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Abstract— In this paper, we propose hybrid GaN-FDSOI
Front-End-Modules (FEMs) combined with lens-based
mmWave antenna modules for energy-efficient multi-
beamforming systems. X-topology Lattice-based balanced (LB)
and unbalanced (LU) differential switches are designed and
fabricated using FDSOI platforms for building scalable multi-
beamforming FEMs. Unified mmWave and Baseband
correlation technologies based on energy density and EVM
(Error Vector Magnitude) metrics are introduced for low
complexity (leveraging sparsity of MIMO channels) cost-effective
multi-beamforming systems. Combination of convolutional
accelerators with analog signal processing for linking beam-
selection algorithms to stochastic-wave-shaping (SWS) will
create new paradigms for eliminating the concept of “elements”
in arrays and replacing it by the vision of “radiating current
flows” over a textured surface (metasurface or metavolume). The
radiating metasurfaces or metavolumes which can be conformal
to the patterned optical lenses are fed by a limited number of
emitting/receiving points. The use of time-modulated
correlation functions will foster new system architectures with
critical functionalities including direction of arrival (DOA)
estimation and secure communications.

Keywords— Hybrid GaN-FDSOI, Correlation Functions,
Multi-Beamforming, EVM, X-Topology switches, Patterned
Lenses, ASIC, FPGA, Power-Density (PD), Direction of Arrival.

I. INTRODUCTION

We introduce energy-efficient cost-effective and low
complexity solutions for mmWave beamforming systems
taking advantage of hybrid GaN-FDSOI technologies (Fig.1)
backed-up by the following enablers:

o  mmWave-Optical multi-beam [1-2] using Correlation
technologies [3] for the characterization of stochastic
fields: by wusing angle-dependent energy-density
focusing capability of optical lenses, low-consumption
and low complexity beamformer front-end-module.

o Lattice-based balanced and unbalanced switching
architectures for multi-beamforming front-end-modules
Fig.1(a-b) [4]: fully-differential multi-port scalable
SPST and SPA4T switches are designed with wideband [4-
5] operation (DC up to 50 GHz) using FDSOI platforms.

o Correlation-based EVM [6-9] metrics, for single-beam
and multi-beam systems, compliant with ASIC and
FPGA implementation, using advanced convolutional
accelerators [3]. Combination of convolutional
accelerators with analog signal processing for linking
beam-selection algorithms to SWS is proposed.
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Fig.1. Hybrid GaN-FDSOI Front-End-Modules (a) including correlation-
based EVM signal processing for multi-beamforming systems (b) including
Antenna-array module in single (c) and dual (d) polarizations, co-integrated
with patterned 3D-Lens.

This contribution presents practical realization of hybrid
GaN-FDSOI based beamformers combining switched
correlator FEMs with patterned 3D lenses for low-complexity
energy-efficient solutions. Correlation technologies are
introduced both at RF/mmWave and baseband frequencies
for OTA testing of mobile devices and systems. Perspectives
for correlation-based EVM measurement of multi-beam
systems are drawn for deployment in FPGA and ASIC
platforms, beyond the scope of the new IEEE P1765 standard
[9]. The proposed lens-based mmWave multi-beam
beamformers, in offering sparse properties in both time and
angular dimensions, provide significantly reduced signal

978-1-6654-8609-5/22/$31.00 ©2022 IEEE

Authorized licensed use limited to: Universite De Limoges. Downloaded on October 07,2022 at 08:04:21 UTC from IEEE Xplore. Restrictions apply.



processing which result in a small set of correlation-based RF
measurements for channel estimation of MIMO systems.
Mosaic partitioning strategies, exploiting the sparsity of
MIMO correlation matrix, open new possibilities for
combining multiple arrays into a full array state (FAS) to
form one single beam, or for using them to form separate
beams in the sub-array state (SAS). Space-time pulse shaping
strategies will foster new energy-efficient modulated
amplitude (AM) and phase (PM) waveforms that can be
accurately and separately engineered to meet critical OTA
performances. The AM and PM waveforms may be
dynamically modulated in a predefined manner by properly
mapping pulse train sequences to desired beamforming
characteristics. The optimization of desired beamforming
characteristics covering the carrier signal and its harmonic
components can benefit from built-in convolutional
accelerators for RF embodied cognitive signal processing.

II. ANALYSIS AND DISCUSSION

A. Correlation Technologies Using Power-Density and
Energy-Density Metrics for Stochastic Gaussian Beams

The combination of switched correlator front-end-module
with 3D patterned lens, in addition to providing multibeam
functionality, enables architecture solutions where time-
modulated radiators (conventional antenna arrays or
metasurfaces) can transmit or receive signals modulated by
wave-shaped time pulses. The wave-shaped time pulses are
specified using configurable sequences to control the antenna
radiation pattern accounting for the rise and fall time of the
switching devices. Broadband power-level dependent
physics-based RLC [4] circuit synthesis compliant with Four-
Terminal devices, are combined with antenna tuning control
and regulation available in FD-SOI technologies. Beyond
standard figures of merits used for qualifying classical SPDT
switches [10], new requirements in relation with time and
frequency domains correlation based on new metrics
accounting for radiation effects (e.g., non-reflective smart-
loading) and power-dependent harmonic signatures (e.g.,
TDD operation) are used. The resulting flexibility offers a
broad range of applications including radar sensing and the
control of stochastic signals. This flexibility (adaptive
transceiver) can be operational for optimizing multi-user
interferences and for blind denoising or decorrelating [5]
received signals from each other in jammer configurations by
exploiting correlation technologies. Using Luneburg’s vector
diffraction theory and Fresnel approximations, an analytical
model for the on-axis transverse and longitudinal electric
fields and associated intensity distributions is derived. Let’s
assume the following signals from a point source residing at
angle 6 and received on two antennas separated by a baseline
D:

S,(t) = cos [211 (Fot+3 tz)] + 1,00

1
S,(t) = cos [21r (Fo(t—z,) +5(t - rg)z)] +1,(0) M

where Fj is the carrier frequency, K (Hz/s) is the chirp rate,
and 7; = (D/c)sin(0) designates the geometrical time delay
of the wavefront between the two antenna elements. The in-
phase component of the cross-correlation of the two received
signals can be expressed as:

CS152(T9) =
<cos [Zn (Fot + %tz)] |cos [27[ (Fo(t - rg) + g(t - rg)z)]>
= cos [27[(F0+Kt—§rg) rg] 2)
The noise terms are suppressed as they are assumed
uncorrelated with each other and with the received signals.

(a) Low gain High gain v
¥y beam beam

(©)
Fig. 2. Square (a) and circle-shaped (b) averaging surfaces for PD extractions
of Gaussian beams. Patterned lens with distributed gain beams (c).
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TABLE I: STATE-OF-THE-ART MM-WAVE SWITCH MODULES IN SOI TECHNOLOGY

*Simulated data|  [15] 2017 [16] 2017 [17] 2018 [13] 2020 [14] 2020 This Work 2021
Technology 130nm SOI | 45-RFSOI 22FDX® 22FDX® 45-RFSOI 22FDX®
Type SPDT SPDT SPST SPDT SPST SPST SPAT
Single-Ended | Single-Ended | Single-Ended | Single-Ended | Differential Differential Differential
Topology Series-Shunt | Series-Shunt | Series-Shunt | Series-Shunt Lattice Lattice Un- Lattice
with matching with matching | Balanced [LB]| balanced [LU] | Balanced [LB]
Band DC-50 DC-50 DC-40 DC-40 DC-43 DC-35 DC-50 | DC-40
IL (28 GHz) [dB] 1.0 0.7 1.1 1.66 2.5 1.55 1.92 2.65
ISO (28GHz) [dB] 32 24 24 334 57 21 53 48.5
P1dB [dBm] 14 29.5 23 20.5 19.6 24.9% 23.5% | 23.2%
1IP3 [dBm] 27 46 43 38.5 25.5 52.2% 47.6* | 42.2%*
Device Size [10° mm?] 40 4 / 34 5.8 7.1 7.1 35

After low pass filtering, the higher frequency -carrier
components are rejected. By combining the in-phase and
quadrature outputs of the cross-correlation function leads to
the following complex signal response:

r(z,) = Exp [j21t(F0+Kt—grg) rg] 3)
This complex signal can be used, based on linear frequency
modulated transmitters combined with receivers composed of
interferometric array with n elements, to extract the angle of
up to O(N?) targets. For the n elements, the correlation matrix
in the frequency domain can be expressed as a function of the
time-windowed signal S;(t) using Fourier transform (F):

C(w) = F{(Sr®|stt + D)} 4)
The complex power-density is extracted from the Gaussian
beam using the following equations where p and z
respectively represent the radius and the distance from the
DUT:

k@ ()

W
PDensity(P; z) = Py WZ)EXP (_ w2(z)

x(z) = exp <—ik o

oM i((z)) representing the phase.
Semi-analytical expressions can be obtained from equation (5)
for extracting averaged power-density over regular surfaces

in Fig. 3 (a-b) using the following integrals (Fig.2):

[l exp(=p»pdpdd = [ [ pexp(=p?)dpdo (6)
A 2 2m 1 14
= [, pexp(=pHdp x [ d6 = 21 [—;exp(—p )]O
=n(1 - exp(—242?))

Fig. 3(a) shows a CATR [11] setup used for testing the
proposed multi-beamforming system. The CATR features a
reflector to minimize the space requirements for OTA tests.
In Fig.3 (b), measured 4-beam configuration operating at 26
GHz is presented. The beam switching front-end-module uses
eVT-3016 mmWave correlator module. The eVT-3016, with
USB controlled crossover switch-matrix, can switch any of
two or four common ports to any of 16 input/output channels.
It features a full crossover capability allowing any switching
combination to be selected while supporting bi-directional RF
paths from 16 kHz to 30 GHz. UMS-based GaN [12] front-
end-module is used to drive the eV'7-3016 correlator in TX
and RX modes. Antenna-in-Package (AiP) co-assembled
with 3D Patterned Lenses benefits from fully-differential
multi-port scalable SPST and SP4T switches in Fig.4 and
Fig.5 for MCM integration solution. Fig.4 illustrates a two-
port dual-beam (beams i and j among 64 channels) using
unitary antenna elements separated by a variable distance d.

The fully differential switches in Fig.5 use lattice-based
balanced and unbalanced architectures with performances
summarized in Table I in comparison with state-of-the-art
switch [10] modules in SOI technology [13-17]. The
differential mode blocking topology is presented in Figure 5.
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Fig.4: Power-Density Single (a) and Dual-Beam (b) Couplings as function of
separation distance d. X-topology architecture for switched dual-beam
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When a differential input signal is applied between nodes a;
and a, in Fig. 5(g), the differential output signal (between
nodes b; and b,) is perfectly equal to zero if the four branch
impedances are equal. Let branches 1 and 2 be the direct
branches (D) of admittance Yp, and branches 3 and 4 be the
crossed branches (X) of admittance Yx. Each branch
impedance is implemented using a series stack of three
22FDX® SLVT NFETs (with 20 nm gate length, targeting
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above 20 dBm of power handling. In the ON state, branches
1 and 2 are turned on by applying a front gate bias of Vo= 0.9
V and a back-gate bias of Vpg =3 V while branches 3 and 4
are turned off with V,=-0.9 V and V=0 V. In that case Yp.
on is high and Yx-orr is low and Y»i.on reduces to -Yp.on/2.
In the OFF state, all branches are turned off. Then, Y2i.orr
becomes (Yx-orr - Yp-orr)/2. If the branch impedances are
equal, destructive interference occurs between the signal
passed through the D branches and the anti-phase signal
passed through the X branches, and Y,; = 0.
R,
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Fig. 5. Diagrams (a), (b), (c), (d), and microscope (e), (f) photos of unitary
Lattice- Cell switches. X-Topology architecture (g) with stacked FETs (h).

The canonical O and E states of the X-Topology unitary
switching cell are characterized by their two-port S-parameter
matrix [Srywo-porel:

[Stwo-pore] = % H ﬂ + % [_11 11] (7)
Srwo—rort = Son* and Srwo—pore = Sort when O and E states
are respectively both activated or both disactivated. The
individual states S9y and S&y, respectively correspond to the
O and E states in activation mode and the other one
disactivated. By construction, the X-topology switching unit
cell provides broadband 180° phase-shifting which is
beneficial for correlator circuits and phased-array
applications. Furthermore, the handled signals are differential
for robustness to EMC/EMI interferences. A SPICE-based
nodal representation can be derived based on the following

admittance relation linking the currents I, and I to the
differential voltages V, — Vg and V — V:

ZTrans_1 - ZLong_l] [VA - VB] )
“H1We—=Vp

IA] _1 [ZTrans_1 + ZLong_1
ZTrans_1 + ZLong

-1 -1
IC 2 ZT'rans - ZLong

1477 +I .
Even 944 respectively
1=Tpen 1-Toga

refer E (even) and O (odd) states (zsbeing a reference
impedance). Extension of the SPICE representations to
include multi-harmonic components and radiation effects is
proposed. Several X-topology delay-line [5] design solutions
with distributed ground references in Fig.5 are fabricated and
experimentally evaluated in terms of their broadband RF
performances.
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The extraction of the energy-density using correlation
function is reported at 26 GHz. Adaptive-Body-Biasing
(ABB) available in FDSOI technologies helps containing
PVT (Process-Voltage-Temperature) related variations. The
ABB functionality at switch device level uses stacked
transistors represented by four effective terminals: source,
drain, gate, and body — the volume underneath the conduction
channel. By regulating a voltage bias on this fourth terminal,
the transistor’s threshold voltage can be accurately controlled
for improved RF performance, reduced energy consumption
and process spread. Consequently, nonlinear optimizations
can be conducted for the shape of switching waveforms to be
synthesized accounting for the impact of harmonic
generations on radiation patterns. Such nonlinear
optimizations strongly benefit from the energy-efficiency

Authorized licensed use limited to: Universite De Limoges. Downloaded on October 07,2022 at 08:04:21 UTC from IEEE Xplore. Restrictions apply.



resulting from the low-complexity sparse [18] architecture
solutions. The lower gain obtained by fewer radiating
elements linked to the sparse architecture is compensated by
a 3D-patterned lens directly integrated with the radiators
(antenna array or metasurface/metavolume). Compared to
classical phased array systems, the power consumption of the
digital and RF part will be divided by a reduction factor
higher than 10. A detailed calculation of budget link and
power consumption for different scenarios is provided in
Table 11 showing the advantages of the proposed architecture
solutions compared to classical phased-array [20-21] systems.
In the present version of the proposed lenses, in Tab.II, the
parameter x=1 for the scanning angle. Ongoing developments
are expected to significantly increase this value. Furthermore,
the unique capability to generate independent beams enables
higher throughput or multi-user application with real-time
pattern optimization as a function of time [20], including
harmonic generation, for transmitting multiple channels
simultaneously using single carrier frequency. Fig.6 shows a
modular thermal-harvesting solution enabling batteryless
powering of energy-efficient ASICs. Co-design of RF and
optical Front-End-Modules with energy-harvesting [19]
functionality is proposed in advanced FDSOI technologies.

TABLE II: ENERGY-EFFICIENCY ASSESSMENT OF CLASSICAL PHASED-
ARRAY VERSUS PROPOSED ARCHITECTURE SOLUTION FOR 64 CHANNELS.

Baseline Classical Proposed Proposed
Metrics mmW Solution Solution
Phased-Array for 1 RF Path for 4 RF Path
Dimensions 5*5*%5cm 10*10*~10cm 10*10*~10cm
Antenna 64
Elements 64 64
Tx EIRP 48 dBm 48 dBm per path
Without GaN 54 dBm
Tx EIRP
with GaN 59dBm 53dBm 53 dBm per path
Rx gain 23dB 29dB 29dB
Total Tx+Rx 77dB
without GaN 78d8 77d8
Total Tx+Rx
with GaN 83dB 82dB 82dB per path
Activated 64 4 16
Elements
RF Power 10w 0.6W 2.4W
Consumption
Scan-Angle +/- 60° +/- kx15° +/- kx15°
Number
of Beams 1 1 4

B. Correlation-based EVM Metrics for Multi-Beam Systems

Error Vector Magnitude (EVM) is used in modern
communication standards to measure the overall degradation
of the signal due to linear or nonlinear distortions, and to
noise, interference and multipath impairments. The classical
method for EVM (Error Vector Magnitude) computation is to
compute vector errors between received (y,,) and ideal (x,)
symbols and then to compute a root-mean-square of the

magnitude of these vectors for all symbols in a frame. For this,

it is necessary to extract an optimum gain y (amplitude and
phase) between received and ideal symbols that minimizes
the EVM.
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The optimum gain is computed by using autocorrelation and
cross-correlation of ideal and received symbols. All these
computations can be done in the following steps by replacing
the optimum gain by its value and using the covariance
between ideal x and received y symbols vectors.
DREERE _ loxl

vl (12)

cos 0 =

\/Zg=1 Yn¥n Z¥=1 XnXp

1
EVM = /COSZG (13)

EVM can be applied over the air (OTA) to each beam of a
multibeam antenna and to each channel or the combination of
channels of a MIMO transmission.

FPGA-based reconfigurable platform is proposed for OTA
testing of multi-beamforming systems using correlation-
based EVM metrics. The experimental setup uses automated
MATLAB-based toolbox control modules combined with
Rohde & Schwarz’s mmWave signal generation and analysis
for remote testing in time and frequency domains of
stochastic signals. The flexibility offered by FPGA platforms
enables versatile control and monitoring of the radiation
properties, the radiation pattern, the polarizations, the
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frequency band, the Direction of Arrival (DoA). The resulting
platforms call for unification [23] of modeling and
measurement into a coherent framework. The benefits of
coherent measurement (instrumentation) and modeling (EDA
tooling) solutions go beyond the simple need for productivity
enhancement, and they open new possibilities for
transforming apparent antagonisms between theory and
experiment into necessary complementarities driving Digital-
Twin in Fig.7(b) requirements (security, distributed
information redundancy, Deep-Learning, Al inferences, etc.).

III. CONCLUSION

In this paper, hybrid GaN-FDSOI front-end-module
combined with a mmWave-Correlator module and RF-Optics
[22] lens-based antenna-arrays have been proposed for
building  multi-beamforming  systems.  Correlation
technologies are used for energy density based analysis of
stochastic signals [3],[23]: this very specific way of
transmitting/receiving EM waves will allow scanning
directive multi-beam channels with sparsely distributed ports,
i.e. with much fewer active electronic channels than in current
state-of-the-art phased-array solutions. As a consequence, a
much sparser sampling of the “array” and hence much lower
consumption: an improvement by a factor of 10 at least is
demonstrated. This low-complexity approach will drive next
generation of communication and sensing systems
eliminating the concept of “elements” in arrays and replacing
it by the vision of “radiating current flows” over a textured
surface (metasurface [24-25] or metavolumes) conformal to
the patterned optical lenses that is fed by a limited number of
emitting-receiving points. Lattice-based X-topology balanced
(LB) and unbalanced (LU) differential switches are designed
and fabricated using FDSOI [26] platform for building
scalable multi-beamforming FEMs integrating A4BB
functionality for broadband waveform switching. Ongoing
work is relative to the evaluation of beam squint effects which
result from dispersive properties of lens dielectric materials
both in transmit and reflect-arrays [27]. Perspectives for
Digital-Twin platforms, with DSP-based convolutional-
accelerators implemented at FPGA and ASIC levels
(preliminary implementations using HDL-Coder [28)), are
drawn for fast and accurate measurement of EVM for multi-
beam steering systems. The overall arching Analog-Digital
SWS leads to high security levels immune to blockage and
jamming as the information is distributed through space-time
and recovered using several receivers with embedded auto-
correlation and cross-correlation processing.
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