ISCTE 2 1UL
REPOSITORIO

INSTITUTO UNIVERSITARIO DE LISBOA

Repositério ISCTE-IUL

Deposited in Repositdrio ISCTE-IUL:
2018-04-23

Deposited version:
Post-print

Peer-review status of attached file:
Peer-reviewed

Citation for published item:

Bisognin, A., Nachabe, N., Luxey, C., Gianesello, F., Gloria, D., Costa, J....Arbabian, A. (2017). Ball
Grid Array Module with Integrated Shaped Lens for 5G Backhaul/Fronthaul Communications in F-
Band. IEEE Transactions on Antennas and Propagation. 65 (12), 6380-6394

Further information on publisher's website:
10.1109/TAP.2017.2755439

Publisher's copyright statement:

This is the peer reviewed version of the following article: Bisognin, A., Nachabe, N., Luxey, C.,
Gianesello, F., Gloria, D., Costa, J....Arbabian, A. (2017). Ball Grid Array Module with Integrated
Shaped Lens for 5G Backhaul/Fronthaul Communications in F-Band. IEEE Transactions on Antennas
and Propagation. 65 (12), 6380-6394, which has been published in final form at
https://dx.doi.org/10.1109/TAP.2017.2755439. This article may be used for non-commercial
purposes in accordance with the Publisher's Terms and Conditions for self-archiving.

Use policy

Creative Commons CC BY 4.0
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
¢ a link is made to the metadata record in the Repository
o the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Servicos de Informagdo e Documentagdo, Instituto Universitario de Lisboa (ISCTE-IUL)
Av. das Forgas Armadas, Edificio II, 1649-026 Lisboa Portugal
Phone: +(351) 217 903 024 | e-mail: administrador.repositorio@iscte-iul.pt
https://repositorio.iscte-iul.pt


https://dx.doi.org/10.1109/TAP.2017.2755439

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

Ball Grid Array-Module with Integrated Shaped Lens
for 5G Backhaul/Fronthaul Applications in F-band
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What is the problem being addressed by the manuscript and why is it important to the Antennas &
Propagation community ?

In this paper, we propose a ball grid array (BGA) module with integrated 3D-printed plastic lens and
dedicated 120 GHz OOK transceiver for 5G Backhaul/Fronthaul applications. The problem to be addressed
is the following: 5G future networks will need backhaul/fronthaul 10Gbps wireless links and it’s mandatory
to design cost-effective and energy efficient solutions. The proposed solution is made of 3D-printed plastic
lens antenna and cheap 7x7x0.362 mm® BGA module integrating a 2x2 array of aperture-coupled patch
antennas as the source of the lens. The measurement results of the full system confirm the expected
performance of the plastic lens: a -10dB matching and a 28 dBi realized gain from 114 to 140 GHz. The
active measurements allows a Tx/Rx link >12Gbps data transmission with <10-6 BER at nearly 5m. This
link is realized with an energy-efficiency better than 1.6 pJ/b/s which is at least 40 times better than state-of-
the-art high-speed existing TRx’s. Those promising results pave the way for future cost-effective and low
consumption backhaul/fronthaul systems for 5G communications.

What is the novelty of your work over the existing work (100 words)?

So far, several wireless links at 120 GHz have been deployed by various authors with very high Gbps speed
but at the expense of high DC consumption and bulky material which is in turn correspond to weak integration
of the full-system. The novelty of our work lies in the fact that every communicating block has been
optimized in conjunction with all the other nearby elements, strongly taking into account cost and integration
capability. Therefore a Tx/Rx link >12Gbps data transmission with <10-6 BER at nearly 5m. This link is
realized with an energy-efficiency better than 1.6 pJ/b/s which is at least 40 times better than state-of-the-art
high-speed existing TRx’s.
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Abstract — In this paper, we propose a ball grid array (BGA)
module with integrated 3D-printed plastic lens and dedicated 120
GHz OOK transceiver for 5G Backhaul/Fronthaul applications.
The 2x2 array of aperture-coupled patch antennas in the BGA
module of 7x7x0.362 mm?3 exhibits a -10dB matching over a 38%
bandwidth (96-140 GHz), a measured realized gain above 7.8 dBi
from 110 to 140 GHz, a fair polarization purity of 20 dB and a total
efficiency higher than 55% within the same frequency band. The
measurement results of the full system confirm the expected
performance of the plastic lens. Especially, the measured |Su|
demonstrates a -10dB matching and a 28 dBi realized gain from
114 to 140 GHz. Finally, active measurements allow a Tx/Rx link
>12 Gbps data transmission with <10 BER at nearly 5 m. This
link is realized with an energy-efficiency better than 1.6 pJ/b/s
which is at least 40 times better than state-of-the-art high-speed
existing TRx’s. Those promising results pave the way for future
cost-effective and low consumption backhaul/fronthaul systems
for 5G communications.

Index Terms— 5G, backhaul/fronthaul links, 3D-printing,
Dielectric Lens, Organic module, Ball-Grid-Array, Millimeter-
wave antennas

I. INTRODUCTION

Wireless communications are today essentials in
everybody’s daily life. In the never-ending race to
deliver higher data rate to the users and simultaneous efficient
connections within a given area, the concept of 5G has emerged
as a natural evolution of the 4G standard [1-2]. The aim of 5G
is definitely to deliver multi-gigabit-per-second data speeds,
more capacity and lower latency than today’s wireless systems.
In this context, the millimeter-waves and especially the
available millimeter frequency (broad) bands are perfect
candidates to enable the aforementioned goals. Lots of
researchers already started to focus their work at 28 and or 39
GHz as interesting frequencies for the access point link between

Aimeric Bisognin, N. Nachabe, C. Luxey, are with U. Nice. F. Gianesello,
D. Gloria are with STMicroelectronics. J. Costa, C. Fernandez are with Univ.
Lisbon. Y. Alvarez, A. Arboleya, J. Laviada, F. Las Heras are with Univ.

Oviedo. A. Arbabian, N. Dolasha, B. Grave, M. Sawabi are with Univ.
Stanford.

the user’s mobile equipment and the base-station [3-6]. For
example, Samsung put some efforts to investigate the
integration of small antennas into possible user’s devices like
smartphones [7-9]. However, another highly important
challenge lies in the connectivity between those base stations
and even between a base station and the core network.
Moreover, it should be stressed that an efficient 5G network
implementation will definitely benefit from a high densification
of the number of those access points, especially if the wireless
link with the user’s is deployed at millimeter-wave (mmw)
frequencies. In turn, this observation implies that urban small-
cells (micro and femto) will have to replace macro-cell base-
stations, therefore increasing the number of the access points
and their interconnection in what is called HetNets
(heterogeneous networks) [10-12]. Lastly, it should not be
forgotten that 5G will definitely rise if a cost-effective
deployment solution exists for the cellular operators always
willing to minimize costs. This is especially true in the context
of small cell since the network density should increase by x10
while available CAPEX to deploy those new equipments will
remain flat (driving the cost of wireless equipment to be
drastically reduce). Therefore, the infrastructure strategy is
definitely of paramount importance. For instance, fiber-optic
links between base-stations are not always the best choice due
to the high cost of civil-engineering necessary to achieve the
interconnection link [13][13].

Wireless backhaul and fronthaul links are possible
alternatives to fiber-optic links between small-cells. Existing
solutions operate in V (57-66 GHz [14-15] and E-bands (71-76
& 81-86 GHz [16-20]) but if they largely compete with fiber-
optic links in terms of cost, they do not yet in terms of data rates
[21-22]. They remain a little bit expensive for dense-urban
point-to-point deployment. Indeed, around 1-2 Gbps data rates
are achievable with E/V band backhaul solutions which is
sufficient for 4G standard but might be not enough for the
newcomer 5G where 10 Gbps are expected over 100 m. Lastly,
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those V and E backhaul and fronthaul links usually exhibit
power consumption as high as a dozens of Watts (20-35 W) due
to the high complexity modulation scheme chosen to minimize
the spectral occupancy and mitigate interferences.
Consequently, only few of those backhaul links are indeed
deployed today in 4G cellular networks. Moreover, in order to
improve the efficiency of the wireless network there is now a
trend to pool baseband resources (C-RAN concept) which put
additional pressure on the data rate required by fronthaul (10 s
of Gh/s may be required depending the configuration).

All these observations demonstrate that cost-effective,
energy efficient, high-capacity, easy-to-deploy point-to-point
wireless links at mmW are necessary for the proper deployment
of the 5G infrastructure. Considering the fact that 10 Gbps data
rates might be necessary between small cells or between a small
cell and the core network to satisfy the user’s need by 2020 [23],
it seems to be a logical approach that researcher, today
investigate the next available mmW frequency bands above 100
GHz to achieve suitable backhaul/fronthaul links for 5G
standards. Operating above 100 GHz will enable compact low-
footprint system solutions that can deliver Gbps for dense
deployments and therefore competing with wired solution in
many aspects [24]. It should be also noted that traditional
wireless systems at 60 GHz use higher-order modulations to
maximize spectral efficiency, often at the cost of energy
efficiency. As a very large bandwidth is available from 120 to
140 GHz, we can definitely relax the spectral efficiency
requirements and enable improved energy efficiency using an
OOK system. The compact and wideband system we foreseen
for mass-market should be also fully packaged with low-cost
flip-chip integrated circuit on an organic substrate that includes
an antenna-in-package as we already demonstrated in [25-27].
However, in order to increase the maximum operating distance,
a higher gain than the one provided by a simple antenna
integrated within a BGA is required The idea is then to use the
BGA antenna as a feeding source of an integrated 3D-printed
lens. The focus is on a small-footprint fully integrated cost-
effective solution which overcome traditional packaging
challenges imposed at frequencies above 100 GHz.

In this paper we propose a BGA module with integrated
shaped lens and dedicated BiCMOS OOK transceiver for 5G
Backhaul/Fronthaul applications in F-band. In Section 1I, we
describe the BGA module technology and the design of an
efficient source antenna for a dielectric lens. In section 111, we
present the design and the fabrication of the plastic lens. In the
same section, the optimized dome-lens is measured when being
fed by the BGA source. In Section 1V, active measurements of
a Tx/Rx system arrangement are briefly presented
demonstrating promising results for a cost-effective, energy-
efficient, 5G backhaul/fronthaul commercial solution. The
paper ends by a conclusion and possible future improvements
of the integrated system.

Il. BGA-MODULE

To address the gain requirements of possible 5G backhaul
links, we targeted an antenna delivering a 30 dBi gain in the
free-licensed 116-142 GHz frequency band. To obtain such a
gain, one can think about using a planar antenna on PCB, but
the high losses in the microstrip feeding network will limit the
achievable gain to near 20 dBi. A more effective way is to use
a dielectric lens fed by a planar antenna-source. This would lead
to obtain an antenna gain ranging between 20 and 35 dBi (Fig.
1). Ultimately, using a reflector would further increase this gain
until 50 dBi at the expense of being bulky. So finally, as a fair
compromise between size and performance, we chose to
develop a planar antenna integrated in a low-cost Ball Grid
Array Module (BGA) as a source of a dielectric elliptical lens.
D (A,) at 120 GHz

20 24 28

0 4 8 12 16 32 36 40 44 48

Lens

Antenna array
on PCB

30 40 50 60 70 80 90 100 110 120

D (mm)

0 10 20

D : Size of PCB module, lens diameter or reflector diameter
Fig. 1 Antenna gain versus antenna size D, for different antenna solutions:
planar antenna array (D is the length/width of the PCB), lens antenna (D is the
diameter of the lens) and reflector (D is the diameter of the reflector).

A. F-band Antenna in BGA Packaging Technology

The High Density Interconnect (HDI) technology was
developed to address the development of small connected
objects. Indeed, the miniaturization of microelectronic
components and the increase of the integration density required
more advanced technics of fabrication, especially in terms of
drawing precision (minimum conductor width and minimum
space between conductors...). In addition, operating at
frequencies above 50 GHz requires feeding lines and antenna
dimensions about ten of microns accurate.

The HDI process is perfectly suited for the design of mmw
antennas due to the following reasons:

e The standard drawing rules are largely acceptable for the
realization of mmW antennas: the minimum conductor
width is 50 um and minimum spacing between conductors
is 50 pm (design rules going down to 20 pm being already
industrially available).

e There is possibility to select low-cost organic substrates
with good performance beyond 50 GHz.

e The drawing rules and the “strip” format of fabrication of
the BGA module allows automatic flip-chip assembly of
the chip on the BGA. This has a capital importance
considering the mass market we are targeting (5G
backhaul/fronthaul links) [28].
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The integration scheme is of paramount importance at mm-
wave frequencies [29-32]. Our scheme is presented in Fig. 2,
the chip is connected in “flip-chip” to the BGA using the copper
pillar technology (pad ring pitch < 150 um). The BGA is then
connected to the PCB using sloder balls (diameter 300 um and
pitch 500 pum). The DC signals are routed from the PCB to the
BGA through the solder balls and routing lines drawn on the
BGA. The antenna is integrated into the multilayer BGA, it
radiates in the opposite direction to the chip and BGA. This way
the impact of the chip and PCB on the radiation of the antenna
is minimized. This type of interconnection enables low-loss
transmission between the RF output of the chip and the antenna.

—
BGA - Antenna
— ' | J
mmW TRX Copper pillar Solder ball

Fig. 2 Antenna-in-package integration scheme.

The build-up (layers) of the BGA module is given in Fig. 3.
We chose a standard 1-2-1 HDI build-up consisting in: 1
prepreg simple layer (30 um thickness) + 1 core double layer
(200 pum thickness represented as only one core in Fig. 3) + 1
prepreg simple layer (30 um thickness). The HDI technology
imposes a symmetrical build-up. The DC lines are drawn at M1
(chip and PCB side), as well as the microstrip line. The ground
plane is set at P1. Both prepregs are protected by a solder mask.

Assembly side

Solder ball
g

Solder Mask !

Prepreg N /7 f 30um

1 Copper (M1) : Microstrip line

Copper (P1) : Ground plane

Buried Via —

Core

T30 Copper (P2) : Patch
Copper (M2) : Metallic ring

Prepreg ! / \

Solder Mask

Radiation side
Fig. 3 Cross-sectional view of the 1-2-1 HDI build-up of the BGA module.

The BGA module is 7x7x0.362 mm?. A transparent view and
pictures of the top and bottom views of the BGA are presented
in Fig. 4 and 5. The BGA module integrates a specially
designed 2x2 array of four aperture-coupled patch antennas.
Each patch of the array is coupled to a microstrip-fed resonant
slot in order to maximize the matching and gain bandwidth. The
thickness of the prepreg substrates was minimized to increase
the coupling between the microstrip line and the slot taking into
account the minimum resolution of the HDI technology (50
pm). The slots were set at level P1 and the patches at P2. The
200 pm thickness of the core was chosen to meet the target
bandwidth (116 to 142 GHz). The core and prepreg are made

from the same substrate characterized by & = 3.4 — j*0.01. A
1:4 microstrip divider equally dispatch the power between all
array elements and is characterized by an input impedance close
to 50 Q. Spacing between the patches was adjusted to obtain
optimal illuminating beamwidth for the chosen elliptical lens: 1
mm (corresponding to 0.43X at 130 GHz) in both x and y
transversal directions. The goal was to obtain a Gaussian
radiation pattern in both E and H planes of the BGA module
with a -10dB level below the maximum within an 80-100°
angular region. This particular element arrangement was
chosen for a partial cancelation of the TMy surface wave modes
generated by the slots within the core substrate from out-of-
phase natural recombination. In addition, the array antenna was
surrounded by a grounded metallic ring in order to collect and
radiate in phase the residual energy from the TMo mode with
the main radiation of the array antenna.

Balls (M1) o -

I H plane

BN eNTe:

IC ‘
footprint
(M1)

BGA module. Bottom view of
the module with IC footprint and coupling slots fed by microstrip lines (left
side). Top view of the module with 2x2 array of slot-fed patches (right side)
with indications of the direction of propagation of TM, mode generated by the
slots.

Fig. 4 Transparent view of all the levels of the

Top View

GSG Pad (M1) Bottom View b

7 mm

Patch
(M1) Metallic ring (P2)

Dummy metallic
plate (M2)

Ball pads

“, °*
(s .'.'.'.’.'.’.’o %%
® o

(b)
Fig. 5 (a) Top (right) and bottom (left) views of the BGA module integrating
the 2x2 antenna array. (b) X ray picture of the BGA module.
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B. BGA Module Performance in Air

In order to validate our optimized design within the HDI
technology, the array antenna of the BGA module radiating in
air was measured from 116 to 140 GHz. The BGA module was
probe-fed and measured with our customized 3D measurement
set-up [33] extended to the F band with mmW extenders [34].
Measured and simulated reflection coefficient fairly agrees in
Fig. 6: the |S14| is less than -10 dB from 96 GHz to 140 GHz,
representing 38% of bandwidth. This is due to the
complementary behavior of the slot, the patch and the metallic
ring surrounding the array antenna.

0
-10
o
z
— -20
)
-30
- == = Simulation
40 Measurement
90 100 110 120 130 140 150

Frequency (GHz)
Fig. 6 Simulated and Measured |Sy;| of the array antenna of the BGA module
radiating in air.

H plane

116 GHz
—— 120 GHz
—— 125GHz
—— 130 GHz
——135GHz
—— 140 GHz

-180 -140 -100 -60 -20 20 60 100 140 180

116 GHz
 ——120GHz
S 125GHz
—130GHz
—135GHz
—140GHz

-180 -140 -100 -60

-20 20
o°

60 100 140 180

Fig. 7 Normalized E and H-plane radiation patterns of the array antenna of the
BGA module from 116 to 140 GHz.

The simulated radiation patterns in E (¢ =90°) and H (¢ =0°)
planes for a couple of frequencies within the band are presented
in Fig. 7. A quasi frequency constant beamwidth at -10 dB of
88° is maintained from 116 to 140 GHz in H-plane (in fact
between 84 and 96°). However, a stronger variation is noticed

in E-plane even with the careful optimization of the metallic
ring for TMg surface-wave mode management. The beamwidth
is what really impacts the elliptical lens illumination and in this
sense, the obtained results look satisfactory. A comparison
between simulated and measured realized gain co-polarized in
E and H-plane radiation patterns at 130 GHz is presented in Fig.
8. A very good agreement is observed in H plane. Aside from
the masking effect of the probing system occurring in E-plane,
the agreement between simulation and measurement remains
fairly acceptable. The measured beamwidth at — 10 dB (relative
to the maximum gain) is 90° in H plane and 103° in E plane.

H plane
15 P
10
= 0
o
Kl
-z -5
‘©
© -10
-15
20 ¢ Measurement
—— Simulation
-25
-180 -120 -60 0 60 120 180
(%)
E plane
15

Measurement
-20 —— Simulation
-25
-180 -120 -60 0 60 120 180

0(°)
Fig. 8 Simulated and measured realized gain co-polarized radiation pattern in
H (ZX) and E (ZY) planes at 130 GHz of the array antenna of the BGA module.

Fig. 9 shows the simulated and measured realized gain in the
broadside direction of the top face of the BGA module. The
simulated realized gain varies between 9 and 10 dBi from 116
to 140 GHz and the measured realized gain values are very
close to the simulated ones (above 7.8 dBi from 110 to 140
GHz). We can remind here the uncertainty of the measurement
setup [33-34]: 1.2 dB at 140 GHz. The polarization purity is
higher than 20 dB along the F band (90 to 140 GHz). It’s very
interesting to notice the gain flatness within the 116-140 GHz.
In addition, the antenna has a total simulated efficiency above
66% from 116 to 140 GHz. The measured total efficiency
computed from our method described in [35] is estimated to be
55% at 130 GHz. All those module air-measurement results
validate the HDI technology and the chosen BGA build-up for
an efficient 120 GHz planar source for an elliptical dielectric
lens. The next step is the study of the performance of an
elliptical lens illuminated by this array antenna source.
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Fig. 9 Simulated and measured broadside realized gain (co and cross-
polarizations) of the array antenna of the BGA versus frequency.

I1l. DESIGN OF THE LENS

A. ABS Material

As we targeted a cost-effective antenna-system for mass-
market product, the use of 3D printing technology and material
for the fabrication of the elliptical lens is evaluated next.
Usually, quartz material [36-37] or high-density polyethylene
(HDPE) [38-39] is used for mm-wave lenses above 60 GHz.
However, those materials are expensive and need dedicated
tooling. Fused Deposition Modeling (FDM) using the ABS-
M30 plastic was our finalized choice. So, far, from the best
knowledge of the authors, ABS-plastic has been barely used to
design/fabricate an antenna operating at frequencies beyond
100 GHz [40]. However, several attempts have been used at
lower frequencies [41]. The FDM 3D printing technology
consists in the deposition of a thin plastic filament to build
layers in an additive manufacturing process. In our case, the in-
house machine was able to deliver an ABS-M30 plastic
filament of 178 um diameter. This kind of plastic material is
systemically used for the casing of the most common
communicating devices (smartphones, cameras, laptops...).
Such a dielectric lens could focalize the waves originating from
the planar BGA source in a narrow radiated beam and it could
be also part of the casing of the backhaul system. In this way,
we minimize the negative impact of the casing (radome) on the
performance of the antenna and at the same time we have a low-
cost system.

In order to use the ABS-M30 material to properly design the
elliptical lens, we implemented the measurement method
described in [42] to extract its complex permittivity in the 110-
125 GHz frequency band. It consists in measuring the complex
S11 of a short-circuited waveguide filled with an ABS-M30
plastic sample. The method requires the use of a material
sample having the same transversal dimensions as the ones of
the waveguide. We used a WR08 waveguide with a length of
50.8 mm and we extruded a parallelepiped ABS-M30 block of

dimensions 2.032x1.016x5 mm?3. The plastic sample partially
inserted in the WRO08 waveguide is shown in Fig. 10. In order
to verify the method’s former conditions, we modified the
position of the calibration’s reference plane from BB’ to AA’,
(Fig. 11) by estimating the propagation constant of the
fundamental mode in the waveguide.

WRO08 Waveguide

Va. ! .;i’_

ABS-M30 sample w

Fig. 10 The WR08 waveguide (50.8 mm length) and the ABS-M30 sample
partially inserted in the waveguide.

O @)

VDI VDI VDI
module module module
E ! - BB’
E
[2=] '
S . i5mm -~ AA
- *
Short- WR08 ABS-M30 sample
circuit waveguide
- I

Fig. 11 Measurement and calibration schemes to evaluate the complex
permittivity of the ABS-M30.

The impedance of the empty and ABS-filled waveguide at the
reference plane AA’ are presented in Fig. 12. As expected, the
impedance of the filled waveguide is closer to the center of the
smith chart because of the higher (dielectric) losses in the
plastic. We also observe a rotation of the impedance curve of
the filled waveguide compared to the curve of the hollow
waveguide. By applying the optimization algorithm given in
[42], we calculated the arc that best fits the impedance curve of
the filled waveguide. Determining the position of the center of
the curve, the radius and the corresponding phase of the
calculated arc, we determined the complex permittivity of the
ABS-M30 as & = 2.49 —j0.027 in the 110-125 GHz frequency
band. We also obtained very similar results with the
measurement of different samples (actually several disks) from
the quasi-optical method developed at ESA/ESTEC [43][43] at
137.5 GHz and we finally decided to use the following
permittivity value &, = 2.48 — j0.0248.
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Fig. 12 (a) S11 measurements at AA’ reference plane of the Air-filled and ABS-
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filled waveguide and the calculated impedance arc at AA’ reference plane.
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B. ABS Elliptical Lens

As previously mentioned, the target gain of the antenna of
the full system for 5G backhaul links at 120 GHz was set around
30 dBi. This high gain can be obtained by adding an integrated
3D printed dielectric lens on top of the BGA module which is
used as a primary feed. A simple single-material lens
configuration that at the same time maximizes the achievable
gain is the elliptical lens [44]. The elliptical lens, see Fig. 13(a),
is defined here by a half ellipsoid with radius a along the x-axis,
and a cylindrical extension L from the feed to the center of the
ellipse. The ellipse radius along the z-axis is b [44]:

a

h=——
41— 1/Real(e,) )
L = b/+/Real(e,) (2)

z[mm] z[mm]
50 50
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Fig. 13 (a) Profile and ray tracing of an integrated elliptic lens in ABS material;
(b) profile and ray tracing of the dome-type integrated elliptic lens in ABS
material.

The radius a should be chosen according to the target directivity
in dB which can be estimated from

Dir[dB] = 20 Log,,(ma/1) (3)

where A is the operating wavelength. However, gain is affected
by the lens dielectric material dissipation losses that can be
estimated from (4) [45]

Loss[dB] = 27.3 y/Real(e,) (L + b) tand /A (4)
where L+b is the lens height at the axis and the loss tangent is
tand = —Imag(e,)/Real(s,.).

Disregarding for now the array antenna (BGA) radiation
efficiency, the lens base radius should be chosen so that Dir —
Loss is around 30dB. For a low cost material compatible with

FDM 3D-printing like ABS (e, = 2.48 — j0.0248), choosing
a=20mm provides a directivity about 34 dB. By using equations
(1) and (2), the other lens dimensions become b=25.89 mm and
L=16.44 mm. Then, the dissipation loss estimated from (4) is
7.3 dB. Therefore, the directivity of the lens needs to be
increased. One possibility is to increase the overall size of the
lens that is a radius. But by doing so, the dissipation loss also
increases. A much more elegant and efficient approach is to
optimize a dome-type elliptical lens with air below the lens to
reduce the dissipation losses without reducing its focusing
capability and, consequently, its directivity. The simplest dome
configuration would have a spherical surface at the feed side
with radius ag and centered at the array antenna of the BGA
module. Since one must ensure a lateral wall of ABS material
for attaching the IC to the lens, the maximum value for the
radius would be ag=19 mm with a 1 mm thick lateral wall. This
would reduce the dissipation path length inside the ABS
material to L+b-a4=23.33 mm.

In order to achieve even greater reduction of the path length
inside the ABS material, the lower surface of the dome can be
chosen to be elliptical instead, with a base radius aq along the
x-axis, a radius by along the z-axis and a cylindrical extension
L, see Fig. 13(b). However, now the radiation from the array
antenna will be refracted at the dome elliptical surface.
Therefore, to ensure that the lens does not loose directivity, the
dome parameters must be optimized. Using the Genetic
Algorithm routine in the ILASH tool [46], those dome
parameters were optimized and the results were ag=19 mm,
bg=14 mm and Ls=10 mm. As can be seen in Fig. 13, the ray
tracing of both the full lens and the dome lens present a
collimation effect with exiting rays almost parallel to the lens
axis. With this dome lens, the height of ABS material in the lens
is reduced to L+b-L4-bg=18.33 mm and by using (4) the
dissipation loss is now estimated to be 3.2 dB. The advantages
of this dome lens can be confirmed by performing a full-wave
simulation in HFSS software. The results are compared in Fig.
14 with a full (material) elliptical lens. Gain is represented
versus a radius, where the dome radius is ag=a — 1 mm. It is
clear that for larger lenses it is very advantageous to use the
proposed dome configuration. In fact, for the full ABS-M30
lens there is a radius value where further increasing the radius
of the lens does not increase the gain but on the contrary,
reduces it due to higher dissipation losses.

48
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Fig. 14 HFSS full-wave simulations of the directivity and gain of a full elliptical
lens and a dome elliptical lens (called chopped) of ABS-30 material versus the
lens base radius a at 120 GHz.
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C. Fabrication and measurements of the dome lens

In order to be able to measure the performance of the quasi-
optical antenna of the full system composed by the BGA source
and the elliptical dome lens, we were forced to use a thin plastic
support to place the BGA module at the focal point of the lens
(Fig. 15(a)). The support and the dome lens were realized
separately by FDM 3D printing and then attached together
using the rotating fin mechanism shown in Fig. 15(a). The
overall optimized dimensions of the dome lens are given in Fig.
15(b). The BGA module is placed in a cavity within the support.
The thickness of the support was optimized to produce the
optimal illumination of the dome lens by the array antenna of
the BGA module. An HFSS simulation model was elaborated
and a parametric study was done to evaluate this best thickness
t (Fig. 16).

16,44 ~ 7,8\,

25,89 ~ 12,3\,

Plastic

(ABS-M30) SR

X
(mm) Z I
Ao =2.1 mm at 140 GHz ®Y

(b)
Fig. 15 Description of the elliptical dome lens with BGA source. (a) Picture of
the assembly scheme. (b) Overall dimensions of the dome lens.

y / Vacuum box
(Radiating only
boundary condition)

Fig. 16 HFSS 3D view of the dome lens antenna (left). HFSS model (right) of
the BGA source radiating into an ABS-M30 plastic support of thickness t.

The best performance was found at t = 600 um giving a |Sa]
< -16 dB and a BGA module directivity close to 11 dBi in its
broadside direction (Fig. 17). For this thickness t, we show in
Fig. 18 the normalized radiation patterns in E (¢ =90°) and H
(p =0°) plane at 130 GHz of the array antenna of the BGA
source radiating into the plastic support. Those simulated
patterns are compared with simulated patterns of the BGA
source radiating in the air showing no major disturbance in the
H-plane but beneficial differences in the E-plane where the -
10dB beamwidth is interestingly reduced. The beamwidth at -
10 dB (relative to the maximum directivity) is 80° in both
planes and the side lobes level are less than -15 dB in H-plane
and -10 dB in E-plane.

14 0
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/
\
i
o
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\

0.2 0.4 0.6 0.8 1

Plastic thickness (um)

Fig.17 Directivity in the broadside direction (plain line) and reflection
coefficient |S;4| (dotted line) of the HFSS model versus plastic support thickness
tat 130 GHz.

The next step was to measure the matching and the radiation
pattern of the full antenna system. For this purpose, the antenna
measurement setup is given in Fig. 19. The measured |S11| with
microelectronic probing reveals a -10dB matching from 114 to
140 GHz and possibly more (20% bandwidth, see Fig. 20).
The set-up allows measurement distances from 20 to 60 cm up
to 140 GHz. Taking into account the size of the dome lens, D =
40 mm, the far field (FF) distance is Ree = 1.5 m at f = 140 GHz.
Thus, we can only perform near-field (NF) measurements and
a near-field to far-field (NF-FF) transformation is required to
obtain the FF radiation patterns from NF measurements.
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Fig. 18 Normalized radiation patterns of the BGA module radiating through the
support thickness of 600 um (dotted lines) and in the air (plain lines) in E and
H planes at 130 GHz.
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Fig. 19 Upper plot: scheme of the measurement setup. Lower picture:
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Fig. 20 Measured |Sy| of the full antenna system: BGA source radiating into
the plastic support and the dome lens.
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Positioning accuracy and thermal stability requirements at F-
band are very demanding, increasing the cost and complexity
of the measurement setup. For this purpose, phaseless
techniques are more suitable (and realistic) than complex
acquisition. There are two main approaches for phase retrieval:
on the one hand, interferometric techniques, where the
operating principle is the interference created by a known
reference source and the Antenna-Under-Test (AUT) [47-48].
These techniques are accurate and iteration-free, requiring
additional hardware to create the interference pattern. On the
other hand, iterative techniques, which rely on the information
provided by the spatial variation of the NF with distance,
require the acquisition of the field on two or more surfaces [49-
50]. The main limitation is the risk of stagnation due to the use
of iterative solvers for non-linear system of equations.

The measurement setup depicted in Fig. 19 cannot be easily
modified to allow the use of interferometric techniques, so an
iterative phase retrieval method [50] has been considered. Due
to mechanical restrictions of the robotic arm, radiated field can
be acquired in truncated spherical domains with 1° resolution in
both 6 and ¢ angles. NF measurement results are depicted in
Fig. 21 for f = 140 GHz. It can be noticed that the cross-polar
level is close to the average noise floor level, so just the co-
polar component at R = 40 and R = 60 cm has been considered
for NF-FF transformation. In addition, an asymmetry between
¢ = 0° (H-plane) and ¢ = 90° (E-plane) cuts can be observed.
This artifact is attributed to the BGA source and is the main
responsible for the secondary lobes at -15 dB in the ¢ = 90° cut.

The phaseless NF-FF transformation is outlined in [50]. The
goal of the technique is to compute a magnetic current
distribution in the aperture from the acquired NF amplitude. For
this purpose, a cost function relating the amplitude of the
measured field and the amplitude of the field radiated by the
equivalent magnetic currents at both observation surfaces (R =
40 and R = 60 cm) is set. This cost function is non-linear, so
minimization techniques such as Levenberg-Marquardt that
provides monotonic decrease of the error are considered. The
iterative solver stops when the error between the iterations n
and n+1 is less than 0.001 or if the number of iterations is larger
than 50. For this problem, the number of NF samples is 2082
(1041 samples per acquisition surface), and the number of
unknowns 841. A GPU implementation of [50] has been
developed so the calculation time is less than 10 s overall.
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Fig. 21 Measured NF at R =40 cm and R = 60 cm, f = 140 GHz, for the main

cuts (¢ = 0° (H-plane), ¢ = 90° (E-plane)). Grey lines: co-polar components.
Black lines: cross-polar components.

Next, from the reconstructed equivalent magnetic currents on
the lens antenna aperture the FF can be evaluated. Comparison
between the lens antenna patterns obtained from simulations
and from NF measurements followed by a NF-FF
transformation is plotted in Fig. 22 for f = 140 GHz. In the case
of the ¢ = 0° cut (H plane), there is a good agreement in the
main lobe and first sidelobes. However, for ¢ =90° (E-plane) it
can be appreciated an increase in the measured sidelobes level
which is in agreement with the presence of such sidelobes in the
NF pattern (Fig. 21). Directivity is calculated by integrating the
radiation pattern, yielding 35.7 dB for simulation results, and
Diens,rr = 32.8 dB in the case of NF measurements followed by
a NF-FF transformation. This 2.9 dB difference is mainly due
to the higher sidelobes in the measurement results.

The lens antenna gain has been obtained by means of the
well-known inter-comparison technique [51] with a standard
gain horn in the F-band. As lens antenna gain is measured in the
NF region, NF-FF compensation has to be applied (5):

Glens,FF [dBi] = Glens,NF + (Dlens,FF - Dlens,NF) (5)

where Giens,ne = 26.5 dBi at 140 GHz (Fig. 21), and Diens er =
32.8 dB. Diensnr is calculated by integrating NF pattern at 60
cm, yielding Diensne = 31.5 dB. Thus, Giensrr = 27.8 dBi, only
1.2 dB lower than the value obtained from simulations (Fig.
23, simulation results: 29 dBi at 140 GHz). It should be also
noted that we introduced simulated values of the gain with a
1° offset from the broadside direction which is fully in line
with the offset observed in 40 and 60 cm NF radiation patterns
in Fig. 21 mainly due to alignment inaccuracy.
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—————— Simulation (HFSS)

)
=
il
=
©
g
=
el
=
©
IS
S -40 =
= NF measurements + NF-FF transformation

-45

——————— Simulation (HFSS)
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Fig. 22 Full antenna system radiation patterns at f = 140 GHz. Comparison
between simulation and measurement results in E and H plane.
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IV. ACTIVE MEASUREMENTS FOR 5G BACKHAUL/FRONTHAUL
LINKS

For 5G point-to-point backhaul links, we integrated the full
antenna system with a specially designed transmission (Tx) and
Reception (Rx) chip. For a low-cost and low-consumption
system and enabling improved energy efficiency, we focused
on using simple (and energy-efficient) OOK modulation
scheme. The details of the chip are explained in [52]. The TRx
chip was mounted on the BGA source and integrated with the
3D printed lens (Fig. 24).

Fig. 24 Complete Antenna-System with Active chip and PC Board for 5G
Backhaul links.

An Effective Isotropic Radiated Power (EIRP) of more than
33 dBm was measured for the Tx with the lens (still in the near-
field of the antenna-system). In order to perform measurements
using a single BERT and also observe the performance in
complex mmW channels, a metal reflector was used to close the
Tx-Rx loop when transceivers are placed side by side. Even in
the complex/non-ideal extended channel formed by the
reflector, >12 Gbps data transmission with <10° BER was
measured at nearly 5 m. This link was realized with an energy-
efficiency better than 1.6 pJ/b/s which is at least 40 times better

than state-of-the-art high-speed TRx’s [53-60]. This is partially
due to the high EIRP/Ppctx (>130 times compared to [53-58])
owing to the high gain yet compact antenna-system as well as
the energy efficient OOK system. It should be also noted that
very interesting photonic-based solutions have demonstrated
impressive 20 Gbps data rates at 120 GHz [61-64] and even 100
Gbps data rates at 240 GHz [65] but these solutions are yet not
far from being integrated and suffer from high DC consumption
too.

V. CONCLUSION

In this paper we proposed a BGA module with Integrated 3D-
printed plastic lens and dedicated 120 GHz OOK transceiver for
5G Backhaul/Fronthaul applications. We first described the
BGA module technology and the design of an efficient planar
source antenna. The integration of a 2x2 array of aperture-
coupled patch antennas in the BGA module of 7x7x0.362 mm?®
with a proper management of the surface waves allowed to
exhibit measured performance in-line with simulated one as a -
10 dB matching over a 38% bandwidth (96-140 GHz), a
realized gain above 7.8 dBi from 110 to 140 GHz with
interesting flatness, a very fair polarization purity of 20 dB and
a total efficiency higher than 55% within the band of interest.
From the best knowledge of the authors, this planar source in
BGA technology offers F-band state-of-the-art performance.
Then, we presented the design, the fabrication and the
measurement of the ABS plastic lens using the BGA module as
a source feed. Measurement results, which are in good
agreement with simulations, confirmed the expected
performance of the lens antenna-system. Especially, a measured
|S11] less than -10 dB from 114 to 140 GHz and a 28 dBi realized
gain were obtained within the same frequency bandwidth.
Finally, active measurements demonstrated data transmission
higher than 12 Gbps with a BER less than 10 at nearly 5 m.
This link was realized with an energy-efficiency better than 1.6
pJ/b/s which is at least 40 times better than state-of-the-art high-
speed TRx’s. This is definitely state-of-the art performance
partially due to the high EIRP/PDC metrics nowing to the high
gain yet compact antenna-system as well as the energy efficient
OOK chosen modulation scheme. We believe those promising
results pave the way for future, cost-effective, low consumption
backhaul/fronthaul systems for 5G communications. However,
the search is not over as future prototypes will definitely have
to operate over higher communication ranges in order to be
commercially competitive. To achieve this goal several
improvements will have to be accomplished. The performance
of the circuits could be further improved at first. The
performance of the source antenna could be also improved in
terms of radiation pattern stability and total efficiency. For
example, 3D printed horn fabricated with SLS or
stereolithography technology could definitely improve the total
efficiency until 90% as demonstrated in [66]. Finally, as
depicted in Fig. 1, the lens antenna could be replaced by a
reflector approach to substantially increase the gain of the
radiating system until 45-50 dBi (enabling proposed system to
target link above 100 m). Very promising low-cost antenna-
reflector performance have already been obtained, still using
3D-printed technology and simple metallic spray at 60 and 120
GHz [67].
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