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Abstract—A low-complexity and efficient mmWave-over-fiber
remote antenna unit (RAU) is proposed for broadband transmis-
sion and wide-angle squint-free beam steering in the full [26.5-
29.5] GHz n257 5G band. It leverages an optical beamforming
network (OBFN), implemented on a silicon photonics integrated
circuit, and a broadband optically enabled 1x4 uniform linear array
(ULA). The antenna elements (AEs) of the ULA are implemented in
air-filled substrate-integrated-waveguide technology. They adopt
an improved aperture-coupled feeding scheme to achieve high
efficiency, high isolation and minimal back radiation over a broad
frequency band. Each AE is compactly integrated and co-optimized
with a dedicated opto-electrical transmit chain, maximizing the
RAU’s performance, including beamforming flexibility and en-
ergy efficiency, while minimizing its size. The separately packaged
OBFN implements true-time-delay beamforming by means of four
switchable optical delay lines that are capable of discretely tuning
the delay difference between AEs with a resolution of 1.6 ps, up to
a maximum delay of 49.6 ps to fully exploit the ULA’s full grating-
lobe-free scan range. The measured AEs are excellently matched in
the [25.1-30.75] GHz band, exhibit high isolation (>15 dB) in the
operating band, and feature a stable peak gain of 6.8 4 0.72 dBi
with a beamwidth of at least 95°. Additionally, optical beamforming
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was successfully demonstrated by steering the RAU’s beam towards
angles up to 51.8° without grating lobes. The optically enabled 1 x 4
ULA successfully establishes a 64-QAM wireless communication
link at 2.2 Gbaud (13.2 Gbps) while beam steering up to 50° with
an error vector magnitude below 7.6 %.

Index Terms—Analog radio-over-fiber, antenna arrays, distri-
buted antenna systems, microwave photonics, optical beamforming
networks, true time delay.

1. INTRODUCTION

HE mmWave frequency band will play a vital role in the
T (beyond) 5G era to address the ever-increasing demands
of emerging wireless applications and to enable the Internet of
Everything (IoE), offering unprecedented wireless data rates
(up to multi-Gbps per user and up to one Tbps aggregated),
ultra-low-latency (< 100 us) and ultra-reliability (99.99999%)
to a massive number of end users [1], [2]. While this shift to
higher frequencies provides the required bandwidth, it is accom-
panied with challenging propagation conditions [3]. Fortunately,
the short wavelengths enable compact implementation of large
antenna arrays. The increased path loss and high mobility of
users can then be efficiently countered through adaptive beam-
forming, while (massive) MIMO techniques can be leveraged
to further optimize throughput/spectral efficiency [4]. Still, a
conventional co-located approach, in which all antennas are
grouped in the same aperture, is prone to line-of-sight (LoS)
blockage and therefore insufficient to maintain high data rates
in challenging real-life scenarios with frequent non-LoS (NLoS)
conditions, as required by next-generation IoE applications, such
as holographic telepresence, cyber-physical systems in Industry
4.0 and immersive augmented and virtual reality [2].

To improve link reliability in case of NLoS conditions,
current-generation solutions either revert to sub-6 GHz frequen-
cies or leverage advanced beamforming algorithms to exploit
reflections in the environment, thereby compromising on link
capacity and/or quality. Recently, [5] launched the innovative
concept of a large intelligent surface (LIS) to provide reli-
able, high-data-rate wireless communication. This is a large
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contiguous surface of electromagnetic radiators surrounding the
user equipments (UEs), placing the UEs in the LIS’s near field.
This enables holographic beamforming in which energy can
be focused in three dimensions. Another interesting approach
concerns the use of intelligent reflective surfaces (IRSs) [6].
While both concepts offer great potential, much more research
is required to practically implement these in the mmWave
band [7]. Furthermore, in [8], mmWave-over-Fiber distributed
antenna systems (DASs) are advocated to provide high through-
put and reliable coverage in harsh and challenging real-life
environments. In such an architecture, the core functionality is
centralized in a central office (CO) and optical fiber is used to
efficiently distribute the broadband mmWave signals to multiple
remote antenna units (RAUs) that are strategically distributed
in the UEs’ environment. As the mmWave signal modulated
on the optical carrier is already at the correct frequency in a
mmWave-over-fiber scheme, two advantages arise over other
fiber distribution schemes, paving the way for the practical real-
ization of the aforementioned LIS concept [8], [9] and for next-
generation small-cell-based radio-access networks (RANs) [10],
[11]. First of all, tight synchronization among all distributed
RAUESs can be guaranteed. Second, it allows for low-complexity
laser-free RAUs [12], which only need to implement opto-
electrical conversion (and vice versa) and amplification of the
mmWave signal and to radiate/receive through a (multi-)antenna
system. In the context of a mmWave-over-fiber link, two major
architectural trade-offs need to be made for the beamformer,
having a significant impact on system performance and cost.
First, the beamforming network should either be deployed at the
CO or at the RAUs. While the former leads to a higher degree of
centralization, this significantly increases the amount of traffic
between the CO and RAU, depending on the number of antenna
elements. Second, the implementation domain must be selected
to be either optical or electrical. Optical beamforming techniques
can implement both phase shifts and true time delays (TTDs) and
offer compelling advantages over an electrical approach, such as
wide bandwidths, low losses and immunity to electromagnetic
interference (EMI) [13].

This work proposes a novel, efficient mmWave RAU that
implements broadband transmission and wide-angle, squint-free
beam steering in the full [26.5-29.5] GHz n257 5G band by
leveraging an in-house developed optical beamforming network
(OBFN) on a photonic integrated circuit (PIC) and a dedi-
cated 1 x 4 uniform linear array (ULA). Its antenna elements
(AESs) are based on the air-filled substrate-integrated-waveguide
(AFSIW) technology to guarantee broadband and efficient op-
eration, and to obtain low mutual coupling between the AEs,
enabling grating-lobe-free beam steering over a range of 100 °.
Each AE is compactly integrated and co-optimized with a ded-
icated opto-electrical transmit chain [12], maximizing perfor-
mance, including beamforming flexibility and energy efficiency,
while minimizing its size and weight. The separately packaged
OBFN is implemented on imec’s passive silicon photonics plat-
form and contains four switchable optical delay lines (SODLs),
supporting the ULA’s full grating-lobe-free scan range without
beam squint by means of TTD beamforming [14].

This paper is an invited extension of our work presented at
the International Topical Meeting on Microwave Photonics [15],
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including a more detailed description of the antenna array and
the opto-electrical transmit chain, focusing in particular on their
compact integration, the adopted co-design strategy and the
assembly of the entire unit. The proposed RAU is also vali-
dated more extensively by demonstrating optical beam steering
towards angles up to 50 °, and by describing several multi-Gbps
fiber-wireless communication experiments. To the best of the au-
thors’ knowledge, this is the first time that ammWave-over-Fiber
RAU with custom-tailored OBFN PIC has been proposed, whose
beam steering performance and power efficiency are maximized
by compact integration and co-optimization of an opto-electrical
transmit chain with an AFSIW-based antenna array.

The remainder of this paper is organized as follows. Section II
provides an overview of the proposed system architecture. Next,
the OBFN and the optically enabled antenna array are exten-
sively discussed in Sections III and IV, respectively, while the
measurement results are presented in Section V. Subsequently,
Section VI conducts an in-depth comparison with the state-of-
the-art and explores possible future research paths. Section VII
concludes this paper.

II. SYSTEM ARCHITECTURE

Fig. 1 depicts a mmWave-over-fiber DAS deployed in a chal-
lenging indoor environment to provide reliable high-data-rate
coverage to the UE, even in the presence of multiple obsta-
cles. In this approach, RAUs are strategically distributed and
integrated in the UE’s environment to provide at least one
line-of-sight path, whereas the CO distributes the mmWave
signals over fibers towards the different RAUs. By generating
the mmWave signals at the CO and directly modulating them
onto an optical carrier, the most expensive and power-consuming
hardware is centralized at the CO. The advantages of optical
fiber are leveraged to efficiently distribute mmWave signals
with excellent interference immunity, while guaranteeing tight
synchronization between RAUs [8]. In addition, it leads to
low-complexity/low-power RAUs as power-hungry mixers and
analog-to-digital/digital-to-analog converters (ADC/DACsS) are
eliminated at the RAU. In fact, they only need to implement
opto-electrical conversion, amplification, and potentially beam-
forming. The latter is detailed in the inset of Fig. 1, depicting
the architecture of the proposed mmWave-over-Fiber RAU. It is
designed for broadband downlink transmission and wide-angle
squint-free beam steering in the complete [26.5-29.5] GHz n257
5G band. It consists of an in-house developed true-time-delay
OBFN implemented on a silicon PIC (Section III) and an opti-
cally enabled antenna array (Section IV). The latter comprises
four highly efficient printed-circuit-board (PCB)-based AFSIW
AEs, each compactly integrated with a dedicated photoreceiver
(including an electro-optical transducer and a low-noise am-
plifier (LNA)), arranged in a 1 x 4 ULA configuration. The
RAU’s 1 x 4 antenna array, whose elements are excited by
independent photoreceivers, is capable of performing adaptive
beamforming to focus the radiated power in the UE’s direction,
thus countering the large free-space path loss, a major hurdle at
mmWave. By integrating the OBFN at the RAU, the data stream
can be transported to the RAU via a single optical fiber, while
the beamforming is entirely executed by the RAU.

Authorized licensed use limited to: IMEC. Downloaded on November 09,2022 at 14:53:35 UTC from IEEE Xplore. Restrictions apply.



LIMA DE PAULA et al.: AIR-FILLED SIW REMOTE ANTENNA UNIT WITH TRUE TIME DELAY OPTICAL BEAMFORMING

6963

T 3 3 3
Central Office Beamforming mmWave RAU -H
OBFN Optically-enabled
1 SODLs | iantenna array AR
SO,
~[OE D> -
' O
------- Electrical \4 I $4
Ty+36 ; o
— Optical T [>
Opto-electrical
transducer Mr @ @ ) )
Electro-optical W[ =) (&) ]
@ transducer Amolifi "E .g .g
|_, Remote antenna D mptirier jo j2 i
e unit (RAU) o o o
WV  Antenna element || |, ol
@ User equipment t ; : t : t

Fig. 1.

System architecture of a mmWave-over-fiber distributed antenna system (DAS) to provide robust and high-data-rate coverage in challenging indoor

environments. The inset depicts the proposed downlink mmWave-over-fiber remote antenna unit (RAU), consisting of an in-house developed optical beamforming
network (OBFN) and a dedicated broadband optically enabled antenna array. ADC: analog-to-digital converter; DAC: digital-to-analog converter; SODL: switchable

optical delay line.

III. OPTICAL BEAMFORMING NETWORK

The OBFN is designed to perform broadband beam steering
with a 1 x 4 uniform linear mmWave antenna array. Therefore,
it equally splits the modulated optical signal, transmitted by
the CO, over the four antenna elements of the RAU, while
applying the appropriate beamforming coefficients, as shown
in the inset of Fig. 1. The OBFN should offer low insertion
loss, low insertion loss variation for all beamforming settings,
low power consumption and it should accurately implement the
expected beamforming coefficients. Additionally, this building
block should provide a constant group delay. This is essential
to achieve broadband beamforming without beam squint [14],
which would yield an undesired beam direction offset as a
function of frequency.

To fulfill the constant group delay requirement, the beam-
forming coefficients are implemented by reconfigurable optical
delay lines between the outputs of the power splitter and the
AEs. This technique, in which the time delay for every AE is
adjusted, is known as TTD and offers broadband squint-free
beam steering [14]. A compact optical-domain TTD device is
implemented in the proposed OBFN by SODLs [16], [17] (inset
of Fig. 1). By switching between shorter or longer optical path
lengths, as shown in Fig. 2(a), this strategy enables discrete delay
tuning with a tuning resolution of AT and a tuning range of
(2N — 1) x AT, with N the total number of bits. The time-delay
difference between consecutive antenna elements (6;) and the
inter-antenna-element spacing d determine the steering angle
o, according to [14]

co;
FE (D

showing that the steering angle (6y) is only determined by
the delay difference between adjacent elements and not by the
absolute delay of each separate AE. Hence, the offset delay 7Ty
does not play a role as long as each SODL in the OBFN has the
same 1.

sin(fp) =

0

0 0 0 0 0
by N b, (N by (N
)'( )'( )'(

N bits, AT resolution: T=T0+§]b‘.2"'1AT
3-bit, AT resolution: T=T+b;.1AT+b,.2AT+b3.4AT

(a)

combiner

(b)

Fig. 2. Conceptual representation of an SODL: (a) Standard 3-bit SODL.
(b) Adopted 5-bit SODL to reduce number of control voltages. M: power monitor
port; NC: not connected, ‘b’: bar state, ‘c’: cross state.

Our four-channel OBEN is implemented in a silicon pho-
tonics platform to benefit from its high index contrast that
permits small bend radii with minimal loss, yielding compact,
low-loss delay lines. The switches, realized by thermally tun-
able Mach-Zehnder interferometers (MZIs), are compact and
generate low switching loss, at switching speeds in the order
of 10 ps. In the proposed OBFN, an improved version of the
standard SODL was applied [Fig. 2(b)]. In the standard SODL
[Fig. 2(a)], two switches are used per bit: One switch at the
input of every bit selects either the short or long optical path
for that specific SODL section, while another switch at the
output of every bit recombines both paths without excessive loss.
The improved architecture [16], [17] [Fig. 2(b)] only requires
a single dual-input, dual-output switch per bit, thereby halving
the required number of control voltages. However, in this archi-
tecture, preceding bits will determine at which switch’s input
port the light will be present. Consequently, the correct switch
setting (‘bar’ (‘b’) or ‘cross’ (’c’) state) not only depends on the
required delay for the current bit, but also on all the preceding
bits. At the output, we used a 3-dB power combiner instead
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Fig. 3. Microscope image with layout view of the passive Si-Photonics chip.
Inset: 1 bit of the SODL, a structure that selects between a long or a short optical
waveguide through a thermally controlled Mach-Zehnder interferometer (MZI),
switch. MMI: multi-mode interferometer.

of a final switch. Even though this combiner adds an inherent
3-dB insertion loss, it minimizes the number of control signals
needed to correctly set the delay setting and the associated
power consumption. Additionally, to execute post-fabrication
calibration of the switch states, each short path of the adopted
SODL includes a directional coupler, tapping 2.5% of the light,
as indicated in Fig. 2(b).

In particular, imec’s passive silicon photonics platform is
leveraged to implement the proposed OBFN. It features a silicon-
on-insulator (SOI) stack with a functional Si layer that is 220-nm
thick and accommodates both rib and strip waveguides. We
employed the standard C-band strip waveguides with a height
of 220 nm and a width of 450 nm for the fabricated OBFN.
These waveguides have a loss of 1.3 dB/cm, a group index of
4.26 at 1550 nm and bend losses limited to 0.009 dB per 90°
bend for a 5 um bend radius. Both the reference path and the
long path waveguides have 18 bends, and the power taps are
judiciously placed in the short path to minimize insertion loss
variations through all switch states. Based on the group index,
this C-band waveguide yields approximately 1 ps delay per
70 pm. An annotated microscope image of the fabricated passive
Si-Photonics chip is shown in Fig. 3. This design is optimized
fora 1 x 4 uniform linear antenna array and contains four delay
lines with 5-bit discrete tunability and a delay resolution of
AT = 1.6 ps, corresponding to a maximum delay of 49.6 ps
and a maximum delay sequence given by {0 ps, 16 ps, 32 ps,
48 ps}. This yields a scan angle of 0y m.x = 63.6° at an AE
spacing of d = 5.36 mm, i.e., half the wavelength at 28 GHz,
being the center operating frequency of the RAU. The total chip
area equals 4.7 mm? and the optical I/O of the OBFN is achieved
by using a grating coupler array. Two metal layers were added
during post-processing of the SOI chip shown in Fig. 3. First,
a heater layer (150 nm Ti 4+ 15 nm Au) was added to enable
thermal tuning of the MZI. Second, metal routing and bondpads
were added in an additional layer (40 nm Ti 4+ 800 nm Au).
The deposited heaters are approximately 500 pm long and 2 pm
wide, yielding resistances of about 1050 (2. The inset of Fig. 3
displays a microscope image of the circuit for a single bit, after
metallization. Afterwards, an OBFN assembly was constructed
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by bonding the photonic chip to a PCB (see inset of Fig. 12),
such that the switch bondpads could be wirebonded to the PCB
tracks and such that they are easily accessed by a pin header.
Finally, a fiber array was attached to the I/O grating couplers.

IV. AFSIW REMOTE ANTENNA UNIT
A. Antenna Array Topology

The proposed mmWave antenna array is designed for highly
efficient operation and grating-lobe-free beam steering from
fp = —50° to Oy = 50° in the [26.5-29.5] GHz n257 5G band,
thereby providing the RAU with broadband and wide-angle
beam steering. Therefore, the magnitude of the reflection co-
efficient |5;| of each AE should be lower than -10 dB and the
mutual coupling between the AEs must be limited to -15dB
in the entire frequency band. Furthermore, the AE footprint
should be sufficiently small to prevent grating lobes, which are
undesired alias main beams [18] that may appear in the radiation
pattern. In particular, to ensure the main beam can be steered up
to 00 max = 50° without introducing grating lobes, the spacing
d between the antenna elements, compared to the free-space
wavelength A, at 29.5 GHz, must be limited to [19]

A2

< ————— = 5.76 mm.
1 + sin 6o max|

2

Additionally, the AE’s total efficiency is targeted to be higher
than 85% to minimize both the reflection loss at the antenna
interface and the internal antenna losses, thereby minimizing
energy waste and maximizing the range of the RAU. Moreover,
the antenna array should also facilitate integration of the opto-
electronic RAU components on its feedplane directly behind the
AEs to minimize interconnect losses and to reduce the overall
system footprint.

The proposed RAU’s antenna array, depicted in Fig. 4(b),
fulfills all aforementioned specifications by adopting an AFSIW
cavity-backed patch antenna topology. As demonstrated in [20],
such a topology achieves high efficiency, wide impedance band-
width in a compact footprint, and it minimizes mutual coupling,
even when the AEs are closely packed. The antenna array con-
sists of three inexpensive dual-layer PCBs manufactured through
standard PCB processing technology, being PCB; (0.254-mm
Rogers 4350B), implementing the radiating patch; PCBo (1-mm
FR4), incorporating an AFSIW cavity by locally removing the
lossy substrate material and subsequent metal plating the created
inner walls; and PCB3 (0.254-mm Rogers 4350B), where the
antenna feed is deployed. The air-filled metallized cavity in
PCB,, lowers the Q-factor of the antenna, enabling broadband
operation. It also avoids penetration of the electromagnetic fields
in the lossy substrate, yielding high radiation efficiency and large
isolation in compact antenna arrays. These benefits of AFSIW
are showcased in [20], demonstrating a measured total efficiency
of at least 85% over a frequency band as wide as 26.8%, and
in [21], comparing the air-filled and dielectric-filled versions of
a cavity-backed antenna. Although AFSIW-based components
are typically larger than their dielectric-filled counterparts due
to the larger wavelength observed in the air [21], the proposed
antenna element is miniaturized by exploiting the capacitive
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(*) antenna array feed with GCPW-to-SIW transition

(a) Optically enabled antenna array after photoreceiver integration

GCPW-to-SIW transition
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I
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(b) RAU’s Antenna array

Fig. 4.

Optically enabled air-filled substrate-integrated-waveguide (AFSIW) antenna array. (a) Prototype before being assembled with optical fiber pigtails.

(b) Exploded view of the RAU’s antenna array consisting of printed circuit boards (PCBs) i.e., PCB; (RO4350B), PCB> (FR4) and PCB3 (RO4350B). Inset at

the left: antenna feedplane dimensions in millimeters.

loading effect of the metallized air cavity on the patch, achieving
an antenna footprint of W,, = 5 mm by L,, = 5 mm [20].
Furthermore, compared to the antenna introduced in [20], the
proposed antenna’s feed plane has been improved to minimize
back radiation originating from the aperture-coupled feed. This
is essential to provide sufficient isolation between the active
electronic components of the RAU and the electromagnetic
waves radiated by the AEs. It requires a clear separation between
the antenna feed plane, where the components are mounted,
and the radiating aperture at the opposite side. In addition, low
back radiation is also of major importance to achieve a high
antenna-to-integration platform isolation [22] and, hence, to
maintain high antenna performance in real-life conditions where

the platform on which the RAU will be installed is not a priori
known. Thereto, a dedicated grounded-coplanar-waveguide-to-
substrate-integrated-waveguide (GCPW-to-SIW) transition [see
inset of Fig. 4(b)] is combined with an hourglass-based aperture-
coupling feed to efficiently excite the antenna with minimal
back radiation, while enabling compact integration of active
electronics. The GCPW transmission line enables direct inter-
connection to the LNA output. A downlink signal, originating
from the LNA, excites the quasi-TEM mode in the GCPW
section, after which the GCPW-to-SIW-transition converts this
mode to a TE gy mode in the short SIW section. The fields in
this SIW section excite the AFSIW cavity in PCBy via the
hourglass-shaped coupling-aperture at the bottom of PCBsj.
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front-to-back ratio of an inner antenna array element AEo.

The GCPW-to-SIW transition [23] is based on a coupling slot
positioned at the junction between both waveguide technologies
[Fig. 4(b)]. Because the slot length, Lgjot, is substantially smaller
than 15 /2 and the GCPW is not open-ended, the antenna feed
will not introduce considerable back radiation, as will be shown
in the sequel. Moreover, the proposed AE enables broadband
impedance matching to a wide variety of source impedances by
tuning the hourglass aperture, the cavity and the patch param-
eters [20], as well as the GCPW-to-SIW transition parameters,
leots dslot and Wslot-

Fig. 5 shows the broadside antenna gain (antenna gain
along the +z-direction), the backward antenna gain (antenna
gain along the -z-direction) and the front-to-back ratio (FTBR,
defined as the ratio of the broadside and backward antenna gain).
The novel antenna feed guarantees a FTBR of at least 20.4 dB.
This is in contrast to the topology introduced in [20], whose
FTBR is only 7.9 dB in the [26.5-29.5] GHz band.

Based on the proposed AE, a 1 x 4 ULA can then be realized
that allows beam steering towards any direction in the xz-plane,
such that the scan angle 6, defined in Fig. 4, varies within the
interval [-50°, 50°].

B. Optically Enabled Antenna Array

To build the optically enabled RAU, the antenna array was
further optimized to enable compact integration of four in-house
developed optical photoreceivers [12], [24], comprising a silicon
waveguide coupled Ge-on-Si photodiode (PD), a GaAs LNA and
decoupling chip capacitors. The LNA, described in detail in [24],
delivers a maximum gain of 24 dB, over a 3-dB bandwidth in
the range [23.5-31.5] GHz, while exhibiting a low noise figure
of 2.1 dB. Its output-referred third-order intercept point (OIP3)
equals 26.5 dBm at a power consumption of 303 mW. The output
impedance of the adopted LNA is shown in Fig. 6. Although the
LNA output was designed to match to 50 €2 [24], its impedance
is frequency dependent and will deviate from the targeted
50 Q.

Therefore, two different optimization strategies for the an-
tenna array are considered, resulting in slightly different di-
mensions for the features of the feed PCB (PCB3). The first
strategy adopts a conventional approach in which the input
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Fig. 6. Measured low-noise amplifier (LNA) output reflection coefficient:

(a) Magnitude. (b) Smith chart.

impedance of all AEs are matched to a standard 50-(2 impedance.
In contrast, the second strategy conjugately matches the AEs’
input impedance to the LNAs’ output impedance over the entire
operating frequency band, leading to a co-optimized design
with maximal power transfer from the LNAs to the AEs. In
both strategies, the inter-element spacing d was chosen to be
5.5 mm (i.e. 0.54 1y at 29.5 GHz) as shown in Fig. 4, as
a compromise to decrease mutual coupling between the AEs,
while allowing for a theoretical maximum grating-lobe-free
scan range up to 6y = £58°, fulfilling the interelement-spacing
criterion expressed by (2).

To compare performance between both strategies, the simu-
lated active reflection coefficient magnitude |I'4| is displayed in
Fig. 7 for the second array element [see Fig. 4(b)], considering
both antenna array optimizations and different scan angles. The
active reflection coefficient of the m™ AE, I'¢ |, defined in [25],
is the ratio between the reflected power and the incident power of
the m'™ AE when all the other AEs are also excited. Therefore, the
active reflection coefficient depends not only on the m" AE’s
reflection coeffient, but also on the mutual coupling between
the m™™ AE and the other antenna elements and their respective
excitations. Hence, since the excitation phases of the AEs are a
function of the scan angle, the |T'% | also depends on the scan
angle. Remark that both in Fig. 7(a) and (b), |T'¢| is referenced
to the conjugate LNA’s output impedance to indicate the power
transfer between the AEs and the LNAs. In particular, it can
be seen that the |T'%] of the co-optimized antenna array remains
below —9.3 dB, such that this design will accept at least 88%
of the input power for all considered scan angles, while for the
conventional 50-2 version, the |T'S| increases to —6.5 dB for a
scan angle of y = 50° meaning that only 78% of the power is
accepted. Similar behavior can be seen for the other