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Abstract

In this paper, we present a 28 GHz antenna array in package which covers the n257 and n258
frequency bands designated for 5G applications. The dipole antenna array is placed on one of
the two re-distribution layers in the fan-out eWLB (embedded Wafer Level Ball Grid Array)
package. For TX and RX, separate but identical antenna arrays are placed on each side of the
die. The paper presents a novel horn-shaped heatsink which not only dissipates the heat, but
also improves the radiation performance. The four-elements dipole array has the impedance
bandwidth of almost 6 GHz (24–30 GHz) and shows a maximum realized gain of 9.5 dBi.
Beam-steering in ± 35 deg is achieved in the azimuth plane (H-plane) by providing different
phases to the dipoles through the chip. The measurements nicely agree with the simulation
results.

Introduction

The rapid increase in the wireless data demand requires the shift from sub-6 GHz to the
millimeter-wave (mm-wave) bands. At sub-6 GHz bands, antennas are usually designed on
a PCB due to longer wavelengths and the application-specific integrated circuit front-end sys-
tems are then integrated with these antennas with the help of radio frequency (RF) cables and
connectors. The resulting solution is not only cost intensive due to use of high-performance
RF PCB, but also causes more interconnection losses because of longer feed cables, connectors,
and transitions. Besides, the performance of these cables and connectors severely degrades at
mm-wave bands. These factors motivate the integration of antennas and front-end chips with
a technology that can reduce the interconnection distance and number of transitions [1]. The
smaller form factor at mm-waves allows the antennas to be placed inside the package, thus
making an antenna in package (AiP) solution. The fan-out wafer level packaging (FOWLP)
technology has the potential for compact integration of passive and active components [2],
and in comparison with traditional flip-chip and wire bonding technologies, the FOWLP
has shown better electrical performance as well as higher design flexibilities at mm-wave
bands [3]. Besides, the placement of antenna array in the fan-out (FO) region minimizes
the interconnection losses because of least geometrical discontinuities from the chip to the
antenna array.

Different FO antennas and antenna arrays are presented at 28 GHz [4, 5], 60 GHz [6–11],
77 GHz [12–15], and above 100 GHz [16] where most of the designs use either double molding
layers [4, 10, 12], multiple re-distribution layers (RDL) [5], metallization on top mold [4, 5, 7,
9, 10, 12], through mold VIAs [4, 5, 7], or airgap in the mold [6]. These variations make the
package complex and thus cost-ineffective. Some of the designs implement only a single
antenna elements despite the small form factors at 60 and 77 GHz [8, 13, 14]. In this work,
a TX and an RX antenna arrays are presented that cover the 26 and 28 GHz bands n258
(24.250–27.5 GHz) and n257 (26.5–29.5 GHz). The arrays are designed at RDL1 using 4 ×
dipole elements, while the package consists of a single mold and 2 × RDLs. Moreover, a
metal backed cavity in the low-cost FR-4 PCB directs the waves in the broadside direction.
Furthermore, the presence of active circuits in the module require a heatsink to dissipate
the heat, and if the antennas/antenna arrays radiate in the same direction where heatsink is
placed, this can significantly degrade the radiation performance of the antenna array. In
this work, we have designed a novel horn-shaped heatsink which not only dissipates the
heat from the chip but also improves the radiation performance of the antenna array.
The beam-steering is achieved in ± 35° in the azimuth plane and the overall measurements ver-
ify the simulation results.

The paper is further organized as follows: section “Packaging technology” of the paper
briefly discusses the packaging technology used to design the compact antenna array.
The design of the antenna array along with novel horn-shaped heatsink is discussed in section
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“Antenna array design”, whereas section “Fabrication and meas-
urement setup” presents the fabrication and measurement setup
used in this work. The performance evaluation is presented in
section “Performance evaluation” and section “Conclusion” con-
cludes the paper with the help of a comparison table.

Packaging technology

The traditional packaging process involves dicing the dies from a
wafer and then assembling them into a package. The fan-in wafer
level package (FIWLP) however assembles a die into a package at
the wafer level by using wafer fabrication tools and processes. An
RDL is used to connect the I/Os of the chip to the bumps on top
of die surface. In the FIWLP, the final package is of the same size
as the die itself, thus the technology produces true chip-scale
package [17] which can be understood as a bumped die. The
FIWLP has advantages of good electrical performance, low cost
and small size but a number of applications ask for high number
of interconnect bumps under the chip. The FOWLP technology is
an enhancement of standard WLPs which solves the interconnect
problem of the FIWLP. In the FOWLP, the chips are diced from a

silicon wafer and precisely positioned on a carrier panel which is
then molded. An RDL then covers the die and the FO area, and
solder bumps are connected on the RDL. The idea behind the
FOWLP is to introduce a bigger wafer beneath the actual wafer
to create bigger die area which has more number of bumps for
interconnection and also has an FO area that can be used to
place the AiP. In comparison with an antenna array fabricated
on an RF PCB, the AiP not only results in reduced interconnec-
tion losses but is also a cost-effective solution.

The FOWLP used in this work is an embedded wafer level ball
grid array (eWLB) package, presented in Fig. 1. The 0.5 mm ball
grid array package comprises of three PSV layers (PSV1, PSV2
and PSV3) and two RDLs (RDL1 and RDL2) [18].

Antenna array design

A dipole antenna element is used in this work to design a four-
element antenna array. For TX and RX, separate but identical
arrays are used and they are placed on left and right side of the
die as shown in Fig. 2. The arrays are designed on the RDL1
while the transceiver chip feeds the TX and the RX antenna arrays

Fig. 1. Fan-out wafer level package (FOWLP), contain-
ing three passivation (PSV) and two re-distribution
layers (RDL).

Fig. 2. TX and RX antenna arrays placed at RDL1 in the fan-out area of the 12.6 × 12.6 mm2 package. The inset shows the zoom-in view.

1370 Imran Aziz et al.

https://doi.org/10.1017/S1759078722000058 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078722000058


through co-planar waveguide (CPW) lines, shown more clearly in
the zoom-in view. The brown circles are dummy solder bumps
placed between RDL2 and PCB for mechanical support of the
package. The effect of these solder bumps is investigated by
using a simple antenna structure and the results show an increase
in the dielectric constant of the substrate. When solder bumps are
added in the substrate, the resonance moves to lower frequency,
which then helps to miniaturize the antenna array. The ground
traces in the CPW lines are bridged together through RDL2
layer. Each quarter-wave leg of the dipole is matched to 50 Ω
port impedance and fed separately from the chip pads.

Array elements are spaced by pitch p = 3mm, which is more
than the free space quarter wavelength at 28 GHz. Figure 3 shows
the simulation results for different values of the pitch. The black
curve presents the realized gain for different values of pitch
(shown on top x-axis). The realized gain values vary from 9.2 to
9.6 dB and the gain is 9.4 dB for p = 3mm. The colored curves
show the maximum beam-steering range for pitch values between
2.90 and 3.60 mm. The 3 dB beam-steering range is maximum for
the pitch p = 3mm, which is used to design the array in this work.

The mutual coupling between the compact antenna array is a
key challenge and to minimize this coupling, a parasitic strip of
width 10 μm is employed on RDL2 between every two dipoles.
Figure 4 shows the mutual coupling between two outer neighbor-
ing legs of the dipole array and it can be seen that the S21 level is
significantly reduced when the parasitic strip is in place. This strip
plays crucial role in achieving the impedance matching and its
placement doesn’t affect the radiation performance of the array.

Horn-shaped heatsink

A heatsink is a key requirement to dissipate the heat generated by
the active circuit in the die. As this heatsink lies in close vicinity of
the antenna array, it significantly degrades the radiation perform-
ance. Keeping this in view, a novel horn-shaped aluminum heat-
sink is used which, on the contrary, can improve the radiation
performance of the antenna. The heatsink is co-designed with
the antenna and thus is a part of the antenna. A cross-section
of the heatsink is shown in Fig. 5, which will be screwed on the
FR-4 PCB. In the elevation plane, horn has θ = 20° flare angle.
Increasing the flare angle to a certain extent can somewhat
increase the gain as shown in Fig. 6, but it reduces the overall
size of the material which in turn results in reduced heat dissipa-
tion capability. A trade-off is made by selecting θ = 20° flare angle.
However, in the azimuth plane the beam-steering will be per-
formed and a smaller flare angle can restrict the beam-steering
range significantly. Thus 80° flare angle of the horn is designed
in the azimuth plane.

PCB cavity

A reflector backed cavity is designed in the FR-4 PCB at a quarter-
wave distance to suppress the back lobe radiation. The array will
thus radiate through the mold, away from the PCB. A via fence is

Fig. 3. Parametric simulations investigating the effect of pitch on the maximum rea-
lized gain (black curve with y-axis on the right) and the beam-steering range for dif-
ferent values of pitch (set of colored curves with y-axis on the left).

Fig. 4. The mutual coupling between two outer neighboring legs of the dipole array.

Fig. 5. An aluminum heatsink placed on top of the chip package. Reflector backed
cavities are also shown in the FR-4 PCB.

Fig. 6. Peak realized gain at 28 GHz for different flare angles (θ) of the horn.
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used inside the PCB to make the cavity, which is placed in a way
that it doesn’t interfere with the ground/signal routing from the
chip to the PCB.

Reflection coefficients of the antenna array

Ansys Electromagnetics Suite is used to simulate the dipole antenna
arrays. As each leg of the dipole is excited through a separate 50Ω
port, looking at Fig. 2, the first element in the array (top dipole) is
excited through ports 1 and 2 and port numbers sequentially incre-
ment toward the last element at the bottom of figure. As the layout
is vertically symmetric, a magnetically symmetric boundary is used
in the simulations, and the parametric study in Fig. 7 shows active
S-parameters of only four out of total eightports in the array. In the
figure, the active S-parameters are plotted in the Smith chart as a
function of dipole length. The length l1 = 2.63mm (red curve)
looks more promising except for S33, where resistive and reactive
parts of the impedance respectively become significantly lower
and capacitive. Keeping this in view, l1 = 2.73 mm is a good trade-
off to have all the values below a certain limit. Figure 8 shows the

active reflection coefficients for all 8 × ports on the TX side of the
package for the final length l1 = 2.73mm. The results show <−10
dB impedance bandwidth from 24 to 30 GHz for seven out of the
eight ports, while port no. 8 (on bottom) shows values higher than
− 10 dB from 28GHz onward. This is because the package is not
fully symmetric keeping in view the ground and signal routing
details in the final layout of the package. Except S11 and S88
curve pair, it can be seen that all other curve pairs are almost over-
lapping (S22 and S77, S33 and S66, S44 and S55) because of the sym-
metricity in the layout.

Fabrication and measurement setup

We have designed and manufactured a demonstrator radio fre-
quency module (RFM) for the antenna in package, based on a
modified package of the TRX BF/02 RFIC from Sivers
Semiconductors. The TX and the RX antenna arrays are fabri-
cated in the 12.6 × 12.6 × 0.8 mm3 package shown in Figs 9(a)
and 9(b). Panel (a) of the figure shows the bottom view of the
package where the TX and the RX antenna array are placed up
and down to the die, respectively. Top view of the package is
shown in panel (b) of the figure where die in the middle is sur-
rounded by the molding compound. The wave propagation direc-
tion is into the page for panel (a) and out of the page when
looking at the panel (b). Figure 9(c) presents the RFM where
the package is mounted on an FR-4 PCB and the horn-shaped
aluminum heatsink placed on top of the package, and screwed
with the PCB. The central ridge of the heatsink sits on top of
the die with a thermal interface material between them. The
black rectangular regions on both sides of the central ridge are
the openings in the heatsink for wave propagation. The top
view of the mold can be seen through these regions. An external
local oscillator is mounted on the back side of the PCB (not
shown in the figure). Panel (d) of the figure presents the evalu-
ation kit designed to characterize the RFM shown in panel (c).

The schematic diagram of the measurement setup is shown in
Fig. 10(a) where the RFM is presented as the device under test

Fig. 7. Active S-parameters for 4 ports (out of total 8
ports) of the dipole antenna array as a function of
dipole length l1.

Fig. 8. Active S-parameters for the 4-element dipole antenna array. The eight curves
belong to eight dipole legs as each dipole has two legs.
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(DUT). When evaluating the TX side, the signal generator output
is set to 54MHz, which is passed through a 180° hybrid and each
output of this hybrid further goes via a 90° hybrid. The evaluation
kit is fed with these four signals IP (in-phase positive), IN
(in-phase negative), QP (quadrature-phase positive), and QN
(quadrature-phase negative). A power meter is attached to the
standard horn antenna on the RX end. The DUT can be rotated
in the azimuth and the elevation plane and the horn antenna can

be rotated to measure the co- and cross-polarization. The actual
measurement setup in an anechoic chamber is shown in Fig. 10
(b). All rotations and measurements are controlled by the laptop
through the MATLAB scripts.

Performance evaluation

A passive antenna structure is required for complete characteriza-
tion of the antenna array, however, the manufacturing of a passive
antenna structure in the FO eWLB package is an expensive option
and is not available. Hence only active measurements are made
with the RFIC exciting the dipoles.

Gain and EIRP

Figure 11 presents the peak co- and cross-polarization realized
gain as well as peak effective isotropic radiated power (EIRP)

Fig. 9. Fabricated structure: (a) bottom view of the package showing the TX and the
RX antenna arrays on RDL1, (b) top view of the package, (c) top view of the radio fre-
quency module (RFM) where package is mounted on an FR-4 PCB and a horn-shaped
heatsink is placed on top of the die and is screwed with the PCB, (d) the evaluation
kit designed to characterize the RFM.

Fig. 10. Measurement setup: (a) schematic, (b) actual setup.

Fig. 11. Simulated co- and cross-polarization peak realized gains (left y-axis) and
measured peak EIRP (right y-axis) versus frequency of operation.
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versus frequency of operation. Black and red tick mark labels on
left y-axis in the graph presents the co- and cross-polarization
peak gains, respectively. The polarization isolation is around 25
dB or more for the band of interest. Besides, the absolute values
of simulated co-polarization peak realized gain (left black
y-axis) and peak measured EIRP (right y-axis) can not be

compared as the EIRP also involves the gain from the chip, how-
ever, the curves show the same trend with the frequency. The
detailed EIRP measurement is shown in Fig. 12 different frequen-
cies when input power of the 54MHz signal is increased gradually
from − 20 to + 18 dBm. The maximum measured EIRP is 34.3
dBm at 28 GHz. The values are minimum for 24 GHz which is
in accordance with the peak realized gain simulated results pre-
sented in Fig. 11. The maximum EIRP values stretch in 4.6 dB
range for 24.00–29.50 GHz band, however, this range reduces to
1.6 dB if 24 GHz curve is overlooked.

Radiation patterns

The radiation pattern measurements are compared with the simu-
lation results at 28 GHz in Fig. 13. The measurements agree with

Fig. 12. EIRP measurements for different frequencies when input power is swept
from − 20 to + 15 dBm in 1 dBm steps.

Fig. 13. Azimuth and elevation plane radiation pattern measurements at 28 GHz in
comparison with the simulation results.

Fig. 15. Beam steered radiation pattern in the azimuth plane (H-plane) at 28 GHz: (a)
simulated, (b) measured RX, (c) measured TX.

Fig. 14. Elevation plane radiation pattern measurements for different frequencies in
co- and cross-polarization.
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the simulations for both azimuth and elevation plane. For the ele-
vation plane, co- and cross-polarization radiation pattern meas-
urement results are presented in Fig. 14 for frequencies 24.00–
29.50 GHz. The polarization isolation is more than 25 dB for all
frequencies, which verifies the simulation results presented in
Fig. 11. Besides, in the azimuth plane, the beam-steering is per-
formed by providing different weights to each dipole in the
array. The measurements results for beam-steering are presented
along with their simulation counterparts for 28 GHz in Fig. 15.
Panel (a) shows the simulations, while panels (b) and (c) of the
figure present the measured beam-steering results for the RX
and the TX, respectively. The main beam is steered in ± 35° in
the H-plane, while keeping the peak level above − 3 dB. The mea-
sured results look in good agreement with the simulations.

Error vector magnitude

Figure 16 shows the error vector magnitude (EVM) measure-
ments for an EIRP sweep from 15 to 30 dBm. The measurements
are made with the help of Keysight N9040B UXA Signal Analyzer
(2 Hz–50 GHz) at different temperatures, which is controlled
through a Thermotron environmental test chamber. The meas-
urement are made using modulation and coding scheme 24
(MCS24) with 64 QAM (quadrature amplitude modulation).
The 30 dBm EIRP is achieved for EVM <−15 dB. The spread
in power at a fixed EVM is up to 5.4 dB. Besides, as also seen
in the previous simulations and measurements, the 24.00 GHz
is the least performing and has lowest EIRP at a fixed EVM value.

Conclusion

This paper presents a four-element compact dipole antenna array
designed using single mold FOWLP technology. The RFM shows
34.3 dBm peak EIRP with beam-steering in ± 35° range. A com-
parison with the similar reported work at 28 GHz is presented
in Table 1. The work reported in [4, 5, 19] uses multiple RDLs
and double molding layers in comparison to this work which
uses 2 × RDLs and a single molding compound. Moreover, this
work demonstrates the beam-steering in ± 35° in the azimuth
plane. Keeping in view the performance of the array, the proposed

Fig. 16. Error vector magnitude (EVM) versus EIRP measurements for different junc-
tion temperatures.

Ta
b
le

1.
Co

m
pa

ri
so
n
w
it
h
th
e
si
m
ila
r
re
po

rt
ed

w
or
k
at

28
G
H
z

Re
f.

Te
ch
no

lo
gy

An
t.
el
em

en
ts

an
d
ty
pe

M
et
al

la
ye
rs

M
ax
.
G
ai
n

Im
pe

da
nc
e
B
W

B
ea
m
-s
te
er
in
g

[1
9]

G
la
ss
-b
as
ed

em
be

dd
in
g

1
-
st
ac
ke
d
pa

tc
h

7
5
dB

i
27
.2
5–
28
.7
5
G
H
z

N
o

[4
]

D
ou

bl
e
m
ol
d
FO

W
LP

4
-
st
ac
ke
d
pa

tc
he

s
3

10
.3
dB

i
26
.8
–3
2.
5
G
H
z

N
ot

sh
ow

n

[2
0]

G
la
ss

w
af
er

1
-
sl
ot

co
up

le
d
pa

tc
h

2
5.
91

dB
i

27
.8
–2
8.
7
G
H
z

N
o

[5
]

D
ou

bl
e
m
ol
d
FO

W
LP

2
-
pa

tc
h

4
6.
3
dB

i
0.
52

G
H
z

N
o

Th
is
w
or
k

Si
ng

le
m
ol
d
FO

W
LP

4
-
di
po

le
2

9.
5
dB

i
24
–2
9.
5
G
H
z

±
35
°

International Journal of Microwave and Wireless Technologies 1375

https://doi.org/10.1017/S1759078722000058 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078722000058


solution is a good candidate for both n258 (24.250–27.5 GHz)
and n257 (26.5–29.5 GHz) bands.
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