are made on M1, as the
transceiver chip for phased antenna arrays is to be placed on top of
M1 layer.
4.1 Reflection coefficient results
Reflection coefficient is measured with both GSG probe and
Rosenberger connector and similar results are obtained. For
different antennas and antenna arrays, the comparison between
measured and simulated results is shown in Fig. 5. In Fig. 5a
simulations for ANT 1 and ANT 2 show < −10 dB impedance
bandwidth of almost 9 GHz, while measured results show few dBs
higher peaks at 60 and 64 GHz. The measurements are in less
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Fig. 4 Multilayer single element antennas and antenna arrays
(a) Fabricated antenna board, showing ANT 1 to ANT 6, provided with a GSG to microstrip transition, (b) 2 × 16 antenna array, transmitter and receiver sides, fed through a 16 + 16
channel SiGe RFIC. The RFIC is connected with a metallic heat sink on top. The board has the dimensions of 50 mm × 40 mm, (c) Top view of 4 × 16 antenna array, fabricated with
coaxial to microstrip transition

Fig. 5 Simulated and measured reflection coefficient for
(a) ANT 1 and ANT 2, (b) ANT 3 and ANT 4, (c) ANT 5 and ANT 6

agreement with the simulations and this might be due to a
misalignment of the two metallisation layers and VIA transition
from one layer to another. However, this seems to be a localised
effect on the PCB, as the measurements of ANT 3 and ANT 4
correspond much better to the simulations, as shown in Fig. 5b.
Both ANT 3 and ANT 4 have simulated bandwidths of 7 GHz (59–
66), however the impedance is not well matched in the centre of
the band for measurements. Fig. 5c presents four-elements
centrally fed arrays (ANT 5 and ANT 6) showing broadband
performance in both simulations and measurements. ANT 5 has
11.5 GHz (56.5–68) simulated bandwidth while measured
bandwidth of 8 GHz (57–65). Likewise, ANT 6 has 9.5 GHz
(56.6–66) and 9 GHz (57–66) simulated and measured bandwidths,
respectively. This shows that the impedance bandwidth of ANT 6
covers the complete unlicensed 60 GHz band (57–66 GHz).
Furthermore, Fig. 6a and b respectively, show the S11 for 4 × 16
array and mutual coupling between two adjacent columns (S12) of
the array. The S11 is measured through 1:16 power splitter and, as
shown in the inset of Fig. 6b, a set of two columns from the array
5410

are fabricated separately, with the same pitch and independent
feeds used to measure the mutual coupling between the adjacent
columns. The measurement shows ∼8 GHz (57–65) impedance
bandwidth and |S12| <−15 dB for the complete band. Measured and
simulated bandwidths of ANT 5, ANT 6 and 4 × 16 arrays are
summarised in Table 2.
4.2 Far field results
Radiation pattern simulations for ANT 1, 2, 3 and 4 are shown in
Fig. 7. The single element antennas (ANT 1 and ANT 2) have peak
simulated gains of 6.5 and 6.9 dB, respectively. While ANT 3 and
ANT 4 show an increased directivity of the main lobe due to twoelement array configuration and have the peak simulated gain of
10 dB. The distortion in the E-plane radiation pattern could be due
to the proximity of the feeding line. The measurement setup for
radiation pattern and antenna gain is shown in Fig. 8. OML WR-15
extension modules (T/R and T) [20] are used with Keysight PNA
N5225A (50 GHz). Antenna under test is used as transmitter while
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Fig. 6 Reflection co-efficient and mutual coupling for 4 × 16 array
(a) Simulated and measured |S11| for 4 × 16 array fed through 1:16 power splitter, (b) Simulated and measured mutual coupling between two adjacent columns of the array. The inset
shows the measured structure

Table 2 Antenna arrays performance summary
Antenna array Meas. peak gain, dBi Meas. gain BW, 3 dB
ANT 5
ANT 6
4 × 16

12 @ 62.5 GHz
12 @ 57.5 GHz
20.8 @ 57 GHz

9% (58.5–64)
13% (57–65)
13% (57–65)

Fig. 7 Simulated radiation pattern of ANT 1, 2, 3 and 4. Horizontal axis
shows the Broadside Angle (Theta), while vertical axis denotes normalised
gain (dB)

standard horn antenna, mounted on a locally built robotic arm, is
used as the receiver. The receiver is placed in the far-field at 20 and
70 cm for single column and 16 × column arrays, respectively. The
robotic arm has the capability to measure a hemisphere with the
help of two different motors which are controlled via central
control unit through a LabVIEW program. The radiation pattern
measurements presented in this paper are recorded for every 1°
step in the E and H planes only. Some absorbing material is used
beside the transmitter and the receiver antennas, however, the
surrounding area does not have any absorbing material, which can
lead to additional reflections but has negligible impact on the
measurements. Fig. 9 and 10 show the simulated and measured E
and H-plane radiation patterns at 60 GHz for ANT 5 and ANT 6.
The simulated and measured results show good agreement except
some higher sidelobe measurements. Both antennas have 12 dBi

Sim. impedance BW, 10 dB

Meas. impedance BW, 10 dB

18.7% (56.5–68)
15.4% (56.5–66)
9.8% (60–66)

13% (57–65)
14.6% (57–66)
13% (57–65)

Fig. 8 Antenna radiation pattern measurement setup

measured peak gain. Moreover, Fig. 11 shows the measured Hplane radiation pattern of 4 × 16 array for 57, 59, 61, 63 and 65
GHz. The array shows broadside coverage for the whole range
(57–66 GHz). Measured peak gain and H-plane HPBW for this
array is 20.8 dBi and 7°, respectively. Furthermore, Fig. 12 shows
the gain as a function of frequency for the arrays ANT 5, ANT 6
and 4 × 16. The simulated and measured curves follow the same
trend. Both ANT 6 and 4 × 16 arrays have 13% measured 3 dB
gain bandwidth, while the ANT 5 has 9%. Measured and simulated
peak gains for ANT 5, ANT 6 and 4 × 16 arrays are also
summarised in Table 2.
4.3 Beam steering
The main beam of the antenna array can be steered in the desired
direction by providing appropriate phase to each antenna in the
array, and because of reciprocity, the receiver antenna elements can
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Fig. 9 ANT 5 simulated and measured E and H plane radiation pattern for 60 GHz

Fig. 10 ANT 6 simulated and measured E and H plane radiation pattern
for 60 GHz

Fig. 12 Simulated (dashed lines) and measured (solid lines) gains as a
function of frequency for antenna arrays ANT 5, ANT 6 and 4 × 16

Fig. 11 4 × 16 array measured radiation pattern of H-plane

columns are fed with the same amplitude. Furthermore, simulated
and measured normalised peak gains for all these channels as a
function of beam-steering angle is shown in Fig. 15. The beamsteering range (above −3 dB) for 58.32 GHz, 60.48 GHz, 62.64
GHz and 64.80 GHz is 82°, 84°, 92° and 100°, respectively.
A short comparison between our work and other 60 GHz arrays
is presented in Table 3. Corporate and/or series feed network is
employed in the tabulated references except [10], where an RFIC is
used to independently feed the array elements. Keeping in view the
number of elements in the arrays, it can be noted that the arrays
presented in this paper are more compact with comparable gain.
The impedance bandwidth is relatively lower in percentage, yet it
nearly covers the 57–66 GHz target band. Besides, the 4 × 16 array
is designed for beam-steering applications, which shall be achieved
through the transceiver RFIC.

retrieve corresponding phases of the signal coming from any
specific direction. The RFIC is provided with 16× beam-steering
configurations to get 16× beams at different angles in ±50° range.
Below relation gives the phase difference between adjacent
columns to achieve the beam steering
Δϕ = β × d × sin θ

(3)

where β = 2π/λo, d is the distance between adjacent columns, θ is
the required beam pointing angle and λo is free space wavelength.
The unlicensed band at 60 GHz offers four channels, centred at
58.32, 60.48, 62.64 and 64.80 GHz, each with the maximum
channel bandwidth of 2.16 GHz [21]. The simulation results for
beam-steered radiation patterns of 2 × 16 array are presented in
Fig. 13, while the measurements of same are shown in Fig. 14 for
all channels (58.32, 60.48, 62.64 and 64.80 GHz). It can be noted
in all figures that the beams get broadened towards the extreme
scan angles (±50°). This broadening is approximately inversely
proportional to the cosine of the scan angle [22]. Moreover,
looking at Fig. 13 and 14, it is apparent that the beams are narrower
for higher frequencies compared to lower ones. This is because of
the fact that the electrical size of the antenna array increases with
the frequency and HPBW is inversely proportional to the antenna
size [23]. The sidelobe levels are comparatively higher in the
measurements as no amplitude tapering is performed, i.e all 16
5412

5

Conclusion and future work

In this paper, different antennas and high performance antenna
arrays are presented which can be used for high data rate 5G
wireless backhaul and access applications. The four-element
centrally fed arrays, ANT 5 and ANT 6, show the measured
impedance bandwidth of 13 and 14.6% with gain bandwidth of 9
and 13%, respectively. Both the arrays have the peak gain of
12 dBi. Moreover, a 2 × 16 antenna array is presented which is fed
through a 16 channel RFIC. The solution provides up to ±50°
beam steering in the H-plane. In addition, the measurements of 4 ×
16 array show 13% impedance bandwidth with the same gain
bandwidth and 20.8 dBi peak gain. In future, this 4 × 16 array is
planned to be used with the RFIC to realise the high gain beam
steerable solution.

6
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Fig. 13 Simulated beam-steering radiation patterns of 2 × 16 antenna array. In each graph, sixteen curves with different colors show the 16× beams steered
at different angles
(a) 58.32 GHz, (b) 60.48 GHz, (c) 62.64 GHz, (d) 64.80 GHz

Fig. 14 Measured beam-steering radiation patterns of 2 × 16 antenna array. In each graph, curves with different colors show the 16 x beams steered at
different angles
(a) 58.32 GHz, (b) 60.48 GHz, (c) 62.64 GHz, (d) 64.80 GHz
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Fig. 15 Gain for all four channels as a function of beam-steering angles. Solid lines show the measured results while dashed represent the simulations

Table 3 Comparison between proposed antenna array and other 60 GHz antenna arrays
Type and reference
No. of
BW% Fabrication
Feed network
Max. gain Antenna size
elements
tech.
(mm3)

Beamsteering
capability

multilayer structure [6]
reflector-backed bowtie antenna
[24]
parallel and series fed patch
array [25]
l-probe fed patch array [26]
multilayer patches [10]

16
50

24
14.6

PCB
PCB

corporate fed
corporate fed

16.3 dBi
25.2 dBi

44,341.143
3535 0.254

yes
no

16

21.1

PCB

corporate and series fed

15.6 dBi

20,150.203

no

16
24

25.5
—

PCB
LTCC

16.7 dBi
14.5 dBi

17,170.381
20,151.02

no
yes

ANT 5 centrally fed array [this
work]
ANT 6 centrally fed array [this
work]
4 × 16 array [this work]

4

13

PCB

corporate fed
RFIC feeds
independently
corporate and series fed

12 dBi

132.40.434

no

4

14.6

PCB

corporate and series fed

12 dBi

132.40.434

no

64

13

PCB

corporate fed

20.8 dBi

13,410.434

yes
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