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A 75-dBm EIRP W-Band Electronic 2-D
Beam-Steering Antenna Integrated With a GaAs
Array Transmitter via Quasioptical Spatial
Power Combining

Viktor S. Chernikov"™, Graduate Student Member, IEEE, Artem R. Vilenskiy"™, Senior Member, IEEE,
Goran Granstrom", Lars Manholm", Sam Agneessens”, Member, IEEE, Marcus Gavell”, Member, IEEE,
and Marianna V. Ivashina™, Senior Member, IEEE

Abstract—We present a W-band (92-96 GHz) electronically
steerable reflector antenna system for 6G backhaul that co-
integrates a GaAs multichannel transmitter (Tx) with a compact
waveguide (WG) focal-plane array (FPA) via a quasioptical
feeding network (QOFN). Unlike conventional architectures that
separate power amplifier (PA) power combining and beam-
forming into distinct modules, or switch a single PA among
QOFN inputs, the proposed QOFN simultaneously combines the
power of all PAs while synthesizing the required FPA excitation
for electronic beam steering. This eliminates a separate lossy
switch/combiner stage and equalizes per-channel power, critical
for maintaining high Tx efficiency. Methodologically, we develop
an active-system modeling framework that extends conventional
passive antenna array formulations by incorporating PA output
mismatch effects, channel-to-channel variations, and discrete
phase-shifter states into the beam synthesis. The formulation
yields closed-form realized gain and effective isotropic radiated
power (EIRP) maximization solutions under realistic PA con-
straints. To compensate for mast swaying, a rim-extended offset
parabolic reflector is co-designed with the FPA, providing ~50-
dBi gain with ETSI Class 3 sidelobe mask compliance over a
2-half-power-beamwidth 2-D steering range. A prototype with six
Tx PAs shows that across 92-96 GHz and multiple beams, the
minimum measured EIRP is > 75 dBm, the on-axis beam reaches
~80 dBm, and the QOFN insertion loss is 2.3-3.7 dB. The results
experimentally validate a unified architectural and modeling
approach to high-EIRP W-band backhaul TXs, demonstrating
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a compact and scalable alternative to large silicon-based phased
arrays that typically peak near 60-dBm EIRP.

Index Terms—6G, active antenna, beamforming network,
millimeter-wave, phased array, transmitting antenna.

I. INTRODUCTION

HE rollout of next-generation wireless systems, 6G,

is expected to demand higher capacity and flexible
deployment, especially for high-data-rate point-to-point (P2P)
backhaul links. To meet these needs, activity is moving into
the underutilized E-, W-, and D-bands (60-170 GHz), which
offer abundant spectrum for multi-Gb/s links [1]. Commercial
E-band (71-86 GHz) systems already deliver up to 25 Gb/s
over 1-3 km [2]. In contrast, W-/D-band demonstrations
have reached 100 Gb/s over subkilometer distances, but wide
deployment has not yet followed.

Operation at the W-/D-band entails severe free-space path
loss—over 130 dB at 90 GHz (W-band) for 1 km ver-
sus ~120 dB at 5G millimeter-wave bands. To compensate
for this loss, it is essential to achieve a high effective
isotropic radiated power (EIRP) that requires a combination
of high TX output power and high-gain antennas. Recent
W-band trials with 30-34-dBi antennas report saturated EIRP
of 52-60 dBm and demonstrated over a few hundred meters
to 1-km links. However, reaching EIRP beyond 60 dBm, as
required for longer links [3], demands either higher transmit
power or greater antenna gain, or both, tightening require-
ments on millimeter-wave power generation, beam pointing,
and regulatory limits (e.g., sidelobe masks and transmit
power).

Accurate beam pointing is challenging with ultrahigh-gain
apertures. For example, a 50-dBi-gain antenna has a half-
power beamwidth (HPBW) of 0.5° [4]. Such narrow beams
are sensitive to misalignment, requiring mechanical or elec-
tronic beamsteering over several HPBWs in 2-D [5], [6],
[7]. In scenarios such as addressed in this work, where
the required beamsteering range is moderate compared to
typical millimeter-wave phased arrays [8], [9], [10], [11], [12],
solutions based on large reflectors or lens antennas with small-
scale array feeds are most practical [13], [14], [15], [16], [17],
[18], [19]. However, these systems have competing design
constraints, that is, the array element aperture increases to
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shape reflector/lens illumination, versus minimizing interele-
ment spacing to form closely overlapping steered beams.

Efficient generation of TX output power is fundamentally
constrained by limitations in semiconductor technologies and
integrated circuit (IC) design. In the aforementioned backhaul
systems, power amplifier (PA) ICs provide only low-to-
moderate output levels (2-10 dBm), even at the E-band.
Analysis of mature silicon-based technologies at the W-band,
such as CMOS and SiGe BiCMOS [20], shows that PAs
typically achieve saturated output power (Pg) up to 20 dBm,
with the maximum power-added efficiency (PAE) of 17% [21],
[22], [23]. The III-V compound semiconductor technologies,
including GaN and (Al)GaAs, improve performance, with
P, values reaching 27-30 dBm and PAE of about 10%
for GaAs and 15% for GaN [24], [25], [26]. Nevertheless,
these technologies have limited commercial availability, low
fabrication yield, and higher cost, particularly for GaN.

Consequently, power combining from multiple PAs is
required to scale up Pg,. Conventional methods, based on
on-chip combiners [27], [28] or off-chip integrated passive
combining networks [29], [30], [31], introduce losses that
grow with frequency and the number of PAs. On-chip com-
biners are affected by high insertion losses of the corporate
combining networks, while off-chip solutions are typically
single-output designs, which require the use of a switching
network after them to comply with focal plane array (FPA)
operation.

An alternative is on-antenna power combining [32], [33],
[34], [35], [36], where multiple PAs directly feed a single
element (e.g., a patch, or slot) via multiport excitation, while
matching the antenna ports to the optimal (non-50€2) load
impedances of the PAs. This enables more efficient power
combining, but requires antenna-PA co-design, which is espe-
cially challenging at high frequencies. Most demonstrations
to date have focused on boosting P, and efficiency, while
minimizing degradation of the antenna pattern due to nonlinear
effects. This approach applies to conventional phased-array
systems where all array elements equally contribute to the
radiation field during beam steering, in contrast with the FPA-
fed reflector systems requiring effective excitation of only a
part of an FPA aperture. In contrast, key objectives of active
arrays, such as advanced beamforming and beamsteering,
remain unexplored at millimeter-wave frequencies.

The prevalent approach of treating array beamforming
and PA power combining as functionalities realized in sep-
arate modules in TX front-end design has been studied in
[37], along with the potential of joint power combining
and beamforming [38] for high-EIRP systems. The latter
introduced the concept of unified spatial power combining
and beam steering using multiple-input—multiple-output qua-
sioptical feeding networks (QOFNs) [39]. However, these
prior studies focused primarily on passive or conceptual
network-level implementations and did not demonstrate an
integrated front end operating under practical constraints, such
as impedance mismatch, finite phase resolution, and noniden-
tical active channels (ACs). Several conventional beamforming
networks can be adopted for this scenario. For example, the
Butler matrix [40], [41] can combine the power of phased
output (“antenna”) ports into the input (“beam”) ports, when
operated in reverse. However, its corporate implementation
introduces insertion loss that scales with frequency and chan-
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nel count, and it requires equality between the number of
input N and output M ports (N = M), limiting scalability for
high-power applications. Rotman-lens and related QOFNs
[42], [43] remove the strict N = M constraint, yet they are
typically optimized for beam switching rather than efficient
multi-PA power combining.

In contrast to these prior approaches, this work advances
the QOFN concept from a passive beamforming structure to
a fully integrated active front end. Building on in [38], we
present a novel W-band reflector antenna system in which a
multichannel GaAs TX and a compact waveguide (WG) FPA
are co-integrated through a dedicated multiple-input QOFN
that performs joint spatial power combining and electronic
beam steering within a single component. The main contri-
butions of this work are as follows.

1) An integrated high-EIRP front-end architecture that
enables simultaneous spatial power combining and elec-
tronic beam steering using a multiple-input QOFN,
directly addressing the W-/D-band design challenges
associated with limited PA output power and high
insertion loss of postamplifier combining or switching
networks [44].

2) An active-system quasioptical beamforming formulation
based on embedded-element patterns (EEPs) referenced
to the TX input, linking PA reflection coefficients,
channel-to-channel variations, and quantized phase con-
trol to the beamformed array pattern and EIRP. This
extends conventional embedded-element superposition
approaches to an active TX—antenna system model and
yields closed-form solutions for realized gain and EIRP
maximization under per-channel power constraints.

3) A reflector-FPA co-design strategy employing a rim-
extended offset parabolic reflector optimized together
with FPA to achieve near-50-dBi gain with ETSI Class
3 sidelobe-mask compliance over a 1° 2-D range.!

4) Experimental validation at the W-band through a six-
channel GaAs prototype demonstrating > 75-dBm
measured EIRP across multiple beams.

Thus, the novelty of the present work lies not merely
in subsystem integration but in the unified architectural and
analytical treatment of spatial power combining and beam
steering in a reflector-based W-band TX front end, supported
by experimental validation at high EIRP.

The article is organized as follows. Section II describes
the system and its generalized model. Sections III and IV
develop the beamforming framework for the passive antenna
system and complete active front end, respectively. Section V
describes the design implementation. Sections VI and VII
report the passive and active system results, respectively.
Section VIII discusses tradeoffs and comparison with the
state of the art. Section IX concludes the work and outlines
directions for future research.

II. SYSTEM MODEL AND METHODOLOGY

A high EIRP of the antenna system is primarily achieved
through the design of an integrated front-end architecture that
enables simultaneous spatial power combining and electronic
beamsteering using a multiple-input QOFN. To formalize this

'In this work, the ETSI E-band mask is adopted as the closest available
regulatory benchmark defined for fixed P2P links.
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Fig. 1. Generalized representation of the proposed W-band active TX front
end employing a quasioptical feeding network (QOFN) that enables joint
power combining and beamforming/beamsteering. The system comprises N
ACs in the PA module and an M-element FPA feeding a reflector. Reference
planes: 1) QOFN outputs toward FPA; 2) QOFN inputs from PA module; and
3) splitter input.

architecture and describe the design procedure of the entire
active antenna system, we utilize the generalized system rep-
resentation as shown in Fig. 1 for the N ACs of the PA module
and the M-elements of the FPA feeding a reflector antenna,
which are interconnected through the N x M quasioptical
feeding network (QOFN).

This representation defines two main parts of the system:
1) the PA module and 2) the passive antenna system—both
include multiple components. Each component is characterized
by scattering matrices, large-signal responses (PA module),
and, for the passive antenna, by EEPs. All S-parameters are
de-embedded to the stated reference planes. In the small-signal
regime, this representation turns end-to-end performance eval-
uation into a linear microwave-circuit problem, along with a
radiation problem with compact quadratic figures of merit.
The proposed approach resembles the established modeling
framework for active beamforming array systems (see [17],
[45]), adapted here to the antenna—-TX case with joint power
combining and beamforming.

A PA Module (Ref- 3 — Ref. 2)

The N-way WG splitter (Ref. 3) provides a uniform RF
power distribution to the N ACs; its S-parameters are Si.
Each AC comprises a phase shifter (PS) and a PA chain,
creating the capability of tuning the phase and magnitude of
its transmission coefficient, while the final amplification stage
provides the required output power level. We index the AC
state by ¢, defining the discretized phase and amplitude range
of the PA chain; the pth channel state is described by S%.
Each PA chain comprises a driver PA (DPA) and a high-power
PA (HPA; see details on the PA architecture in Section V-C).
AC-to-AC spread is accounted for by the per-channel Pgy
(and optionally Pi4g) defined by the HPA. The input/output
impedance match effects of the ACs are included via their
reflection coefficients at Ref. 2 and Ref. 3. A detailed PA
module design is provided in Section V-C.

B Passive Antenna System (Ref. 2 — EEPs)

The QOFN is realized as a parallel-plate WG (PPWG)
region with N input and M output ports (see the details of the

5225

design in Section VI-A). Together with the FPA and reflector,
it forms the passive antenna system. We use Sgpatqorn for
the FPA + QOFN block and Su, for the complete passive
antenna system, including the reflector. For the offset parabolic
reflector used here (Section V-A), we expect a negligible
change in port behavior at Ref. 2, since the central blockage
effect is mitigated by the sufficient clearance distance. Hence,
we set Sppa+QOFN * Sant. To analyze radiation performance,
we define primary EEPs (pEEPs) for the FPA + QOFN part
and secondary EEPs (sEEPs) for the full passive antenna
system at Ref. 2 when the reflector is included.

C Ports and Excitations

Let a € CV denote the root-mean-square (rms) incident
power-wave amplitudes at the N QOFN input ports (Ref. 2)
generated by the AC outputs, so that |a,/* equals the incident
power at port p.

Varying the amplitudes and phases of the incident waves at
the QOFN input ports using the PA module, we can combine
the RF power into the output ports at Ref. 1 (power combining)
and, simultaneously, form the required field distribution across
the output ports to realize beam-steering (beamforming). This
describes the joint power-combining and beamforming func-
tionality. In the present work, we operate in a beamforming
scenario where a single high-EIRP beam is electronically
steered over the required angular sector by varying the ampli-
tudes and phases of the incident waves determined using the
beam-forming approach described below. The beam-steering
limits are defined by hardware design (i.e., FPA geometry and
reflector optics), which determine the gain loss in adjacent
steering beams crossover and at the sector edges, and the
practical calibration procedure for beamforming.

D Design Goals and Performance Metrics

We target electronic beamsteering over a few beamwidths
(0.5° for 50 dBi-gain antenna) 2-D region, W-band operation
(92-96 GHz), and EIRP > 75dBm.

Using sEEPs, the realized gain in direction (6, ¢) for exci-
tation a can be written as [46]

27 a"E" (6,¢) E(6,9) a
1o afla

where the 1 x N row vector E(6,¢) = [e{° --- e} ] contains
the copolar sEEPs, normalized to a 1 —W incident power wave
at the excited port (rms convention), and 17 is the free-space

impedance. The total incident RF power at Ref. 2 is Pj,. =
afla. Thus, the corresponding EIRP is

EIRP (6, ¢) = G4 (6, 9) Pinc. (2)

Ga(6,¢) =

)

The EIRP is obtained by evaluating (2) with the available
AC power |a,,|2 < Pgyp-

Two practical constraints critically affect efficiency. First,
the QOFN is not an isolated device. Therefore, strong mutual
coupling effects between the array antenna elements can
cause unwanted field interactions inside the QOFN and in
the antenna aperture, which can lead to degraded perfor-
mance [47]. When designed in isolation [48], the FPA shows
< —24-dB mutual coupling levels, whereas in the present
work, it is co-integrated with the QOFN, characterized by
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Skpa+QorN. Second, there should be a tight grouping of
transmission coefficients from each QOFN input to a given
output, allowing to minimize back-off levels between various
ACs and thus maintaining maximum PA efficiency and system
output power.

III. BEAMSTEERING AND EIRP MAXIMIZATION FOR THE
PASSIVE ANTENNA SYSTEM

Beamforming is realized on the passive antenna system
using the sEEPs. Because sEEPs include the effects of antenna
mutual coupling and mismatch, they directly yield the exci-
tation vector a (incident power waves at Ref. 2) required to
form a beam in direction (6, ¢).

Let E(0,¢) be defined as in (1). For an unconstrained
maximum-gain solution at (6, ¢), the quadratic form in (1) is
maximized by the conjugate-field matching (CFM) solution

acrm (6, ¢) «< ER (6, ¢) 3)

that is, ap, o (€}’)" when ports are equally weighted in power.
In practice, the TX is configured to maximize EIRP, subject
to per-channel limits. We therefore set the magnitudes to the
available levels and align the phases for coherent combining

|ap| = v Psal,p’ arg (ap) = -arg (6570 (9’ ¢))

p=1,...,N “)

which turns (2) into the beam-dependent EIRP with Pj,. =
Z[]Ll Pgap. Here, Pg is the maximum available incident
power (PA saturated power) of each QOFN input.

IV. BEAMSTEERING AND EIRP MAXIMIZATION FOR THE
ACTIVE ANTENNA SYSTEM WITH A TRANSMITTER

This section presents the beamforming/EIRP formulation
for the complete active front end, defined in Fig. 1.

A. PA Module Model

The PA module is characterized at the small signal by
Spa € CWVHDXWN+D " \which is the cascade of the splitter
(Sx) and N AC subblocks with states ¢ € {1,...,0}.> We
index channels by p € {I,...,N}. For the PA module, the
transmission coefficient from the splitter input (port N + 1
at Ref. 3) to the pth AC output can be described by a single
complex scalar that depends on the AC state g (we assume that
the AC inputs are well-isolated through the input splitter):

A — 7P
t;q) = (SPA)p’NJrl = TP/’;q eC.

Owing to the balanced high-PA (HPA) architecture, the passive
output reflection coefficient of each AC, I'), £ (Spa),p, is nearly
constant across g (see Section V-C); this stabilizes the interface
toward Ref. 2. We adopt a reference state ggp = 129 (maximum
gain, zero phase) and collect the corresponding transmissions
in the diagonal matrix

Tpa = diag (t(lq(’),...,tg\(f“)).

Phase/amplitude deviations of other states are described by
complex coeflicients ¢,; = t;,q) /tﬁ,q‘)), incorporated later into a

control vector c.

2In our prototype Q = 160 (5-bit phase resolution with 5 amplitude states).
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B. sEEPs With PA Module Interaction

Because the PA module is not reflectionless at Ref. 2,
the interstage waves that enter the QOFN depend on the PA
reflections {I',} and on Say [49].

Consider the configuration in which only the channel p is
active (set to go); all other channels are biased, such that their
HPAs remain “ON” (to keep I'; fixed, i is the index across the
ACs for a fixed p), while their DPAs are “OFF” (no drive)
and PSs are in the state “0.” For a scalar incident wave a;,
at Ref. 3, the rms incident power-wave vector at Ref. 2 that
results from driving the pth AC is a”; € CV and follows from
the multiport connection equations:

(I'—=T'San) ar];f = Qin t(pqo) €y

T 2 diag(T},...,Ty) (5)

where e, is the pth standard basis vector. Provided the
interface is well behaved, the matrix (I — I'Say,) is nonsingular,
yielding the closed-form

ale = ant® (I-TSxn) e, (6)

ref

The system EEP associated with channel p and referenced
to Ref. 3 is then defined by superposition

N
(), @.0) = D (aky), ¢°6.9) =E@,p)al. (]
i=1

Combining these into the row vector gives

Ean0.0) = [ (63, ~ (), ]

which includes all PA-to-antenna interactions at the reference
state go. In practice, we observe that, thanks to the nearly
g-invariant I';, the shapes of (esy), do not change with the
channel state. Thus, for g # g, the change is modeled by a
complex scaling cpq.

Strong coupling effects and nonzero I', perturb the passive
antenna system SEEPs [49] and can, through (5), create
unwanted field interactions in the QOFN that vary with
excitation (beamforming/beamsteering). The above formula-
tion inherently accounts for these effects because Egy is
constructed from the scattering parameters of the system
components.

C. Active Antenna Beamforming

Let the AC control vector be ¢ = [cy,...,cx ]T€CN, where
each c, represents the complex state of pth AC relative to
qo (continuous in this section; quantization is handled below).
For a given beam direction (6, ¢) the radiated field from the
full active front end is Egy(6, @) c.

The system realized gain and EIRP, both referred to Ref. 3,
follow the same quadratic-form structure as in (1) and (2) [50]

2 CHEg,S (9, ¢) Esys (9, ¢) C

Gy (0,0) = — 8

O T P T, Tone ®
2w

EIRPy: (6.9) = HEL (0.0)Eqy (0.0) ¢ ©)

where Tpy = diag(tgqf)), ) ..,tﬁ“’) and |aip|> MTH, Tpac equals

the total incident RF power at Ref. 2. The forms in (8) and
(9) are the direct active-system counterparts of (1) and (2).
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1) Unconstrained Maximum-Gain Solution: Maximizing
Gyys(6, ¢) with respect to ¢ # 0 yields the generalized eigen-
value problem

H _ H
EsysEsys copt = /lmax TPATPA copt-

(10)

If Tpa o< I (well-equalized AC magnitudes), (10) reduces to a
conjugate-field match on the system EEPs, that is, c,,oc(eg;s ]*,,
consistent with the passive-only CFM solution.

2) EIRP Maximization Under Per-Channel Limits: In the
TX, the relevant constraint is the available per-channel power
at Ref. 3. To maximize the EIRP, we set each AC for maximum
output power (Pgy, p), achieved by setting |c,|] = 1 and
increasing |a;,|. Owing to the negligible AM—PM conversion
of the PA chain, the EIRP-maximizing phase can be obtained
from a small-signal solution

(1)

If thermal or linearity margins require derating, we replace
Pgap by the chosen operating power. The resulting ¢ is then
projected onto the discrete AC state set by nearest-neighbor
quantization in angle and magnitude.’

In this work, a 5-bit phase resolution is employed. Such
resolution is generally sufficient to avoid noticeable far-field
degradation in phased-array systems [51]. For the proposed
FPA architecture, full-wave simulations show that 5-bit phase
quantization combined with up to 2-dB amplitude imbalance
results in <0.1-dB peak realized-gain reduction for the syn-
thesized reflector antenna beams. This limited sensitivity is a
consequence of the usage of the QOFN. In the present design,
beam switching is achieved through the excitation with the
incident power waves with substantially different phases at the
QOEFN inputs. The reflector and the FPA, in turn, determine
the beam-steering angle when different FPA elements are
excited. Therefore, the FPA + QOFN-based architecture
relaxes the phase-accuracy requirements compared to conven-
tional phased arrays, while preserving beam shape and steering
precision within the targeted range (see Section VII-B).

The practical procedure that implements this formulation on
the measured data is provided in Section VII-A.

arge, = —arg((e5),), p=1....N.

V. ANTENNA SYSTEM DESIGN
A. Reflector Geometry

Dual-reflector configurations can provide high antenna gain
owing to a large effective focal length [6], [52], but at the
W-band, their mechanical complexity is significant. Addition-
ally, in our system (Section II), the QOFN and PA module
are co-located in the front end; the required volume would
introduce considerable blockage in an axisymmetric reflector
configuration. We therefore utilize a single offset parabolic
reflector as a tradeoff between EM performance and imple-
mentation complexity.

In addition, compliance with the ETSI Class 3 sidelobe
mask defined in the horizontal plane (¢ = 90°, 270°) is
an important design constraint. Conventionally, deep reflector
optics (F/D, < 0.25) are preferred for sidelobe suppres-
sion (e.g., in hat-feed designs [53]), however, small F/D,
increases beam scan loss [54], [55], [56]. In contrast, F/D,>
0.5 requires a larger FPA for optimum illumination [57].

3When quantization is significant, one may optionally re-optimize ¢ on the
discrete grid via a small local search to recover the coherent-combining loss.
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Fig. 2. Offset reflector with rim extension: (a) profile (not to scale), (b) 3-D
surface, and (c) rim outline. Notation: projected diameter D;, focal length
F, half-subtended angle ., rim-bisector angle ¥, feed steering angle yr,
clearance C, extension E. Geometry: Dy = 0.4m, [|Q102|l = 049m, F =
0.14m, ||QcQxll = C = 5mm, [|Q203]| = 20mm, E = 15mm, yy = 111°,
Yo =56°, Y =1°, Y. =55°, and ¢ = 70.4°.

Balancing these competing effects, we select F/D; = 0.35 as a
compromise between scan capability and sidelobe level (SLL)
performance.

Following standard offset reflector design procedures [55],
[58], [59], [60], the geometry is defined as in Fig. 2. For the
W-band P2P backhaul case, a > 50-dBi antenna is required to
compensate for a high path loss; we choose a projected diam-
eter D; = 400mm = 0.4 m, yielding a theoretical maximum
directivity of 51.9 dBi at 94 GHz. With F/D, = 0.35, the focal
length is F = 140mm. A clearance C = 5Smm avoids front-
end blockage while keeping the antenna compact, based on its
size evaluation in [48]. The half-subtended angle i, the feed
pointing angle Y, and the rim-bisector angle iy follow [55].
The baseline profile is shown in Fig. 2(a).

Asymptotic analysis, using physical optics (POs) with phys-
ical theory of diffraction (PTD) in GRASP, is employed to
optimize the offset geometry for maximum directivity under
a —10-dB rim taper (Gaussian feed model). The resulting
baseline reflector achieves D = 50.1 dBi. However, high far-
out sidelobes (FSLs) remain in the back region due to direct
feed radiation and edge diffraction [see 8 € [90°,180°] in
Fig. 3(a)], so, similar to [61], we extend the rim as in Fig. 2(a)
and (c) (segment Q,Q3), producing the 3-D surface in Fig. 2(b)
to block direct feed radiation in the backward region. The
modified rim outline R can be expressed piecewise

2 2
D, » Dy D,
()C—|:7+Ci|) +y = 4,x>(2+C)
D D
R:Yy=+= —-E<x< (=
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Fig. 3. Far-field patterns (co-pol. for 6 € [5°;180°]) of the offset reflector
antenna when illuminated by the Gaussian feed with a —10-dB rim taper:
(a) baseline circular rim and (b) extended rim. Dashed lines: horizontal cuts;
red lines indicate the angles where the ETSI mask is not compliant.

where E is the vertical extension (see Fig. 2). With this
extension, FSLs are strongly suppressed for the horizontal
plane [¢ = [90°,270°]; see Fig. 3(b)], enabling ETSI mask
compliance while keeping the overall dimension <60 cm.

B. FPA With Integrated QOFN

We implement an integrated FPA + QOFN module tailored
to electronic beamsteering of 0.65° from boresight in any
azimuth direction (i.e., 1° 2-D scanning range) using WG
technology. Beamsteering is achieved through the desired
excitation of the FPA elements. The main functional parts of
the module are shown in Fig. 4:

1) M-element FPA, responsible for shaping the reflector
illumination and enabling controlled beamsteering.

2) N-input-M-output QOFN, performing joint spatial
power combining and beamforming.

3) Rectangular WG QOFN-to-FPA interface.

4) Input rectangular WG and ridge WG (RWG) fan-in
network interfacing the QOFN with the PA module (see
Section VI-A).

5) Curved absorber blocks integrated into the PPWG region
to suppress internal reflections and stabilize the quasiop-
tical field distribution.

1) FPA and Element Decoupling: The FPA design is
adopted from [48]: it is a seven-element open-ended rectan-
gular WG array surrounded by aperture pins for element-level
pattern shaping and element decoupling (mutual coupling level
is < —24 dB), and a perforated choke-ring pair provides array-
level beam shaping. The radiation efficiency is 94%-98%
across elements. Thus, this FPA, initially designed in isolation,
is co-integrated with the QOFN with a jointly optimized
interface. It is also worth noting that the scanning range
can be improved by adding more elements, as in [62] (see
Section VIII).

2) QOFN Physical Architecture: The QOFN follows the
concept of unified spatial power-combining and beamforming
described in [38]. It comprises a PPWG region bounded by two
circular walls of radii R; and R,. The N inputs /1, ..., Iy (along
R) are implemented as open-ended RWGs that “radiate” into
the PPWG region, enabling compact interelement spacing. The
M outputs Oy, ..., Oy (along R,) are implemented as H-plane
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FN-to-FPA
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Fig. 4. Main parts of the integrated FPA + QOFN module. Here, N = 6
(number of the QOFN inputs) and M = 7 (number of the QOFN outputs
and the FPA elements). Here, a; = 5.83°, ap = 3.18°, and a3 = 1.06° are
the angles corresponding to the input ports positions along R; = 70 mm,
B1 = 11.65°, B2 = 7.44°, and B3 = 3.71° are the angles corresponding to the
output ports positions along Ry = 69.6 mm, the separation A = 30 mm, and
the PPWG height Hppwg = 1.27 mm.

sectoral horns to improve directivity* [see [38], (3)] of the
QOFN and are connected to the FPA ports. Curved absorber
blocks are placed along the PPWG sidewalls to suppress
multiple internal reflections. The vertical dimensions of all
WG cross sections (heights) are chosen to be 1.27 mm. The
principal dimensions of the synthesized structure are given in
Fig. 4, whereas the detailed implementation with dimensions
is shown in Section VI-A. In this work, we use N = 6 inputs
and M = 7 outputs, a practical choice on the IC count and the
number of FPA elements.

3) Numerical Synthesis and Optimization: The co-
integrated FPA + QOFN module was synthesized numerically
using a dedicated PPWG radiation model with input and output
WG apertures together with the full-wave simulation in Ansys
HFSS with absorbing boundary conditions along the walls to
define the baseline configuration (e.g., R;, R», input/output
port spacing and widths, ridge heights, PPWG gap, and
horn flare/length), with the FPA radiating aperture held fixed.
Accordingly, the optimization targets the QOFN geometry and
the QOFN-to-FPA interface (transition geometry) to maximize
the realized gain G4 [(1), and its CFM solution in Section III].
For the reflector/FPA used here, the optimum excitation for
a beam corresponding to the peaks of SEEPs is dominated
by a single FPA element (located at the center of the focal
spot), while the surrounding elements have a relative field
taper below —15 dB. Therefore, a first-order objective targets
maximum realized gain for these beams. Effectively, this is
equivalent to having the QOFN optimization goal of achieving
a maximum power-combining efficiency (see [38]) for each
output port.

The final design was obtained through fine-tuning of the
baseline configuration with the following included features:

“In this context, for the utilized QOFN, the directivity is a measure of the
QOFN’s ability to isolate a wanted and unwanted coupling to the output ports.
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Fig. 5. Simulated S-parameters of the FPA + QOFN module input ports.

curved absorber blocks, the side field reflectors for the edge
input RWG elements, and the side width steps for the edge out-
put WG elements (see Fig. 6). Here, the material of the curved
tapered magnetic absorber blocks is C-RAM RGD-124 from
Cuming Microwave (¢ = 16.83, u = 0.77, tand, = 0.1331,
and tan 6, = 0.0519), which is suitable for the CNC machining
and demonstrates sufficient EM energy absorption, comparable
to [63], in the W-band. The absorber blocks are located in
the sidewall region of the PPWG regions to absorb diffracted
EM waves, thus suppressing multiple PPWG reflections. For
metallic parts, aluminum is chosen as the material with the
surface roughness of 0.4 ym extracted from the WG section
measurements and included in the Groiss model as the param-
eter for the simulations. The optimization included additional
beamsteering directions, such as the crossover point directions
of the sEEPs.

4) Port Coupling and Isolation: The coupling characteris-
tics between the QOFN input ports are illustrated in Fig. 5. As
observed, the off-diagonal |S;;| levels remain below approxi-
mately —16 dB across the operating band, which is attributed
to the design of the QOFN input port. This reduces the
sensitivity of the synthesized excitations to channel-to-channel
perturbations and enables stable beam synthesis.

5) Beam Synthesis and Aperture Efficiency: The approach
for evaluating the performance involves computing the pEEPs
of the FPA + QOEFN in Ansys HFSS; we use them as a feeding
source to obtain the SEEPs in GRASP (TICRA) at Ref. 2.
Using the sEEPs as ef,o/c" and (1) and (2) in Section II, we
obtain excitations for multiple beam directions, corresponding
to the on-axis and off-axis beams.

Fig. 6 shows the instantaneous fields in the FPA + QOFN
module and resultant far-field patterns, which were computed
for the excitation scenarios for two beam directions: 6; = 0°
(beam #1) and 6; = 0.65°, ¢, = 150° (beam #7), which corre-
spond to the mainlobes of the sEEPs at Ref. 1, when feeding
the reflector with the standalone FPA. Thus, one can observe
the propagating field focusing toward the output connected
to the central element (which has dominant excitation for the
beam #1) [Fig. 6(a)] and the most offset element (which has
dominant excitation for the most scanned beam #7) [Fig. 6(b)],
respectively.

As expected for N < M (see Section VIII, and [38]), leakage
to adjacent FPA elements appears, producing small distortions
relative to the reference FPA far-field patterns [Fig. 6(c)
and (d)]. The decomposition of the total aperture efficiency
into spillover, polarization, amplitude, and phase subefficien-
cies (see definitions here [57]), eap = €sp €pol €amp €ph, indicates
an overall  0.6-dB degradation for the FPA + QOFN-
illuminated reflector relative to the standalone FPA (with an
ideal feeding network), caused primarily by phase subeffi-
ciency loss (~0.2 dB; see Fig. 7).
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TABLE 1

OHMIC Loss BUDGET FOR THE FPA + QOFN MODULE AT 94 GHZ FOR
BEAM #1 (BEST CASE), AND BEAM #7 (WORST CASE)

FPA+QOFN module part Beam #1 (dB) | Beam #7 (dB)
PPWG region (excluding absorber 0.25 0.25
loss)

Ridge WG fan-in 0.30 0.30
Input rectangular WG fan-in and 0.30 0.30
QOFN-to-FPA interface

FPA 0.20 0.20
Absorber blocks 0.85 2.25
Total ohmic loss (dB) 1.90 3.30

Notes: The mismatch effects (reflection coefficients) are not included.

6) Beam-to-Beam Coupling: The coupling between the
synthesized beams can be evaluated through the beam-overlap
(or pattern-overlap) integral formulation [49], where the cou-
pling level is determined by the inner product of the beam
far-field patterns. For directive beams, as is the case for
this work, the beam-to-beam coupling is mainly attributed
to the overlap of the mainlobes of the synthesized beams.
At the same time, the latter corresponds to the mainlobes of
the sEEPs (Ref. 1). Consequently, the inner product of two
SEEPs (Ref. 1) is proportional to the real part of the mutual
impedance of the corresponding FPA elements. Therefore, the
beam-to-beam coupling is dominated by the mutual coupling
between these elements, which is in the worst case scenario
< —24 dB.

In the present implementation, the finite directivity of the
QOFN (N < M) results in residual leakage toward adjacent
output ports at levels up to approximately —13 dB. This
leakage slightly increases the effective pattern-overlap between
adjacent synthesized beams. Based on the measured radiation
patterns, the normalized overlap between the on-axis beam
(beam #1) and its adjacent off-axis beam (beam #7) increases,
from 0.1 to 0.27. Although measurable, this increase remains
moderate and does not lead to observable distortion of the
beam shapes within the targeted steering sector. This is con-
firmed by the results provided in Section VI-C and in Fig. 6.

7) Insertion Loss: The QOFN insertion loss for the present
implementation varies between 2.3 and 3.7 dB for the on-
axis and off-axis beam excitation scenarios, respectively, where
the upper loss value occurs for beam #7 excitation (the edge
QOFN output), which is mainly attributed to a PPWG field
“grating lobe” (GL) being excited toward the absorber block
[see Fig. 6(b)]. Table I demonstrates the ohmic loss budget
for the FPA + QOFN module for two beams, representing the
upper and lower bounds. As seen, the losses fall within the
range reported for similar QO structures, that is, Rotman lenses
[42], and are acceptable considering the typical state-of-the-
art W-band technology, where a switching IC usually has over
3-dB loss per one SPDT (single pole double throw) switching
cascade [44], [64], therefore, eliminating it is beneficial.
Moreover, the optimized QOFN has well-grouped transmission
coefficients to each output with up to £1.5-dB magnitude
variation between the inputs. This allows for optimal PA
module operation in terms of output power and efficiency when
aiming at the maximum system EIRP.

C. PA Module

The PA module provides the amplitude and phase control
required to excite the N = 6 QOFN inputs and facilitates high
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Fig. 6. QOFN operating principle. (a) and (b) Instantaneous E-field in the parallel plate WG and input excitations a [from (4)] for on-axis beam #1 and
off-axis beam #7 and (c) and (d) corresponding simulated amplitude/phase FPA pEEPs (Ref. 1) and FPA + QOFN far-field pattern (Ref. 2). Here, GL is the
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Fig. 7. Simulated beam #1 efficiencies for the offset reflector antenna, when
illuminated by (a) FPA (Ref. 1) and (b) FPA + QOFN (Ref. 2).

output power. It comprises a WG N-way splitter and N ACs,
each consisting of three monolithic microwave ICs (MMICs)
[26], [65], [66] in 100-nm GaAs pHEMT developed by Gotmic
AB as shown in Fig. 8. Here, a 5-bit PS (gPSHO012A)
facilitates 11.25° phase shift discrete with +23° maximal
phase error (typical rms phase error is 8°) and £1-dB maximal
amplitude variation (typical rms amplitude error is 0.5 dB)
[65]. The PS provides ~ 16-dB insertion loss and < —8-dB
input/output reflection coefficient. A DPA (gAPZ0100A) oper-
ates in a small-signal mode and can achieve the gain of ~15dB,
to compensate for the PS loss. The gain can be adjusted by
changing the DPA drain bias. The small-signal input/output
reflection coefficient < 10 dB [66].

In turn, a balanced high-power PA (gAPZ0095A [26], HPA)
is a crucial component of the presented system. Inset in
Fig. 8 shows the principal block diagram of the balanced PA
architecture. The design comprises two quadrature hybrids in
the input and output. The input hybrid forms two quadrature
components that are amplified in the PA cells and combined
in the output hybrid. The hybrids buffer PA cells from the
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Fig. 8. PA module block diagram and photograph with N = 6 ACs (see
Fig. 1).

reflective components connected to the input and output,
thereby reducing the sensitivity of the PA to the load
impedance (mitigating load-pull effects) and improving the
input and output reflection coefficients. Furthermore, the com-
bined power of the PA cells, particularly ~27 dBm, can be
achieved in the output that is relevant for high-EIRP systems.
In the developed PA module, PS + DPA are isolated from
the AC output by the HPA, which is always “ON” at a
fixed quiescent bias point. I', of each PA module is therefore
determined by its HPA, independent of the selected phase/gain
state. Turning PS/DPA “OFF” during calibration will yield the
same I', and therefore have an impact on the overall excitation
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Fig. 9. Measured PA module: (a) magnitude and (b) phase of the small-signal
output reflection coefficient for AC #4 across all states.

TABLE I
PA MODULE: TYPICAL" MEASURED AC PERFORMANCE

Maximum gain Gmax 10 dB
Output power at 1 dB comp. P14 24 dBm
Saturated output power Psat, > 26 dBm
Amplitude control range / resolution | 6 dB /1.2 dB
Phase resolution 5 bit

RMS phase error 10°
Switching delay <1ms
Input/Output return loss (passive) < —-10dB

Notes: | The typical values provided due to the
slightly different performance of AC channels.

at Ref. 2 just as it would when all channels are “ON” under
normal use. Therefore, the HPA provides good (< —20 dB)
and nearly state-invariant (amplitude change < 0.8 dB, phase
change < 6° at 94 GHz as seen in Fig. 9) output matching
while the device is “ON,” which is beneficial for calibration
and reduces reflections at the QOFN interface [26]. It is worth
noting that the output reflection coefficient (Fig. 9) remains
stable for all power levels.

The above-described MMICs are mounted on a single
PCB including the orthogonal probes to the rectangular WG
interface forming an AC. Typical value of the resultant AC
small-signal gain is 10 dB with continuous amplitude control.
In this work, we consider 6-dB amplitude control range with
1.2-dB steps (5 gain states). The achieved combined power
at the module output is 30-32 dBm, which corresponds
to the 1-dB-compression point. This is sufficient for the
> 75-dBm peak EIRP accounting for the reflector and QOFN
losses shown above. AC states are set through a main control
unit board with a serial USB interface to MATLAB.

The main performance metrics for the PA module are
summarized in Table II.

VI. PASSIVE ANTENNA SYSTEM: IMPLEMENTATION,
MEASUREMENT, AND PERFORMANCE

A. Antenna Fabrication and Assembly

The integrated FPA + QOFN module is realized using three
aluminum H-plane WG split-blocks (Fig. 10): Layer #1 is
the FPA radiating aperture [48]. Layer #2 is a WG fan-out
that: 1) provides orthogonal interlayer transitions from the
FPA elements and 2) serves as a lid for the QOFN PPWG
region. Layer #3 implements the QOFN, following the design
procedure outlined in Section V-B. In addition, Layers #2
and #3 include the two-section transition from the customized
WG element (2.1 x 1.27 mm) to the QOFN output ports. Key
dimensions and port placement are shown in Fig. 10(a) and (b),
with the mechanical assembly in Fig. 10(c).

The fabricated reflector and the FPA + QOFN module are
shown in Fig. 11(a) and (b), where the complete prototype of
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the passive antenna system is installed in the anechoic cham-
ber. The reflector (Section V-A) is CNC-machined, polished,
and mounted using an adapter fixture. Small filets are added
along the rim to reduce edge diffraction contributions to the
far-field, and stiffening ribs on the back preserve surface shape
(Fig. 11).

B. Measurement Setup and Procedure

Measurements are performed in the Chalmers anechoic
chamber configured as a compact-antenna—test range (CATR)
with a quiet zone of 550 mm [Fig. 11(c)]. For preliminary
alignment, the input port #3 [Fig. 6(b)] is driven, and the
reflector elevation/tilt and the FPA + QOFN module position
are adjusted to match the measured and simulated H-plane cuts
near boresight. After alignment, SEEPs referenced to Ref. 2
are measured over |f] < 5° with fine angular resolution and
¢ € [0°,345°] in 15° steps. For ETSI mask verification, full
H-plane cuts are measured at different incident power levels
(higher input power level for 5° < |6] < 180° concatenated
with low input power level sEEPs for |6] < 5°) to facilitate the
required dynamic range.

C. Passive Antenna System Performance

Fig. 12(a) compares simulated and measured passive reflec-
tion coefficients (San); at the N inputs (Ref. 2). One can
observe that [(San)iil < —14 dB across 92-96 GHz with good
agreement. The active (scan) reflection coefficients (computed
for the optimized excitations) satisfy |[[¢] < —10dB for the
majority of the beams [Fig. 12(b)], except for the peaks up
to < —8 dB for beam #1, ports I3 and I;; beams #2, #5,
ports I, Is; beams #6, #7, ports I;, Is (see definitions for
beams in the caption for Fig. 13).° Nevertheless, it does not
significantly affect the PA module performance, owing to the
balanced architecture of the HPA.

Using (1) and (2) with the measured SEEPs 5/ (6, ¢), we
synthesize seven beams (beams #1—#7), where their directions
coincide with the mainlobes of the reflector sEEPs (Ref.
1). Fig. 13 shows simulated and measured far-field patterns
(Ref. 2), with the ETSI Class 3 mask for the E-band. We
observe that within § € [-180°,180°], all beams are com-
pliant except for <1 dB peaks at +103° caused by the edge
diffraction on the reflector rim. These peaks can be eliminated
by covering part of the rim with absorptive material. The
peak realized-gain differences between the measurements and
simulations are within 0.8 dB as seen in Fig. 14.

VII. ACTIVE ANTENNA SYSTEM PERFORMANCE:

BEAMSTEERING AND EIRP

A. Experimental Procedure (Per Frequency Point)

1) Measure the PA Module: acquire Spa (splitter + ACs)
with all ACs biased (or a fraction of it) and extract
(q) = (Spa)p.n+1 and the output passwe reflection coef-
ﬁCIents (nearly g-invariant) I', = (Spa),, for all p
[see (5)]. Define the reference-state transmission matrix
Tpa = diag(t", ..., ({")).

SFor an incident vector a at Ref. 2, the active reflection at port i is Tyt j =
Z]/yﬂ Sijaj/a;, evaluated per beam.
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Fig. 11. Fabricated prototypes of the passive antenna system: (a) FPA +
QOFN module, (b) reflector prototype with the FPA + QOFN mounted in the
anechoic chamber, and (c) measurement setup (CATR).

2) Measure the Passive Antenna System: acquire San (FPA
+ QOFN) and the sEEPs {e;’(6, ¢)} at Ref. 2.

3) Synthesize Beams (Optimum Beamforming): a) use
(6)and (7) to form Ey(6, #); b) for maximum realized
gain, solve the generalized eigenvalue problem (10) to
obtain ¢op; and c) for EIRP-limited operation, adjust
phases/magnitudes using (11) and round-off ¢ to the
nearest AC states {g,} (update cp<—t;,q”) /tﬁ,q")).

S-parameters [dB]

90 92 94 96 98 90 92 94 96 98
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@ ’ ®)

Fig. 12. (a) Simulated and measured passive S-parameters of the FPA +
QOFN and (b) synthesized beam active reflection [y ;| at Ref. 2.

4) Evaluate Metrics: compute EIRPgy (6, ¢) and Ggys(6, ¢)
for the synthesized beams using (8) and (9).

1) Block Connection and Calibration: The interconnection
of the system blocks used during calibration is shown in
Fig. 1. For San, we used the simulated results, owing to a
good agreement with the measurement results. For validation
of the procedure described above, we cascade the measured
PA module S-matrix Spa (splitter + ACs) with the simulated
S-matrix Sape (FPA + QOFN), thus including realistic AC
behavior and 5-bit phase resolution in the analysis. We define
tﬁ,q) £ (Spa)p.N+1 (transmission from the splitter input at Ref. 3
to AC output p in state ¢) and I', = (Spa)yp (AC output
reflection). Owing to the balanced architecture of the HPA,
I', is nearly invariant to the channel state g (see Section V-C).
A reference state gop = 129 (maximum gain, 0° phase) is used
to form Tps = diag(?\®,...,A"). The TS = 19 values
are measured channel-by-channel in a 2-port regime (Fig. 8)
with all standby ACs biased on and terminated with matched
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Fig. 14. Simulated and measured G for the on-axis and most off-axis beams
across frequency, representing the upper and lower bounds.

loads. This preserves the interface reflection conditions while
isolating the transmission of each channel.

2) System-EEP Calculation and Interface Mismatch
Effects: Because I'; # 0, the PA-QOFN interface produces
multiple reflections that perturb the port excitations at Ref.
2 and, consequently, the radiated fields. This is accounted
for by solving (6) to obtain the interstage waves a’, at
Ref. 2 when pth channel is “ON,” and then obtaining the
system EEPs, as a superposition, using (7). In practice, when
measuring the system EEP associated with channel p, only
that channel is switched on, while the others are biased with
DPAs “OFF” and HPAs “ON” that preserves I'; i=1, ..., N,
index across the channels for the fixed p) and blocks the
channel transmission. We observe that the shape of (egys), is
essentially invariant across AC states ¢, and state changes
primarily scale its complex amplitude. The realized gain
and EIRP of the active system are then evaluated directly
from (8) and (9). To represent the correct values of the
combined realized gain, excluding the PA chain amplification,
lain|* TE, Tpac is used as the total available power at Ref. 2.

V), beam #2 is (6 = 0.65°, ¢ = 90°), beam #3 is (0 = 0.65°, ¢ = 30°), beam #4 is (6 = 0.65°, ¢ = 330°), beam #5 is (6 = 0.65°, ¢ = 270°), beam

3) Excitation for EIRP Analysis: For maximum EIRP, we
select |a;,|%, such that each AC operates near its Pjgp limit
(phases and magnitudes set by (11), then quantized). Due
to the low PA module’s transducer gain, a DPA (measured
Py = 25.5 dBm) is used to provide the required input power.
Therefore, the DPA compression is presented in the EIRP
sweep, but does not affect the synthesis procedure.

4) Limitations of the Beamforming Approach for Practical
Systems: In this work, the beamforming is realized using the
linearized model, even at a large signal. This approach does
not take into account the compression of the PA module, which
can vary for the different ACs. In the proposed system, due to
the negligible AM—PM conversion, the impact of these effects
can be neglected. In this way, the maximization of the €y
excitation amplitudes, while maintaining the phases obtained
in the small-signal, directly facilitates the maximal EIRP.

B. Beam Patterns and System EIRP

Fig. 15 compares the FPA pEEPs (Ref. 1) with synthesized
active system patterns (Ref. 3) for beams #1 and #7 using
the cascade of measured Spy and Sa, and the beamforming
approach described in Section VII-A. Discrepancies are small
for the beam #1 direction (compared to Fig. 6) and increase
for the beam #7 direction due to the increased active reflection
coefficient in all QOFN input channels at Ref. 2 (¢f. wide-angle
beamsteering in classical array antennas). Fig. 16 shows the
realized gain of the active system for seven beams, based on
the measured PA module and passive system. As seen, the Ggys
values exceed 40 dBi, and the SLLs of the system are similar to
those of the passive part. The crossover levels for the selected
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Fig. 15. Measured far-field patterns of the standalone FPA (Ref. 1) versus
system far-field patterns with PA module included (Ref. 3), synthesized for
two beam directions (a) and (b) on-axis beam #1 and (c) and (d) off-axis
beam #7.

TABLE III

SYSTEM EIRP CONTRIBUTIONS AT 94 GHz

Beam Directivity, dBi QOFN Loss, dB PA module
P14, dBm
Beam #1 50.1 2.3 32
Beam #7 47.7 3.7 31.6

beam directions (which correspond to the sEEP peaks) are
approximately —6 dB. The realized gain drop is < 0.5 dB for
beam #1 and < 1 dB for the other beams compared to Fig. 13.
This demonstrates the relatively low impact of the PA module
nonideality. For more continuous beamsteering, we synthesize
intermediate beams in the corresponding crossover directions.
Fig. 17 shows that the average realized-gain variation is
approximately 2 dB and Ggys > 42 dBi. Instantaneous field
color maps illustrate how the QOFN redistributes the field
across the FPA elements while combining input power.

For maximum EIRP, each AC is driven near Piqp (phases
and magnitudes set using (11) and then quantized). The
obtained result is compared to the predicted large-signal
performance, evaluated using the simulated passive system far-
field patterns Ga. Fig. 18 shows that at 94 GHz, we achieve
80.6 dBm versus the predicted 81 dBm for beam #1 (the best
case) and 75.6 dBm versus the predicted 76.8 dBm for beam
#7 (the worst case). Across 92-96 GHz, the EIRP ranges
79.5-80.6 dBm versus the predicted 80—-81 dBm (beam #1)
and 75.5-76.5 dBm versus the predicted 76.5-77.5 (beam #7).
The minimum EIRP across the steered beams is > 75 dBm
over the band. Table III includes the EIRP contributions at
94 GHz. As seen, the most significant EIRP change is caused
by the directivity degradation of 2.4 dB, where ~1 dB is
attributed to the reflector and FPA performance, and ~1.4 dB
to the effects of the QOFN. The agreement between simu-
lations and measurements validates the active-system model
developed in Section IV.

The stability of the synthesized beam is also evaluated
with respect to practical nonidealities. The PA-module state
can be reproduced within £0.3 dB in amplitude and +2.5°

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 74, NO. 6, JUNE 2026

in phase for the transmission coefficient tf,q) after switching.

These variations result in <0.1-dB deviation in peak beam gain
and negligible pointing change of <0.1% of the 1° 2-D steering
range. This confirms that the beamforming process is robust
to realistic amplitude and phase spread between ACs and
that steering accuracy is not degraded under the investigated
operating conditions.

VIII. DISCUSSION

Table IV compares the proposed W-band active antenna
system with the high-EIRP solutions presented in the literature.
This work achieves the highest reported EIRP among the
compared systems with only N = 6 GaAs ACs (PS + DPA
+ HPA, Pigg = 25-26 dBm each) and an M = 7 element
FPA. By jointly combining power and steering within the
QOFN, the design attains >15-20 dB higher EIRP than large
BiCMOS phased arrays at similar bands (e.g., 60 dBm with
256 Tx channels in [10]) while using ~40 times fewer ACs
and preserving a compact front end.

Compared to electronically steered reflector/lens antennas
at lower millimeter-wave bands, the proposed architecture
also achieves higher EIRP. Spherical or torus reflectors with
active FPAs at 28-32 GHz reach 60-66-dBm EIRP with
tens to hundreds of channels [16], [17], whereas a prime-
focus reflector at 71 GHz with an 81-element FPA facilitates
~70 dBm (simulation) [67]. The D-band elliptical lens antenna
[19], fed by an antenna-on-chip feed in 130-nm SiGe BiCMOS
technology [23], is not included in our comparison table due to
the lack of metrics relevant to high-EIRP solutions. In fact, the
work in [19] focuses on scanning (e.g., patterns and directivity)
and demonstrates Py, = —8 dBm [23], which is 18 dB smaller
than in the present work.

Work [37] shows that EIRP enhancement is achieved
through system-level modifications. As mentioned in
Section V-B, the FPA excitation for the beams corresponding
to the mainlobes of sEEPs (Ref. 1) is dominated by a single
FPA element. Maximization of the excitation coefficient
amplitudes yields 76-77-dBm EIRP (for the reflector with
the FPA); however, the sidelobe level increases. As an
alternative, the beam-switching architecture utilized the same
number of PAs per beam, can be considered. However, it
necessitates the use of a switching network (single-pole-N-
throw, SPNT) that has high insertion loss in the W-band
(typically = 3 dB per SPDT). This highly impacts the
Tx output power and efficiency by introducing significant
insertion loss in the system after the final amplification
stage. The system, proposed in this work, requires the PSs
for its operation, which also have significant insertion loss.
However, they are placed before the final amplification stage
and do not contribute to the Tx output power and efficiency
as significantly as a switching network. The latter is replaced
with the proposed QOFN [38] with reduced insertion loss.
This allows us to keep the beamforming flexibility and use
the contribution from multiple PAs for each generated beam
with reduced QOFN loss.

Beam-steering range is the main tradeoff. Silicon-based
RFIC phased arrays offer wide-angle coverage (e.g., 30° 2-D
in [10]), albeit at much lower EIRP, whereas mechanically
steered dual-reflectors provide high gain but add moving parts
and actuators and, in some cases, do not satisfy ETSI Class
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Fig. 16. Active system Gyys, based on the measured performance of the PA module at Pigp and the measured Ga of the passive antenna system for the
on-axis beam and two adjacent off-axis beams: (a) co-polarization component cuts and (b) cross-polarization cuts; ETSI Class 3 mask shown for reference.

TABLE IV
HiGH EIRP ANTENNA SOLUTIONS SUITABLE FOR MILLIMETER-WAVE FREQUENCIES

FPsag per |y ¢ Antenna | [
R . Frontend | active . # of array | Frequency, | Side-lobe | Scanning . Peak
ef. | System configuration active Scanning range . EIRP,
type channel, elements GHz mask approach Realized
dBm channels Gain dBm
Patch antenna phased
array integrated with 256(Tx) / _ . THPBW (30°),
[10] 0.18-um SiGe Tx/Rx 5 256 128(Rx) 95 — 109.5 N/A Electronic D >18.5 60
BiCMOS RFIC
Gregorian conlj Oﬁam +3HPBW
[6] dual-reflector with Passive N/A N/A 1 71 — 86 P Mechanical 5 50 N/A
(ETSI (£2.5°)
movable feed
class 3)
Single prime-focus °
[67] | parabolic reflector Tx 10 81 81 71 N/A | Electronic | FPHPBW.A%), 1 50 | 70t
. 2D
with FPA
g o
[16] S&?ﬁf‘gii‘;ﬂ:‘ﬁf Tx 30 49 49 28 — 32 | Compliant! | Electronic 4HPB;‘; &), 36 66
Torus reflector with . +15HPBW
[17] active FPA Tx/Rx 20 324 324 26 — 30 N/A Electronic (£30°), 1D 36 60
. . . 2HPBW (£+4°)
[44] D‘elefc“éc,lfr‘,‘s with | porx | >4 1 64 7;11756/ N/A | Electronic | x 85HPBW | >5 | 34
eed array (£17°), 2D
Single offset parabolic .
. . Compliant ®
This | reflector with Tx 26 6 7 92-96 | (ETSI | Electronic | 2TPBW (%) | 477 | g0
work | proposed FPA GaAs class 3) 2D
frontend

Notes: 1The side-lobe mask is not specified, TSimulation results only.

3 standard [6]. The present system optimizes for high EIRP
within a modest 2HPBW (~1°) 2-D range. Within this range,
all beams comply with ETSI Class 3 except for <1-dB peaks
at £103° caused by the reflector edge diffraction.

Table V provides the link budget examples. The fading
margin due to rain, fog, and atmospheric gases (oxygen
and water vapor) was considered. As seen, the presented
solution can potentially be utilized for millimeter-wave 5-km
hops.

Limitations and scalability paths are present. Although the
N < M QOFN allows for a lower amount of ACs, it yields

an efficiency limitation of QOFN and degraded beamforming
flexibility, that is, when beam #7 is generated, leakage to the
adjacent FPA elements is presented. Moreover, the insertion
loss is QOFN excitation dependent. These drawbacks can be
addressed by increasing N (N > M) with corresponding geom-
etry optimization. For example, as our simulations predict,
while keeping the same M = 7, increasing the number of
PA channels from 6 to 12 helps to reduce the QOFN insertion
loss down to 1.5-2.6 dB from 2.3 to 3.7 dB across frequency.
This can also be used for combining the power of relatively
low-power Si or SiGe BiCMOS ICs.
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and (b) ¢ = 150°. Insets: instantaneous E-field in the QOFN structure for the
corresponding excitation scenarios.
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TABLE V
EXAMPLES OF THE LINK BUDGET

Distance, km 1 5
Path Loss, dB 132 146
Fading Margin, dB 6.9 26
Beam Number #1 #7 #1 #7
Pry, dBm 32.5 31.5 32.5 31.5
Grx, Grx, dBi 48 45 48 45
Prx, dBm —10.4 | —17.4 —43.5 | —50.5

Notes: In practice, an 8 dB back-off is typically considered.

The proposed antenna system scales naturally to a larger
beam-steering range. For example, extending the FPA by
adding one more ring of elements increases the beam-steering
range to = 1.5° (=2.5 HPBW) (see [62, Figs. 3.9 and 3.10]).
This approach preserves the front-end architecture; only the
number of QOFN output ports and PA channels grows.

IX. CONCLUSION

We have demonstrated a W-band electronically steerable
reflector antenna system that integrates a GaAs TX array with
a QOFN to perform joint spatial power combining and beam-
steering. The design comprises the 40-cm offset paraboloid
with a rim extension and a seven-element FPA of 0.754 spaced
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open-ended WG antenna elements. For the presented system,
the linearized beamforming approach yielding the closed-
form solution for the EIRP maximization was formulated.
The integrated active system prototype was fabricated and
characterized through measurements. Over steered beams, the
minimum EIRP is > 75 dBm, while the on-axis beam level

reaches ~ 80-dBm peak EIRP, with the ETSI Class 3 sidelobe
mask compliance except for <1 dB peaks at +103° caused
by the edge diffraction on the reflector rim. The QOFN
insertion loss for the present six-input implementation varies
within 2.3-3.7 dB depending on the beam and frequency.
The active reflection coefficients at the QOFN inputs remain
< -8 dB.

Future work will focus on: 1) lower loss and wider-angle
operation through QOFN shaping and an increased number
of ACs; 2) dual-polarization design implementation; 3) extend
the formulation of the beamforming approach to systems with
strong nonlinear effects; and 4) perform the modulated-signal
testing, including the EVM measurements and evaluation
of beam stability. These enhancements extend the presented
concept to longer-range 6G backhaul scenarios and multibeam
use cases.
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