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Preface

Key enabling technologies for future wireless, wired,
optical and satcom applications

As our interconnected world continues to expand, the importance of global
innovation in communication systems and technologies grows significantly.
Our increasing reliance on digital communication demands systems offering
higher data traffic, providing faster and more reliable connectivity, and sus-
tainably support a diverse range of applications. The demand for improved
communication technologies has never been more urgent, necessitating sub-
stantial advancements and strategic shifts in today’s development and imple-
mentation approaches.

Realizing these goals requires a transition towards higher frequency
bands, such as mm-wave and sub-THz, and the adoption of disruptive tech-
nologies. These advanced frequency bands facilitate greater data transfer
rates and lower latency, essential for enabling next generation communica-
tion networks. Venturing into higher frequency bands above 100 GHz for 6G
further necessitates the utilisation of disruptive semiconductor technologies,
including heterogeneous integration of (Bi)CMOS, SOI, and III/V compo-
nents such as GaN or InP, alongside advanced packaging techniques. These
innovations will play a pivotal role in achieving the objectives of ubiquitous,
compact, efficient, and high-performance systems.

However, as we push the boundaries of technological possibilities, it
is imperative to consider the environmental impact of these innovations.
Ensuring that future communication systems are not only technologically
advanced but also sustainable and responsible is paramount. This entails
careful consideration of the materials used/handled, manufacturing processes
employed, operational efficiency, and their recyclability. Addressing these
environmental factors is essential for developing technologies that meet our
communication needs while safeguarding the planet for future generations.

This book illustrates the latest research roadmaps and achievements from
the European ecosystem, comprising industry, research, and academia. It

X1



Xii  Preface

focuses on the development of future wireless, wired, optical, and satellite
communication (satcom) applications utilizing the mm-wave and sub-THz
bands. Encompassing the entire value chain, the book explores technologies,
devices, characterization, architectures, circuits, 3D heterogeneous integra-
tion, and advanced packaging techniques.

Leveraging the synergetic interactions between European CHIPS JU
projects SHIFT and Move2THz, the European 3D heterogeneous integra-
tion and packaging community, and the MTT-TC9 society, this book high-
lights transformative developments in communication technology. The
SHIFT project pioneers innovative semiconductor and packaging technolo-
gies for telecommunication areas such as SGNR (Beyond 5G) and 6G wire-
less, satellite and optical networks and Earth observation. The Move2THz
project is instrumental in transforming the InP platform and establishing a
fully integrated European value chain, providing commercially attractive,
eco-friendly, mass-market technologies suitable for sub-THz frequency
operation and beyond. The IEEE MTT-TC9 society’s mission is to monitor
developments in emerging and technologically significant solid-state device
technologies for microwave and/or mm-wave applications and promote the
dissemination and sharing of technical knowledge in those areas.

The book comprehensively covers the topics discussed at the International
Workshop on “Key Enabling Technologies for Future Wireless, Wired,
Optical, and Satcom Applications,” held at the European Microwave Week in
Paris, France, on September 22, 2024. Through articles and abstracts, it pro-
vides a combined view of experts and practitioners representing academia,
research, and industry in the field of wireless and optical communication
systems. The workshop spans a wide range of topics, including device and
substrate characterization, circuit and antenna design, and integration and
packaging technologies. All of which are crucial for advancing high-perfor-
mance and sustainable communication applications.

This book is a valuable resource for researchers, designers, develop-
ers, academics, post-graduate students and practitioners seeking recent
research results on 5G and 6G technology. It combines several novel
developments and collaborative initiatives across the entire value chain,
from substrate technology up to applications. As such, it provides a com-
prehensive understanding of the scientific path forward and underscores
the critical role of sustainable and responsible innovation in this rapidly
evolving landscape.

The book is structured into 12 articles and 15 abstract descriptions, which
are distributed over 5 topic clusters. Each cluster provides a comprehensive
overview of the advancements and innovations within a specific domain of
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communication technology. Together, these clusters offer a comprehensive
exploration of the latest research and developments shaping the landscape
of communication technology, providing valuable insights for researchers,
designers, and practitioners in the field.

The first cluster focuses on substrate technology innovations, highlight-

ing their pivotal role in enabling emerging applications in communication
systems.

Pascal Chevalier, Alexis Gauthier, Nicolas Guitard, Victor Milon,
Frederic Monsieur, Nicolas Derrier, Claire Deglise-Favre, Didier
Céli, Cédric Durand, Ophélie Foissey, Florence Sonnerat, Frederic
Gianesello, Daniel Gloria: “B55X: A SHIFT in STMicroelectronics
BiCMOS Technologies” presents why BICMOS055X is also a signifi-
cant shift in STMicroelectronics BICMOS offer, first in terms of innova-
tion and performances, but also with respect to the device offer that has
been tailored to address different applications, turning out in a flexible
technology offer.

Yvan Morandin: “RF advanced substrates for 5G advanced and 6G”
presents the RF substrate technology roadmap, crucial for architecting
the resilient, high-performance RF systems that will underpin the next
gen 5G and 6G wireless infrastructure.

Francois Brunier: “Advanced substrates technologies for Sub-THz era”
describes how FD-SOI ecosystem innovation on III-V innovative sub-
strates solutions can enable novel sub-THz applications.

Abhitosh Vais, Annie Kumar, Guillaume Boccardi, Sachin Yadav, Yves
Mols, Reynald Alcotte, Bjorn Vermeersch, Mark Ingels, Uthayasankaran
Peralagu, César Roda Neve, Bruno Ghyselen, Bertrand Parvais, Piet
Wambacq, Bernardette Kunert, Nadine Collaert: “A CMOS compatible
III-V-on-300mm Si technology for future high speed communication
systems” arguments for the upscaling of III-V technology on to 300mm
Si platforms and presents how to achieve its integration into existing
CMOS platform.

*Romain Hersent: “InP-on-Si Technologies For Next Generation Optical
Communication High-Speed Analog Front-Ends” discuss the challenges
related to the design of large-swing, high-efficiency and extreme-high-
symbol-rate analog electronics integrated circuits for next generation
>1.6T optical /6G communication systems.

*Kimon Vivien: “150nm Gallium Nitride on Silicon Carbide Technology
for High Power 5G New Radio Applications” describes the 150nm
Gallium Nitride on Silicon Carbide technology of UMS, with a focus on
high power, sub-6 GHz applications.
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The second cluster delves deeper into advancing high-frequency device tech-
nology modelling and enhancing the sustainability of electronics, addressing
critical challenges in the field.

* *Joff Derluyn: “Post-process substrate porosification for RF applica-
tions” proposes a process to the handle silicon substrate after and inde-
pendently from the fabrication of the front side RF circuitry to achieve
extremely low harmonic distortion and microwave losses, far out-per-
forming RF-SOL.

* Bruno Sagnes, Ayenew Adebabay Belie, Menel Bouhouche, Johnny
El Beyrouthy, Fabien Pascal, Jérome Boch, Pascal Chevalier, Daniel
Gloria: “The impact of irradiation on DC characteristics and Low
Frequency Noise of advanced SiGe:C HBTs” presents their investigated
X-ray and gamma total ionizing dose impacts on advanced SiGe:C
HBTSs supplied by STMicroelectronics.

* Yewulsew Manale Wodaje, Bachar Baridi, Olivier Occello, Francois
Danneville, Pascal Szriftgiser, Guillaume Ducournau: “D-band modu-
lated signal generation using photonics techniques” addresses a photon-
ics approach to generate modulated signals in the range 110-170 GHz.

* Gunther Walden: “Decarbonizing the electronics industry to achieve
Net Zero” describes essential questions and approaches to address the
United Nations net-zero emissions target for 2050.

In the third cluster, innovative circuit design and architectures for high-speed
communication are explored, showcasing cutting-edge developments in this
rapidly evolving area.

* *Hassan Aboushady: “A multi-standard RF Bandpass Sigma-Delta
ADC” presents a 65 nm CMOS LC resonator-based tunable bandpass
RF Sigma-Delta modulator with a centre frequency from 1.5 to 3.0 GHz
and a corresponding sampling frequency from 6.0 to 12.0 GHz.

* Oliver Hauck, Fred Buchali, Michael Collisi, Michael Moller: “Analog
Multiplexing for Bandwidth and Sampling Rate Multiplication of DACs
in Coherent Optical Transmission Systems” presents 2:1 and 4:1 analog
time division multiplexing circuit concepts, a frequency domain ENoB-
model approach and measurement results.

» *Cédric Dehos: “D-Band RF architecture for Beyond 5G wireless net-
works” discusses the challenges of D-band transceiver design with inte-
grated scalable and reconfigurable antennas.
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*Leonardo Gomes: “E-band & D-band VCOs: distributed tank design
methodology, bufferless approach” proposes a new methodology to
design mm-wave VCOs based on distributed resonators using a global
optimization routine.

The fourth cluster examines technology-level heterogeneous integration
approaches, demonstrating how these strategies can enhance characteristics
and performance across various applications.

*Olivier Valorge: “2.5D, 3D assembly technologies for RE, mmW and
sub-THz heterogeneous systems” described different 2.5D & 3D inte-
gration solutions from the simplest to the most advanced while focusing
on mmW/subTHz heterogeneous integrated systems.

*Hady Yacoub: “Heterointegration approaches for InP-HBT technol-
ogies for 5G applications and beyond” presents an overview of het-
erointegration techniques, their RF performance, and their scalability
roadmap towards higher frequencies.

*Siddhartha Sinha: “RF-Heterointegration at Wafer-level and Panel-
level for mm-wave Applications” presents different mm-wave packag-
ing technologies, including RF-optimized waferscale silicon interposer
technologies and PCB embedded Air-Filled Waveguides.

Bertrand Ardouin, Tom Keinicke Johansen, Antoine Chauvet, Romain
Hersent, Virginie Nodjiadjim, Agnieszka Konczykowska, Nil Davy,
Muriel Riet, Colin Mismer: “Challenges for 2.5D and 3D integra-
tion of InP HBT technology” reviews the key specificities of InP
DHBT technologies and highlights their 2.5 and 3D integration
challenges.

*Frederic Gianesello: “SiGe BiCMOS & III-V technologies hetero-
geneous Integration challenges” reviews different heterogeneous inte-
gration with III-V technologies and their associated challenges by
discussing SiGe BiCMOS heterogeneous integration with GaN on SiC
and InP technologies.

Finally, the fifth cluster explores disruptive system design, integration, and
packaging technologies, particularly focusing on their role in enabling future
(sub-)THz and optical applications.

*Tanja Braun: “Advanced Packaging Solutions for mmWave
Applications” introduces advanced packaging solutions suitable for RF
and mmWave applications and antenna-in-package solutions, shielding
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on package level, passive component integration or heterogeneous inte-
gration of III/V semiconductors with Si or SiGe in one package.
*Mikko Varonen: “Modular 3D mmW and THz packaging concepts and
technologies™ focusses on packaging techniques for efficient phased
array scaling and VTT’s 3D modular packaging concepts for heteroge-
neous integration of different MMIC technologies.

Hiroaki Takahashi, Pelin Suealp, Erich Schlaffer: “Analysis of Quasi-
Coaxial Via implemented in IC Substrate using Multiple Scattering
Method” presents numerical simulation- and measurement-based char-
acterization of interconnections implemented in organic IC-substrates
for 6G communication.

*Abdel Hadi Hobballah: “LLDS and AMP processes for RF antenna in
package AiP applications in the E and D-band” discusses the LDS laser
direct structuring technology for the manufacturing of advanced com-
ponent packaging for Antenna-in-Package (AiP) solutions operating
within the E and D bands.

*Akanksha Bhutani: “Sub-THz Antenna and Package Integration for
Miniaturized Surface Mount Device Modules™ describes antenna and
package developments focussing on miniaturized surface-mount devices
in the WR6 (110 — 170 GHz), WR3 (220 — 325 GHz) and WR2.2 (325
— 500 GHz) bands.

Alessandro Fonte, Stefano Moscato, Riccardo Moro, Andrea Pallotta,
Andrea Mazzanti, Andrea Bilato, Guglielmo De Filippi, Lorenzo Piotto,
Francesco Centurelli, Pietro Monsurro, Hassan Sadeghi Chameh,
Pasquale Tommasino, Alessandro Trifiletti, Daniele Lodi Rizzini,
Francesco Tesolin, Simone Mattia Dartizio, Salvatore Levantino:
“D-band Phased Array Antenna Module for 5G Backhaul” presents
advancements of the basic element of the D-band phased array antenna
system through a mockup of the module and the package, the D-band
antenna concept and the RFICs developed by using the cutting-edge
STMicroelectronics 55nm and 55X SiGe BiCMOS technologies.
Giovanni Mangraviti, Cédric Dehos, Vincent Puyal, Olivier Richard,
Ghita Yaakoubi khbiza, Francesco Foglia Manzillo, Xuan Viet Linh
Nguyen, Francesco Filice, Ettore Noccetti, Pierre-Louis Hellier,
Florence Podevin, Sylvain Bourdel, Andrea Ruffino, Kyung-Sik Choi ,
Basem Abdelaziz Abdelmagid, Mohamed Eleraky, Hua Wang, Bertrand
Ardouin, Tom, Keinicke Johansen, Luca Fanori, Qiuting Huang, Erich
Schlaffer, Piet Wambacq, Dominique Morche, Bjorn Debaillie: “Sub-
THz transceiver design for future generation mobile communications”
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presents an innovative D-band transceiver circuit and module prototype
design based on the most advanced BiCMOS and InP technologies.

* Francesco Manni, Paolo Colantonio, Rocco Giofre, Ernesto Limiti,
Patrick Ettore Longhi, Steven Mejillones Caicedo, Stefano Moscato,
Alessandro Fonte: “Ka-Band GaN-on-SiC Power Amplifier for High
EIRP Satellite Phased Antenna Array” presents an innovative a phased
antenna array operating in the Ka-band, from 25.5 to 27 GHz enabling
the adoption of a custom-designed power amplifier based on 0.15 pm
GaN-on-SiC technology capable of delivering ~30% PAE and 28 dBm
output power.

* The abstracts are compiled in the appendix of this book.
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Abstract—The SHIFT (Sustainable tecH-
nologies enabllng Future Telecom appli-
cations) project funded by Chips JU and
National Authorities partly supports the
qualification towards the production of
STMicroelectronics BiCMOS055X, which
is one of the key technologies evaluated
in this project. This paper examines why
BiCMOS055X is also a significant shift in
STMicroelectronics BiCMOS offer, first in
terms of innovation and performances, but
also with respect to the device offer that has
been tailored to address different applications,
turning out in a versatile technology offer.

Index Terms—BiCMOS, silicon germa-
nium, HBT, RF, THz, communication, opti-
cal, wireless, Satcom.

I. INTRODUCTION

HE first consumer market of sili-
con germanium (SiGe) BiCMOS
technology was the radiofrequency

(RF) transceiver of cellular phones about
20 years ago. This application, as the TV
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tuner one, has been progressively cap-
tured by complementary metal-oxide—
semiconductor (CMOS) technology [1],
which is currently happening for automo-
tive radars. On the other hand, whereas
the RF performance of CMOS does not
improve anymore, applications served
today by SiGe BiCMOS, i.e., RF front-
end modules (FEM) and optical transceiv-
ers, benefit from the intrinsic superiority
of the SiGe heterojunction bipolar tran-
sistor (HBT) [2]. In addition, there are
perspectives to improve performances of
SiGe HBT beyond what is currently being
qualified for production [3][4]. However,
although the RF performance of the over-
all platform, i.e., including all the devices,
is of paramount importance, technologi-
cal complexity and related cost must not
be neglected. It is increasingly challeng-
ing to serve multiple applications featur-
ing different cost/performance trade-offs.
Indeed, low earth orbit (LEO) satellite
communications (Satcom) in Ku and Ka
bands, i.e., between 10 and 40 GHz, which
generate consumer-like production vol-
umes [5], put severe constraints on wafer
cost, while being quite demanding on
performance. Optical transceivers, whose
demand is expected to increase with the
emergence of artificial intelligence (AI)
clusters [6], and targeted data rates for
next generations are 200 and 400 G per
lane, require additional options. Finally,
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RF FEMs for future 5G+ and 6G wire-
less communication infrastructures push
the technology to its operation frequency
limits, which is today the D-band, i.e.,
between 140 and 170 GHz. Practically,
the core of the technology, and more espe-
cially the SiGe HBT architecture, is not
modified to address the different applica-
tions although the transistor is used at very
different bias conditions. But the technol-
ogy content must be adapted to get the
best well-known power—performance—
area—cost (PPAC) key performance indi-
cator (KPI). The “S” of “sustainability,” a
priority for STMicroelectronics (ST) [7],
must be added. It is also part of the SHIFT
(Sustainable  tecHnologies  enabllng
Future Telecom applications) project [8],
which relies on BiCMOS055X (B55X)
technology. B55X, which serves the
Move2THz [9] project too, is the topic
of this paper. The first part reviews the
history of silicon germanium BiCMOS
technology development at ST. It allows
understanding, in the second part, why
B55X is a disruptive technology in the
ST roadmap with respect to innovation,
performance, and versatility. The third
part discusses the positioning of this tech-
nology versus the current state-of-the-art.
Finally, the key points of the technology
are summarized in the conclusion and per-
spectives for next generations are drawn.

II. HIGH-SPEED SIGE BICMOS
TECHNOLOGIES HISTORY AT
STMICROELECTRONICS

ST holds 25+ years of experience in
SiGe BiCMOS illustrated in Figure 1,
showing the increase of SiGe HBT speed
over the generations and how it has been
combined with the CMOS nodes to serve
different markets. It started with a 0.35-
pum BiCMOS technology (BiCMOS6G)
[10] and continued with two genera-
tions in 0.25 um (BiCMOS7 [11] and

600 . , : 450
o Z7Af, —m—cmos 1400 =
500f \ AYf,,—O0—W, 350 £
¥ 40l § 3oo§“
) L ¢§ 250 08
EEY D\O T Z§ 2008
g 20 o §§ 03
“ 100} Z/I.§ 50 3

Fig. 1. STMicroelectronics high-speed SiGe
BiCMOS technologies (HBT performance &
CMOS node). W, is the physical emitter width.

BV, is the emitter—collector breakdown voltage of

the HBT with an open base. f, and f,,, , correspond
to the peak values measured for the SiGe HBT.

BiCMOS7RF [12]) and two genera-
tions in 0.13 wm (BiCMOS9 [13] and
BiCMOS9MW [14]). These technologies
were developed on 200-mm wafers. The
sixth and seventh generations are based
on 55-nm CMOS and thus migrated to
300-mm wafers, first with BICMOS055
[15] and now with BiCMOS055X [16].
Table 1 summarizes the main process dif-
ferences between the generations.
Beyond the CMOS node, which did
not always change between two genera-
tions, the SiGe HBT architecture evolved
continuously. It started from a quasi-self-
aligned (QSA) single-polysilicon (SP)
architecture using a non-selective epitaxy
growth (NSEG) of the SiGe base [10].
This architecture was simple but suf-
fered from several limitations, the main
one being related to the implantation of
the extrinsic base. The second genera-
tion of SiGe HBT solved this issue with
the introduction of a double-polysilicon
(DP) architecture [11]. In addition, the
introduction of carbon in the base [12]
and deep trenches isolation (DTI) helped
to further improve the performance.
The full self-alignment (FSA) between
the emitter and the base, a major step in
base resistance (R,) reduction [17], was
brought by the third generation [14][15].
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TABLE I
DIFFERENCES BETWEEN STMICROELECTRONICS BICMOS TECHNOLOGIES
Technology B6G B7 B7RF B9 BIMW B55 B55X
CMOS node (nm) 350 250 250 130 130 55 55
Bulk substrate resistivty SR SR SR SR SR HR SR SR
Emitter- QSA-SP QSA-DP FSA-DP EXBIC
Base
Intrinsic NSEG SiGe  NSEG SiGe:C SEG SiGe:C
base epitaxy
SiGe HBT .
L Extrinsic
architecture . No Yes
base epitaxy
Co.llector NSEG SEG
epitaxy
DTI No Yes Optional
BEOL Digital (native) Thick  Digital Optimized for RF (Thick Cu native)

Cu (native)

It was achieved by moving to the selec-
tive epitaxial growth (SEG) of the base.
The fourth generation addressed the
critical point of the intrinsic-to-extrin-
sic base link resistance using a specific
epitaxy process step. It is achieved with
the EXBIC (Epitaxial eXtrinsic Base
Isolated from the Collector) architecture
developed for the B55X technology [18].
As illustrated in Figure 1, where emitter—
collector breakdown voltage (BV ) evo-
lution is shown, peak frequency increases
have been achieved at the expense of the
breakdown voltage (collector doping is
increased to delay the onset of the Kirk
effect). However, it decreased much
less than peak frequencies increased. In
addition, the base—collector breakdown
voltage (BV,,), the maximum voltage
at which the transistor can be biased, is
about 3—4 times higher than BV ..

Last, but not least, a major evolution
appeared in the backend of line (BEOL),
i.e., the metallization stack, with the
introduction of thick copper module(s). It
became standard starting from the BOMW
technology [14], but an ultra-thick Cu
option has been developed in B7RF [12].
The combination of ultra-thick via(s)

and line(s) allows decreasing metal
resistances and move away RF passives
from the substrate, reducing substrate
losses and so improving RF passive per-
formances. The use of a high resistivity
(HR) substrate does not always solve the
limitation of standard resistivity (SR)
substrate, as parasitic conduction layer
can appear during the process. However,
the HR substrate is appealing to integrate
high-performance switches [19]. Benefits
of RF optimized BEOL are extensively
discussed in Section III.B

III. BICMOS055X: A DISRUPTIVE
TECHNOLOGY IN ST ROADMAP

As shown in Table 1, the B55X tech-
nology gathers several innovations com-
pared to the previous nodes. In addition,
the technology has been defined to pro-
vide a versatile offer to serve multiple
applications.

A. An innovative SiGe HBT
architecture

Although  the  double-polysilicon
self-aligned (DPSA) architecture using
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|

b. BS5X EXBIC

a.B55 DPSA-SEG

Fig. 2. TCAD cross-sections of the DPSA-
SEG (a) and EXBIC (b) architectures used in
STMicroelectronics B55 [15] and B55X [16][18]
technologies, respectively.

an SEG of the base brought a signifi-
cant improvement of R, (thanks to the
emitter—base  self-alignment), further
reducing this resistance collides with the
way the link between the intrinsic base
and the extrinsic base is made. Indeed,
this link is done during the SEG of the
base, leaving little room to optimize inde-
pendently the intrinsic and extrinsic parts
of R, [20]. This issue is addressed with
the last generations of architecture fea-
turing a dedicated epitaxial growth of the
extrinsic base [3]. Such a step is imple-
mented in B55X [18] and combined with
an innovative collector module featuring
super shallow trench isolation (SSTI) and
a shallow extrinsic collector layer, visible
in Figures 2 and 3. It allows getting rid of
DTI that are no longer required, neither to
increase device compactness nor to reduce
the collector—substrate (C_) capacitance
[16]. An important point compared to
similar collector architectures [3] is the
use of standard transistor layout for which
the emitter length of several micrometers
can be drawn and the use of unit cells is
not mandatory to increase the device area.
This is illustrated by the CBEBC layout
(i.e. 2 collector contacts “C” and 2 base
contacts “B” on each side of the emitter
contact “E”) shown in Figure 3c. In addi-
tion, the height of the EXBIC architecture

:
C[E‘ c

B55X SiGe HBT (EXBIC architecture:
TEM cross-sections at the end of fabrication of the
whole transistor (a) and zoom-in of the emitter—
base area (b) [18] and SEM top view after extrinsic
base patterning (c).

Fig. 3.

has been reduced compared to the DPSA-
SEG architecture (cf. Figure 2), which is
favorable for the emitter resistance R and
opens its integration in a more advanced
CMOS node [21]. f; and f,,,, peak fre-
quencies reported in Figure 1 are import-
ant KPIs, providing information on the
maximum operation frequency and the
gain that can be achieved at a given fre-
quency. Another important KPI for low
noise amplifier is the minimum noise

figure (NF ) that is known to correlate
with f,  since it depends partly on same
25
20 /A VW
o -
T 15 B5
z -~
LZLE 10 / ,A 2
05 /é/
= CBEBC - L=5um
10 20 30 40 50

Frequency (GHz)

Fig. 4. Comparison of the evolution of SiGe HBT
noise figure with the frequency (CBEBC transistor,
V= 0.82' V) between BOMW, B55, and B55X (data
are from the models).
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TABLE 2
B55X CMOS DEVICES OFFER
Minimum
Gate oxide Devices L, (nm) nMOS pMOS RF model
5 nm GO2 CMOS 280 SVT SVT Yes
LVT LVT Yes
LP CMOS 60 SVT SVT Yes
HVT HVT No
1.8 nm
HPA CMOS 140 HPA HPA Yes
SVT SVT NA
LP SRAM 70
HBT HBT NA
LVT LVT Yes
1.3 nm GP CMOS 45 SVT SVT Yes
HVT HVT No

parameters, a key one being R,. Figure
4 compares the evolution of NF  with
the frequency between B55X and the two
previous generations (B55 and BOMW).
B55X SiGe HBT exhibits a strong reduc-
tion of the noise figure compared to
previous generation with NF, - values
below 0.5 and 1.0 dB in Ku and Ka bands,
respectively. These values represent the

current state-of-the-art [18].

B. Versatile CMOS and BEOL offers

Innovation in B55X does not only lie in
SiGe HBT architecture but also in the defi-
nition of the technology content and its ver-
satility to meet the PPACS (cf. Section I)
of each application. The main changes
compared to the previous generation are
the ability to select a reduced list of CMOS
devices and several BEOL stacks.

Table 2 presents the list of metal-oxide—
semiconductor (MOS) devices available
both in B55 and B55X. While the three
families of MOS transistors (correspond-
ing to the three-gate oxide thicknesses)
could not be separated in B55 (only some
device V. flavors are optional), they can
be selected separately in B55X. Four-gate
oxide options are possible in B55X:

5-nm CMOS only;

e 1.8-nm CMOS only;

5-nm CMOS + 1.8-nm CMOS;

¢ 5-nm CMOS + 1.8-nm CMOS +
1.3-nm CMOS.

Process flow, and more especially the
gate oxidations scheme, has been defined
to insure a full compatibility between the
options. RF model is available for most of
the CMOS transistors.

Figure 5 presents the different metal-
lization stacks developed for the BOMW,
B55, and BS55X technologies. They
exhibit one or even two ultra-thick Cu
layers of 2.3 or 3 um combined with ultra-
thick vias of 1.5 or 2.7 um and feature
different numbers of thin and thick metal
layers. It allows addressing different
trade-offs between the RF performance of
inductors and transmission lines (related
to the thick metal layers), the digital per-
formance (related to the thin metal layers)
and the process cost, i.e., overall the tech-
nology competitiveness. The Q-factors of
single and differential ended inductors of
300 and 800 pH at 10, 20, and 40 GHz
are reported in Figure 6. As expected, the
thicker is the stack, the better is the qual-
ity factor and selecting the right stack is a
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( B55X )|
( B55 )
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6ML Cu + Al " 55 o 7ML Cu+Al - 6ML Cu+Al
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SML Cu+Al
. A 23pm Y 2.7 pm
1.5 pm i — 3om B3 H M 2.7 ym
23 pm U M
” * S ik =L
E——
1.5 pm X .7 pm
L 27ym
v g = . E— e
3 ™ » — i
Lo Lo M M M (1]
polySi polysi poySi polySi
Fig. 5. Metallization stacks developed in the BOMW, B55, and B55X technologies.
Single 300pH @20GHz Single 800pH @10GH 22277 GHz
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Fig. 6. Comparison of performance (Q-factor) of
single ended and differential inductors of the BEOL
stacks of Figure 5.

trade-off between wafer cost and circuit
performance. However, it is interesting to
note that the penalty of using a 5 Cu ML
instead of 6 in BOMW is low at 10 GHz,
while this difference is larger at 40 GHz.
Also, performance is always better with
B55X dual thick Cu stack, with a very
low impact of the number of thin metal
layers. Figure 7, showing the attenua-
tion constant (o) of transmission lines at
5, 28, and 77 GHz for the same BEOL
stacks, exhibits the same conclusions
with respect to the importance of dual
thick Cu module at higher frequencies
and the low weight of the thin metal lay-
ers. Finally, although thin metal layers are
thinner in B55X than in BOMW (in line

Fig. 7. Comparison of performance (attenuation
constant o) of transmission lines of the BEOL
stacks of Figure 5 (Z_ = 50W).

with the digital density difference of the
CMOS node), performances of inductors
and transmission lines are always better
(whatever the frequency) in B55X 6ML
than in BOMW 6 ML. This is thanks to
the thickening of the ultra-thick via +
metal module in BS5X (5 um vs. 4.5 um
in BOMW), which represents a major
breakthrough in the via thickness com-
pared to previous generations.

III. BICMOS055X VERSUS THE
COMPETITION

It is clear from previous sections that
B55X features the best performance of
the BICMOS technologies developed at
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Fig. 8. Peak f andf,, values of high-speed SiGe

HBT technologies (references are provided for f, >
350 GHz and f,,,, > 400 GHz and ST technologies).

ST while taking care to adapt the tech-
nology offer to the needs by offering
many options. However, its competitive-
ness can only be evaluated according to
the competition. While there are only
a few data published on metal stacks
[22] and relative passive devices perfor-
mance, SiGe HBT results are commonly
reported. Figure 8 compares SiGe HBT
f; and f,,, . from different players with
top performances (f, > 350 GHz and f,,
> 450 GHz) highlighted with a gray back-
ground. State-of-the-art technologies in
production for about 10 years exhibit f,
and fM AX of ~300 and ~400 GHz, respec-
tively (= 50 GHz). B55X belongs to a
new generation of technologies using
an epitaxial base link aiming at dramat-
ically reducing R, leading to f,,,, > 450
GHz that could not be achieved in pre-
vious generations. Looking at the area
highlighted in gray, BS5X [18] appears
in the low f/f, ., corner, very close to
[23] and [24]. Best performance [25] has
been demonstrated in a bipolar-only pro-
cess, i.e., not compatible with CMOS, the
CMOS compatibility being recovered in
[3] for a 130-nm node (with an alumi-
num BEOL). CMOS node (and related
substrate) is indeed an important differ-
ence between these “top” technologies.
While [23] is based on 180-nm CMOS,

[24] and [26] results are obtained on a
45-nm CMOS, built on partially depleted
silicon-on-insulator substrate, which rep-
resents the current CMOS state-of-the-art
in BiCMOS. Of course, it comes with
a higher complexity/cost compared to
55-nm bulk CMOS.

IV. CONCLUSION

In the recent past years, SiGe BICMOS
development has been driven by the
increase of the SiGe HBT RF perfor-
mance on the one side and the move to
more advanced CMOS nodes on the other
side. The CMOS roadmap of these tech-
nologies was driven by some demanding
applications, optical communications
being the main one. While nanoscale
nodes exhibit clear advantages [21], there
is no high-volume application today call-
ing for the integration of SiGe HBT with
very advanced CMOS. On the contrary,
the LEO Satcom application that drives
the production volumes today requires
a moderate CMOS density. In this con-
text, a 55-nm node appears as a sweet
spot regarding the CMOS performance
and complexity. The combination of this
CMOS node (with a versatile device
offer), with state-of-the-art SiGe HBT and
metallization stacks position B55X as a
unique technology in the current BICMOS
landscape. This technology marks a shift
in ST roadmap concerning the SiGe HBT
architecture and device offer versatility
[16]. Next generations will probably fol-
low this trend, keeping an important focus
on the balance between performance and
complexity. Heterogeneous integration
will probably provide interesting perspec-
tives in this respect.
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RF Technology Roadmap for 5G
and 6G RF Front-end Systems

Yvan Morandini

Abstract—The advent of 5G advanced
and transition to 6G wireless systems are
ushering in a new era of challenges for radio
frequency (RF) front-end module design
and integration. To seamlessly navigate this
technological shift, which incorporates new
sub-20-GHz spectrum (FR3) allocation and
the expanded utilization of millimeter-wave
frequencies (FR2), the foundational RF
technology substrate must be engineered to
meet the stringent performance demands
of next-generation 5G advanced and 6G
RF front-ends. This evolution requires cut-
ting-edge semiconductor technologies to
optimize signal integrity, power efficiency,
and system integration. In our forthcoming
discussion, we will present RF substrate
technology roadmap, crucial for architect-
ing the resilient, high-performance RF sys-
tems that will underpin the next-generation
5G and 6G wireless infrastructure.

In this paper, we will provide a roadmap
of RF technology including the engineered
substrates enabling to solve design chal-
lenges of wireless communication systems.

Index Terms— Engineered substrates,
RF front-end, RF-SOI, FD-SOI, POIL, GaN
and InP

I. INTRODUCTION

THIS paper describes recent devel-
opments of engineered substrate
for next-generation cellular RF
front-end (RFFE) design, addressing
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Union’s Horizon Europe research and innovation
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the evolving hardware requirements for
future mobile devices. The first section
discusses the evolution and challenges of
5G and upcoming 6G RFFEs. The follow-
ing sections present key advancements in
engineered substrates aimed at overcom-
ing these challenges, including RF-SOI
(Radio Frequency Silicon on Insulator),
FD-SOI (Fully Depleted Silicon on
Insulator), piezo on insulator (POI), GaN,
and InP technologies.

II. 5G AND NEXT GENERATION
6G RFFE EVOLUTION AND
CHALLENGES

The key challenges and evolution of
5G RFFE are comprehensively detailed
in [1]. The frequency bands for 5G new
radio (5G NR) now include Wi-Fi bands
at 2.4, 5.8, and 6 GHz. To support high
data rates, the RFFE architecture has
become increasingly complex, accom-
modating the coexistence of Wi-Fi and
5G, new frequency bands, and dual con-
nectivity. Within the FR1 spectrum, new
sub-6GHz bands have been introduced to
address the data limitations of 4G. These
bands, in conjunction with reframed 4G
bands, require additional receive and
transmit modules. In the FR2 spectrum,
5G millimeter-waves (mmWave) at 28
and 39 GHz offer significantly higher
bandwidths compared to 4G, with bands
extending to 52 and 71 GHz. The high
frequency losses associated with these
high frequency bands make it essential
to integrate the antenna and RFFE into a
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Fig. 1. Spectrum overview for mobile networks [2].

single module, referred to as antenna in
package. Multiple antenna modules are
required within devices to mitigate the
effects of user hand interference. The
5G mobile architecture requires dual
connectivity to utilize both 5G and LTE
bands, as standardized in 3GPP Release
15, thereby improving coverage and data
rates. To facilitate faster data transfer, 5G
smartphones must support 4 x 4 MIMO
for downlink and 2 x 2 MIMO for uplink.
The increased complexity arising from
coexistence of 4G and 5G, along with
the introduction of new 5G bands, under-
scores the need for advanced RF front-
end modules (FEMs).

Given the congestion in the sub-6G
spectrum, the telecommunications indus-
try is increasingly exploring higher fre-
quencies to achieve greater bandwidth,
which is essential for future 5G and 6G
deployments. The newly allocated FR3
spectrum, ranging from 7 to 24 GHz
(Figure 1), offers a promising solution
by combining the broad area coverage
characteristics of sub-6-GHz frequencies
with the enhanced data rates and capacity
typical to mmWave bands. FR3 provides
distinct advantages over FR1 by offering
wider channel bandwidths. Compared
to FR2, FR3 experiences reduced signal
attenuation and entails lower hardware
implementation costs, making it a valu-
able option for next-generation networks.

To efficiently operate RFFEs within
the 7-24 GHz range, novel transceiv-
ers and RFFEs must be designed. These

components must incorporate up/down
converters, ADCs (Analog to Digital
Converter) with wider bandwidth consid-
erations, and power amplifiers (PA) capa-
ble of linear output in FR3. Furthermore,
existing transceiver architectures devel-
oped for FR1 and FR2 will need to be
adopted for compatibility with FR3.
FR3 represents an ideal band for hybrid
beamforming architecture, balancing spa-
tial multiplexing in FR1 while reducing
beamformer complexity and power con-
sumption in FR2. The central challenge
lies in harmonizing optimization-based
and learning-based designs for the hybrid
transceiver architecture. As we advance
this architecture, extending it toward
RF-SOI technology will be essential for
achieving optimal performance.

Utilizing the THz band presents sig-
nificant challenges for transceiver hard-
ware design [3]. Operating at such high
frequencies imposes stringent require-
ments on semiconductor technology.
Even with state-of-the-art technologies,
the operating frequency may approach
or even exceed the maximum frequency
where the semiconductor can effectively
provide power gain. This results in a
severely degraded receiver noise figure
and reduced transmitter efficiency com-
pared to lower frequency operations. To
maximize high-frequency gain, technol-
ogy must employ scaled-down feature
sizes, necessitating low supply voltages
to maintain reliability. This reduction
in supply voltage, however, diminishes
the achievable transmitter output power.
Additionally, the degraded receiver noise
figure, reduced antenna aperture, and
wide signal bandwidth at these high fre-
quencies naturally leads to very short link
distances.

The key challenges for this evolution are:

e Coexistence of 5G, 6G, and Wi-Fi
bands: Increased interference risk
due to overlapping frequency usage.
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* New dedicated bands for 5G and 6G:
More carrier aggregation will require
additional filter paths, increasing the
strain on the RF bill of materials
footprint.

e Bandwidth requirements: Support
for bandwidths up to 100 MHz.

» Higher power class devices: Devices
requiring up to 26 dBm at the
antenna, as defined by 3GPP. This
new power class category estab-
lishes the maximum transmit power
over the full 5G NR channel band-
width, addressing the link budget
limitation from user equipment to
the base station. Higher transmit
power from user equipment enables
better cell coverage, necessitating
more efficient high PAs.

» Improved PA efficiency: Specifically
enhancing efficiency at higher
frequencies.

e Technology scaling: Extend CMOS
maximum frequency and III-V RF
technology CMOS compatible.

III. NEXT-GENERATION RF-SOI
TECHNOLOGIES

While RF CMOS SOI technologies
are well-established for RF switches
in FEMs, they have also been imple-
mented for low-noise amplifiers (LNAs)
by reducing gate length to improve gain
and noise figures. The integration of more
FEM functions into a single chip becomes
increasingly crucial in the FR2 mmWave
and FR3 ranges to minimize package-re-
lated losses. Addressing this integration
challenge requires continuous improve-
ment in figures of merit such as f_(cutoff
frequency) and f_ _(maximum oscillation
frequency).

RF-SOI technology, depending on the
application and frequency bands, can be
compatible with CMOS technology down
to 40 nm, as illustrated in Figure 2. Next-
generation RF-SOI technologies will
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require to develop new RFeSI™ trap-
rich technology, maintain good linearity
performance, and be compatible with 40
nm CMOS technologies. Next-generation
mmWave trap-rich substrate solutions
will enable a lower second harmonic per-
formance of 50 dBm while being compat-
ible with stringent overlay performance
requirements as depicted in Figure 3.

IV. NEXT-GENERATION FD-SOI
TECHNOLOGIES

The use of a commercial low-leakage
FD-SOI RF planar CMOS platform has
successfully demonstrated the advantages
of this mmWave RFFE architecture in the
mobile market. Compared to CMOS bulk
technology [4], it improves PA efficiency,
enhances the noise figure of LNAs, and
optimizes power consumption. The evo-
Iution of 5G advanced and 5G systems
will require extending the maximum
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frequency of CMOS FD-SOI technol-
ogy up to 500 GHz and looking into the
integration of high resistivity option.
Today, the 22 nm FD-SOI technology
has demonstrated f/f  of 370 GHz/410
GHz.

A promising solution to extend RF per-
formance while enabling digital scaling is
the use of strained layers. The Smartcut
technique can be employed to transfer
bi-axially strained silicon films, grown
on fully relaxed SiGe buffer layers on
Si bulk donor wafers, to create unique
strained SOI. This approach leverages the
carrier mobility enhancement offered by
tensile-strained silicon [5,6].

The high resistivity substrate option is a
significant enhancement to achieving ulti-
mate mmWave performance. The engi-
neering challenges associated with this
new wafer generation are detailed in the
study [7]. Among the various options for
highly resistive silicon, low and high inter-
stitial oxygen (Oi) materials are mostly
used to achieve the desired resistivity per-
formance on SOI handles. However, these
materials are less compatible with FD-SOI
technology, as they can be highly sensitive
to slip-line issues or wafer deformation, it
could lead to overlay errors. Additionally,
high Oi substrates may encounter inspect-
ability and co-integration issues due to the
presence of crystal originated particles.
Soitec has developed a specific process
to tackle these challenges. They demon-
strated how substrates were specifically
engineered to achieve the appropriate
resistivity targets around 1000 Q.cm,
ensuring stability at depth through various
additional anneals and maintaining com-
patibility with customer processes. This
process also ensures excellent mechanical
performance, minimizing slip-line gen-
eration during fabrication processes, and
avoiding overlay issues typically associ-
ated with slip-lines or excessive presence
of bulk micro defects at depth, which can
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Fig. 4. RF substrate figures of merit were mea-
sured from MIM2 CPW lines. Small-signal data,
including o (attenuation constant), peff (effective
resistivity), and er_, . (effective relative permittiv-
ity of the substrate), were extracted using multiline
thru-reflect-line calibration from multiple CPWs.
Large-signal data, including harmonics H1, H2, and
H3, were measured at a 900 MHz fundamental fre-
quency on a 2-mm-long CPW [8].

cause dislocations and plastic deforma-
tion. Furthermore, [8] describes that the
combination of high resistivity substrate
with PN interface passivation technique is
particularly relevant for FD-SOI. By uti-
lizing alternating regions of P- and N-type
doping, the conductive interface is locally
interrupted by induced depletion junc-
tions. This chain-series combination sig-
nificantly increases the overall substrate
impedance (peff).

Measurements of coplanar waveguides
have demonstrated significant improve-
ments in harmonic performance, as illus-
trated in Figure 4.

V. PIEZO MATERIAL FOR RF
FILTER

The adoption of massive input mas-
sive output (MIMO) in receiver and
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Fig. 5. Piezo on insulator (POI) versus alternative
RF filter technologies benchmarking.

transmitter front-ends, combined with the
increase in the number of bands, carrier
combinations, and signal paths, signifi-
cantly raises the demand for RF filtering
elements in the RFFE. POI substrates
present a promising solution to accom-
modate this growing demand within the
same or even smaller footprint. These
substrates provide stable high rejection
and low loss even at high temperatures,
and they simplify the manufacturing
process.

Figure 5 illustrates the advantages of
using POI substrates by comparing com-
petitive technologies over different fre-
quency bands.

In single crystal materials like
LiNbO, and LiTaO,, the polarization
and velocity of acoustic waves can be
adjusted by choosing the appropriate
crystal orientation. These materials
enable electromechanical coupling fac-
tors up to 45% and acoustic velocities
between 3960 and 7320 m/s, which is
depicted in Figure 6. This versatility
makes them suitable for high-frequency
applications.

The use of LiTaO, has been demon-
strated for POI technology and prelim-
inary studies are extending the use of
LiNbO, beyond 3.5 GHz. Soitec and part-
ners are investing LiNbO, as a good alter-
native to extend POI technology beyond
3.5 GHz and to extend the bandwidth of
RF filter below 3.5 GHz.
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Fig. 6. Electromechanical coupling factors and
bulk wave velocities for various LiNbO, and LiTaO,
commercial cuts [9].

VI. RF GAN TECHNOLOGY

RF GaN technology has shown signif-
icant advantages for RF PAs in 5G base
stations, primarily utilizing GaN on SiC
substrates. However, as massive MIMO
infrastructure and beamforming trans-
mission are deployed, the output power
handled by individual PAs significantly
decreases, despite a corresponding
increase in the number of PA devices.
Moreover, the adoption of the FR3
band for mobile user equipment could
potentially disrupt the PA technology.
Addressing the new device requirements
will necessitate specific advancements
in epitaxial GaN development [10]
through:

e Reduction of conducting RF losses:
Minimizing RF losses at the GaN/
Si interface up to mmWave fre-
quencies is crucial for optimal
performance.

¢ Engineering low-trapping (Al,Ga)N
buffer stacks: This involves incor-
porating carbon into resistive layers
and back-barriers to enhance elec-
tron confinement and reduce trap-
ping effects.
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 Barrier design: Careful design of the
barrier layer is necessary to ensure
efficient electron mobility and over-
all device performance.

e Capping or passivation layer:
Special attention is required for the
capping or passivation layer, partic-
ularly when using MOCVD-grown
SiN, to protect the device and main-
tain its electrical properties.

The study [11] describes the suitabil-
ity capability of RF GaN for mobile
user equipment design and highlighted
advancements in epitaxial layer stack
development. To meet voltage require-
ments, GaN device development incorpo-
rates a new epilayer featuring in undoped
AlInN barrier layer, undoped GaN buffer
layer, and an AlGaN back barrier on Si
substrates. Devices using this structure
exhibit exceptional performance across a
voltage range from 1.5 to 12 V, achiev-
ing power density (Pd) values of 2.66 and
4.23 W/mm at Vds of 8 and 12V, respec-
tively, with power added efficiency (PAE)
exceeding 60%.

Soitec [12] developed a pioneering
concept with Smart Cut™ technology,
introducing GaN-on-X substrates that
overcome the physical limitations of
heteroepitaxial growth. This method
involves transferring a thin GaN film
onto a handling substrate (such as Si,
SOI, polySiC, etc.), tailored specifi-
cally for RF applications. This inno-
vation enables the creation of devices
with superior thermal resistance (Rth),
higher power density, improved power
efficiency, and reduced memory effects,
enhancing linearity.

VII. INDIUM PHOSPHIDE (INP)

The sub-THz spectrum (FR4) includ-
ing frequencies beyond 100 GHz, such as
the D-band, gained significant interest for

achieving the ultra-high data rate goals
of next-generation 6G cellular networks.
However, operating at carrier frequen-
cies above 100 GHz presents substantial
challenge, particularly in terms of power
efficiency. To address these challenges,
semiconductor and compound technolo-
gies with transistor f _ values exceeding
500 GHz may be necessary to enhance
efficiency, gain, and noise performance.
While SiGe technology holds the poten-
tial for improving silicon transistor per-
formance, current advancements in InP
technology offer the best front-end per-
formance at sub-THz frequencies. This
technology provides superior PA P_.
and PAE as well as a low noise figure
characteristics.

Despite its advantages, InP tech-
nology is limitedly used in markets
with low volume production. That is
mainly related to its manufacturing
constraints, such as their small wafer
diameters and high costs. To thrive in
the consumer market, InP needs reli-
able and cost-effective manufactur-
ing processes. An innovative method
for producing large-diameter (up to
300 mm), cost-effective InP wafers is
detailed in [10]. This method is based
on wafer reconstruction and reclaiming.
Building upon the foundational aspects
of the SmartCut™ technology and the
tiling approach, the process begins by
selecting smaller diameter III-V wafers,
such as those made from GaAs or InP.
These are traditionally limited to 100
or 150 mm due to the constraints in
bulk material production. These smaller
wafers are then meticulously arranged
and bonded onto a larger, 200 mm sili-
con wafer, creating a composite or pseu-
do-donor wafer. This approach not only
circumvents the diameter limitations
of traditional III-V substrates but also
leverages the robustness and scalability
of silicon infrastructure.
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Advanced Substrate Technologies
for Sub-THz Era

Francois Brunier

Abstract—Electronic  devices evolved
significantly, driving the digital transfor-
mation toward a connected society. The
increasing demand for performance, speed,
and efficiency is pushing wireless applica-
tions to operate at sub-THz frequencies and
beyond. Innovative substrates, such as fully
depleted silicon on insulator (FD-SOI),
indium phosphide on silicon (InPoSi), and
SmartGaN, offer disruptive yet commer-
cially viable solutions to efficiently utilize
these frequencies. Achieving European
leadership in these key markets requires
establishing a complete and reliable sup-
ply chain from materials to applications.
A so-called value chain model is applied in
European KDT JU programs, which serves
as a fast track to accelerate co-innovation
and market adoption. This paper illustrates
the innovation dynamics of the FD-SOI eco-
system in radio frequency applications up
to 120 GHz, realized in the BEYONDS proj-
ect. It also explores technology disruption
in the sub-THz frequency range by using
InPoSi substrates in combination with the
Smart Cut process. The Move2THz proj-
ect aims to develop such technologies and
demonstrate that it overcomes historical
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limitations of bulk InP. Finally, the paper
demonstrates how the industry-proven
Smart Cut technology can be adapted to
other materials, such as gallium nitride,
to complete the technological offering and
meet market needs.

Index Terms—B5G, 6G, FD-SOI, mmWave,
sub-THz, InP, InPoSi, Smart Cut, SmartGaN

I. INTRODUCTION ON
ADVANCED SUBSTRATES

N collaboration with the Leti (French

Laboratoire d’électronique et des

technologies de I’information) Soitec
developed the patented Smart Cut process
over 30 years ago. This process, illus-
trated in Figure 1, enables to manufacture
advanced substrates for microelectronics
by transferring a thin active layer of sil-
icon or another semiconductor material
from a donor substrate onto a second sub-
strate that acts as a support. This Smart
Cut process ensures high yield and sur-
face quality for industrial manufactur-
ability. It facilitates scaling up wafer size
and volume to align with complementary
metal-oxide—semiconductor (CMOS)
manufacturing capacities, minimizes the
use of rare resources, reduces the tech-
nology’s ecological footprint and cost,
and offers a wide range of possibilities
for material integration, as illustrated in
Figure 2. The combination of an adapted
active layer on a functional support sub-
strate creates a more resilient and less
dependent value chain.
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Fig. 2. Smart Cut technology combining an
adapted active layer on a functional support sub-
strate for a less dependent value chain.

II. RF TECHNOLOGY ON SOI -
AN UNRIVALLED PPAC FOR 5G
AND BEYOND

Radio frequency silicon on insulator
(RF-SOI) and fully depleted silicon on
insulator (FD-SOI) technologies based on
SOI substrates meet the global 5G smart-
phone market requirements and offer new
solutions for applications using the 5G fre-
quency spectrum, ranging from low GHz
bands to millimeter wave (mmWave) bands,
including future prospects beyond 100 GHz.
Withits smaller device dimensions, FD-SOI
enables very high cut-off frequencies,
allowing circuit operations at very high fre-
quencies, covering mmWave and beyond
100 GHz. The radio frequency front-end
mmWave architecture, using a commercial
low-leakage FD-SOI RF planar CMOS
platform, has been successfully demon-
strated in mobile market [1]. Additionally,
FD-SOI allows co-integration of analog
and digital capabilities into system-on-chip
designs. Thanks to its back-biasing capa-
bility, FD-SOI also offers dynamic power/

performance ratio tuning mechanisms. This
makes FD-SOI also essential for automo-
tive radar and Advanced Driver Assistance
Systems (ADAS).

The KDT IA project BEYONDS,
“Building the fully European supply
chain on RF-SOI, enabling New RF
Domains for sensing, Communication,
5G and beyond” leverages the RF-SOI
and FD-SOI technologies to build a
solid European ecosystem over differ-
ent application domains. Started in June
2020, the project unites 39 European
partners from 10 countries, covering the
entire value chain with two SOI technol-
ogies (RF-SOI in STMicroelectronics,
22FDX in GlobalFoundries) and seven
demonstrators. On the FD-SOI pilot line,
GlobalFoundries develops and integrates
new RF functions and reliability meth-
odologies onto its 22FDX baseline. This
includes the utilization of high resistiv-
ity base wafers to enhance the proper-
ties of 5G demonstrators and meet future
mmWave system requirements.

This project’s goal is to showcase these
technology platforms at the system level.
Figure 3 illustrates the consortium part-
ners mapped onto the value chain, and
Figure 4 depicts which technology plat-
forms are incorporated in the different
application demonstrators.

Each of the seven demonstrators
selected the most competitive SOI tech-
nology based on its specific requirements,

BEYOND § value chain
connected to EU
and Global Networks

Fig. 3. BEYONDS5 project consortium partners
mapped onto the value chain.
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Fig. 5. 4 x 4 MIMO TRX 22FDX chip for the
in-cabin radar demonstrator developed in the
BEYONDS project.

with key criteria including frequency
range, performance, integration, power
efficiency, and cost.

For the 122 GHz in-cabin radar and ges-
ture recognition demonstrator, for exam-
ple, the 22FDX was chosen for its RF
performance, enabling low-power designs
operating beyond 100 GHz. Its scaling
effects facilitate true low-cost designs with
minimal area consumption for processing
units in system-in-package solutions. The
in-cabin demonstrator, depictedin Figure 5,
utilizes a 4 x 4 Multiple-Input Multiple-
Output (MIMO) transceiver (TRX) chip
with an in-package antenna operating in
the 116—123 GHz band.

The block diagram of this millime-
ter-wave integrated circuit (MMIC) is
illustrated in Figure 6. This TRX is devel-
oped using 22FDX technology from
GlobalFoundries.

This 120 GHz MMIC shows exceptional
performance in terms of noise figure (NF)
and power consumption. The low-noise
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Fig. 6. The block diagram of the designed TRX
for the in-cabin radar demonstrator developed in the
BEYONDS project.
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Fig. 7. TRX low-noise amplifier noise perfor-
mance for the in-cabin radar demonstrator devel-
oped in the BEYONDS project.

amplifier (LNA) achieves a NF of 6.5 dB
and a gain of 14 dB in the relevant fre-
quency band, illustrated in Figure 7.

The MIMO 4 x 4 chip consumes a total
of 260 mW during continuous operation,
accommodating four receivers and one
transmitter. The detailed performance
metrics are given in Table 1.

III. SMART CUT ON III-V
MATERIALS: INNOVATIVE
SUBSTRATES FOR THz ERA

The Smart Cut process is also compat-
ible with materials beyond silicon, reduc-
ing the reliance on rare and costly bulk
materials, thus offering solutions for tech-
nological sovereignty aligned with the
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TABLE 1.
THE MEASURED MIMO 4 X 4 cHIp
PERFORMANCE.
Parameter 120 GHz MPW2
Frequency range 116-123 GHz
TX output power 3 dBm
Conversion gain RX 18 dB
RX noise figure SSB: 9.1 dB
DC power 260 mW (TX- 36 mW)
consumption

" 140GHz, 40dBm EIRP

" ‘
a - PA CMOS
] M) o

PA InP

2x lower power consumption

2x smaller footprint

But requires:
+ A mature and cost-efficient InP technology
+ Requires integration with CMOS

TX POWER CONSUMPTION [W]

C.Desset et al., GlobeCom 2021

2 © ©
NUMBER OF TX ANTENNAS

Fig. 8. Power consumption and footprint PA com-
parison across different technologies at 140 GHz
operation frequency and 40 dBm effective isotropic
radiated power.

Greendeal initiative. Indium phosphide
(InP) offers exceptional capabilities that
surpass other technologies in terms of
performance and power consumption. It
features superior power amplifier (PA)
output power (P ) and power added effi-
ciency, along with low NF characteristic.
Figure 8 compares PA performance and
area metrics of competing technologies
like CMOS, SiGe, and InP.

Despite its advantages, the InP tech-
nology faces limitations in reaching
high-volume production markets primar-
ily due to its manufacturing constraints,
small diameters, and high costs. The
Smart Cut process provides a sustainable
and commercially viable solution for con-
sumer applications like 6G mobile com-
munication and high-resolution sensors.
The Smart Cut process in combination
with InP paves the way to increase the
number of components from the same

Small e bulk wafers

=

SMART CUT™
& IIECLAIMING

(...

Pseudo donor @ 200-300mm

PSEUDO DONOR
REALIZATION

Fig. 9.
approach.

Schematic of the Smart Cut with tiling

InP wafer by more than tenfold and to
transition to larger wafer diameters using
a tiling approach.

The Smart Cut with tiling approach
is illustrated in Figure 9. This approach
involves arranging transferred layers on
a larger substrate to optimize material
usage and enhance production efficiency.
On the left of Figure 9, the production of
the pseudo-donor substrate through tiling
is illustrated. On the right, the InPoSi sub-
strate is shown, which is obtained from
the pseudo-donor substrate via the Smart
Cut process, demonstrating the concept
of reclaiming the pseudo-donor substrate
for multiple reuses.

The “Move2THz” KDT project, initi-
ated on June 1, 2024, unites a European
value chain of 28 partners specializing in
InP technology development and applica-
tion, as illustrated in Figure 10.

The Move2THz project aims to revo-
lutionize the manufacturing process of
InP platforms by establishing a ground-
breaking global standard for InP on sili-
con (InPoSi). This initiative facilitates the
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Fig. 10. The Move2THz project consortium illus-
trated across the value chain.
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Fig. 11. The Move2THz project aims to break the
current vicious cycle, enabling the adoption of InP
in large-volume mass markets.

scale-up of wafer size and volume while
ensuring compatibility with CMOS stan-
dards and minimizing the use of rare InP
resources. By establishing a robust value
chain from materials to demonstration,
Move2THz aims to transform InP from
a niche technology into a sustainable
and commercially viable platform. This
advancement will enable mass-market
applications like 6G mobile communica-
tion, photonics datacom, RF/bio sensing
to utilize frequencies up to THz levels.
The methodology on how the Move2THz
project aims to enable the adoption of InP
in large-volume mass markets is illus-
trated in Figure 11.

The Move2THz project develops inno-
vative PAs, LNAs, and heterogeneous
integration blocks using advanced and
environmentally friendly substrates and
fabrication processes. These technologies
will be integrated and tested for D-Band
circuits, sensing, Satcom, non-terrestrial
networks, as well as photonics applications.

Alternatively, to InP, RF gallium nitride
(GaN) technology also demonstrates sig-
nificant advantages for RF PAs in 5G base
stations using GaN on silicon carbide
(SiC) substrates. Soitec has developed a
pioneering concept with the Smart Cut
process, introducing GaN-on-X substrates
that overcome the physical limitations
of heteroepitaxial growth. This method
involves transferring a thin GaN film onto

Optimized GaN epi-stack per application/device
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« For Power - Verticaltransistor

— Lateral HEMT

Seed layer
‘o Buffer-free GaN low thermal resistance)

GaN epi stack
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Handle
‘o 200mm diameter (CMOS compatiblesize)
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Fig. 12. The SmartGaN substrate stack-up for
optimized power or RF applications.

a handling substrate (such as Si, SOI,
polySiC, etc.), specifically tailored for
RF applications. This innovation enables
the creation of devices with superior
thermal resistance, higher power density,
improved power efficiency, and reduced
memory effects with enhancing linearity.
The new SmartGaN substrates demon-
strated in 8 diameter, address industry
concerns regarding GaN quality, CMOS
compatibility, thermal conductivity, and
cost/availability. This SmartGaN sub-
strate stack-up is illustrated in Figure 12.
The value proposal for RF next generation
of GaN devices included best-in-class PA
performance for 5G and beyond, co-inte-
gration of PA and switches, and enabling
frequencies beyond 70 up to 100 GHz.

IV. CONCLUSION

European leadership in key markets
necessitates the establishment of a com-
plete and reliable supply chain starting
from material level up to applications.
The industry-proven Smart Cut technol-
ogy, known for its efficiency in low-power
digital applications, sensing and telecom-
munications, can be adapted to other
materials, unlocking application oppor-
tunities. By promoting the value chain
model, the KDT projects BEYONDS
and Move2THz stimulate synergies and
accelerate the development and adoption
of new technologies, ensuring a faster
time to market.
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A CMOS Compatible
III-V-on-300 mm Si Technology
for Future High-speed
Communication Systems:
Challenges and Possibilities
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B. Parvais, P. Wambacq, B. Kunert, and N. Collaert

Abstract—III-V ~ semiconductor-based
devices, in particular InP heterojunction
bipolar transistors, are a strong contender
for next-generation high-speed communi-
cation systems. In this paper, we present
motivation for the upscaling of III-V tech-
nology on to 300 mm Si platforms. A com-
parison of various options for such III-V on
Si technology is described. The challenges
in the way to achieve its integration into
existing CMOS platform and possibilities
to overcome them are shown. We describe
imec’s path to demonstrate a CMOS com-
patible ITI-V-on-300 mm Si technology with
the most recent results.
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Index Terms—III-V, HBT, 6G, InP, I1I-V
on Si

I. INTRODUCTION

HE integration of III-V compound

semiconductor-based heterojunc-

tion bipolar transistors (HBTs) on
Si substrates has been identified as one
of the promising routes to enable hybrid
III-V/CMOS technology for future RF
applications [1-3]. GaAs/InGaP HBTs
grown on small size native GaAs sub-
strates are already being used in power
amplifiers in mobile phones due to several
advantages over other possible material
combinations. However, future technolo-
gies for high-speed communication appli-
cations, such as 6G, would require:

e Better performance such

from
devicesinf,f P . and PAE
e Large volume production at signifi-
cantly lower cost
 Flexibility in circuit design
e Smaller chip footprint [1,2].

All these requirements can be achieved
by the monolithic growth of III-V materials
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on the Si substrate and its integration with
state-of-the-art CMOS back-end-of-the-
line process for routing complex control
signals. As far as III-V growth on Si sub-
strate is concerned, several techniques
have been explored; examples are strain
relaxed buffer (SRB) layers on Si wafers
[4], GaAs grown on Si/SiGe-based com-
positionally graded buffers [5], confined
epitaxial lateral overgrowth (CELO) [6],
and aspect ratio trapping (ART) inside
the narrow trenches [7]. A review of var-
ious monolithic integration approaches is
given in [8]. In particular, for RF appli-
cations, silicon on lattice engineered
substrates (SOLES) [9] have been used
to demonstrate InP HBTs co-integrated
with CMOS but has the disadvantage of
requiring expensive starting substrates
and very thick buffer layers to grade to
the InP lattice constant, which contradicts
with cost and complexity requirements of
such future technologies. It is imperative,
then, that in order to minimize the com-
plexity and cost of a hybrid CMOS/III-V
technology, standard Si substrates should
be used.

Furthermore, = with  ever-growing
requirement for larger bandwidths for
mm-wave applications, InP-based HBTs
are gaining importance [10]. It is then
obvious that a cost-effective hybrid
CMOS/MI-V technology on a standard
300 mm Si substrate, which can be
extended to InP-based material system,
would be highly desirable.

In this work, we present a compari-
son of various options for a hybrid III-V/
CMOS on Si technology. Various chal-
lenges in the way to achieve such an inte-
gration into existing CMOS platform and
possibilities to overcome them are shown.
Furthermore, we report imec’s path to
demonstrate a CMOS compatible III-
V-on-300 mm Si technology consolidated
with the most recent electrical characteri-
zation results of InP HBTs.

II. III-V ON SI SUBSTRATES:
OPTIONS AND CHALLENGES

One of the major challenges related to
the integration of III-V materials on Si
substrates is the large mismatch in lat-
tice constant as compared to Si (4% for
GaAs and 8% for InP and InGaAs) and
thermal expansion coefficient, which cre-
ates a large number of relaxation defects
in the semiconductor layers [8]. These
defects have been shown to severely limit
the electrical performance of devices [6].
This has led the research on the techniques
to integrate III-V materials on Si to diver-
sify into two broad categories: heteroge-
neous integration, where the challenge is
circumvented by directly bonding a high
quality III-V layer or substrate to the Si
substrate, and monolithic integration,
where III-V material is directly grown
on Si. In both categories, there are sev-
eral integration options among which, in
the following section, the most promising
techniques are described in more detail.

A. Heterogeneous Integration

The heterogeneous integration tech-
niques, an example of which is shown
in Figure 1, involve growing a II-V
device stack on native III-V (GaAs or
InP) substrate, cleaving the device wafers
into square tiles, and transferring these
tiles by the pick-and-place technique
directly onto the large-diameter target Si
wafer by a bonding process [12,13]. The
sequence of stack growth, cleaving, and
bonding might change depending on the
technique. The bonding process can be a
direct ITI-V to Si bonding or a dielectric—
dielectric layer bonding, such as silicon
oxide or silicon nitride. Both techniques
suffer from a potential challenge of main-
taining highly smooth surface free of
small particles. Adhesive bonding involv-
ing an adhesive material, such as epoxy,
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111-V Dies-to-Wafer
IV Chip,

Support Wafer (Si)

) ™
Support Waer (57 SRRGECE.
PDA Process

ROIC (i)
Cu-Cu Hybridization

Support Wafer Removal

Fig. 1. An example of heterogenous integration
for visible-SWIR image sensor with read-out inte-
grated circuit (ROIC). III-V chip can either be just
a diced native substrate or a die with already fabri-
cated device [13]. Bonding process can consist of
Cu—Cu or oxide—oxide hybrid bonding.

polyimide, or benzo-cyclobutene has
also been used for this purpose, with the
advantage of not requiring strict surface
cleanliness or smoothness requirements.
Another challenge in using this technique
is to maintain the stability of the tile/
wafer interface during the removal of the
InP substrate or subsequent process steps,
as the grinding/wet etching process may
cause stress and lead to cracks in the III-V
device layer. Corners of the tiles are par-
ticularly vulnerable during this process
step. In the case of adhesive bonding, the
temperature range of the bonding mate-
rial limits the thermal budget of all subse-
quent process steps. Nevertheless, some
of these approaches do show promise in
circumventing some of the above issues.
Micro-transfer printing is one such
heterogeneous integration approach for
transferring partly or fully processed I1I-V
devices to Si-based wafers (Figure 2)
[14—16]. It requires the growth of a mod-
ified device stack on a release layer; for
InP, for example, the release layer may
consist of InAlAs. Before the transfer,
the InP substrates undergo several pro-
cess steps following the epitaxial growth
of the HBT device stack. In these pro-
cess steps, device mesas are created and
the release layer is selectively removed
by wet etch resulting in a device layer
attached to the substrate only by polymer
tether structures. Using a polymer stamp,

Tethers
a) b) dy . ¥
[1I-V Device Layer | ice | T

Patterned release layer [ [Patterned release laye
| Substrate ‘ Substrate Substrate

Fig. 2. The p-transfer printing process. (a) and
(b) The definition of the III-V device on the M-V
source wafer. (c) and (d) The structures are encap-
sulated and the release layer is selectively etched.
(e) The use of a stamp to pick-up arrays of III-V
devices from the source wafer. (f) Print them onto
the silicon photonic target wafer, after which the
encapsulation is removed and the III-V devices are
electrically contacted on a wafer-scale [16].

the devices are then picked by break-
ing the tether structures and transferred
to the target wafer. This technique is
limited by the possible lateral material
removal of the release layer. Furthermore,
there are concerns regarding the possi-
bility of yield issues due to fragments of
the broken tethers and process instabili-
ties. The choice of the adhesive bonding
layer is also not straightforward to ensure
a stable bonding interface during device
processing. Although the accuracy of the
printing tools has shown improvements
recently, it is still challenging to minimize
particle contamination during multiple
pick-and-place cycles.

Another promising heterogeneous inte-
gration approach is to transfer only a thin
InP film to the target Si wafer. This InP
film is then used as a starting surface for
the epitaxial growth of the device stack.
[17]. Such engineered substrates are also
referred as InP on silicon (InPOSi). One
of the main challenges in such a transfer
is related to the release of this thin InP
layer from native substrate. One approach
is the bonding of a bulk InP substrate,
including a top thin InP and etch-stop
sacrificial layer, on a Si wafer, followed
by a backside wet etching of the full InP
bulk material [17]. In such a case, not
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Fig. 3.
200/300 mm InPOSi wafers [18].

Simplified sketch of the production of tiled

only the small size of the native InP sub-
strates (4”) poses a problem, but the recy-
cling out of the etchant waste, which also
includes precious InP material, may also
be challenging.

A more cost-effective approach for
transferring InP films is described by
Ghyselen et al. [18] based on the Smart
Cut™ technology initially introduced by
Soitec for the fabrication of SOI wafers
(Figure 3). In such a process, an InP
donor wafer, a Si target wafer, or both are
covered with an oxide layer. The InP sub-
strate is then subjected to hydrogen ion
implantation, forming a buried layer of
microcavities at a defined depth. After the
wafer-to-wafer bonding, a thermal treat-
ment is applied to split off the InP sub-
strate at the buried layer and to strengthen
the covalent bonds along the bonding
interface of the achieved InPOSi wafer.
This process leads to a thin InP film on
top of the target oxidized Si wafer while
circumventing the issues with wet-etch-
based substrate removal and saving InP
material from going to waste. Although
it is still challenging to upscale this tech-
nique to wafer sizes of 200-300 mm,
there have been some developments in
this regard where a 200mm InP-tiles-
based pseudo-donor wafer is first created
using traditional transfer approaches,

which is then used as a native substrate
for transfer as described above [18]. Such
native pseudo-donor wafers can be used
for several cycles of transfer improving
the reusability of the donor substrate. A
challenge using this technique is related
to post-bonding epitaxial growth tem-
perature. As the wafer-to-wafer bonding
process is performed at room tempera-
ture, heating up to the growth temperature
(typically > 550 °C) induces compres-
sive strain in the InP film because of the
larger thermal expansion coefficient of
III-V materials compared to the one of
Si. Consequently, innovative strain man-
agement techniques are required for the
II-V growth on InPOSi wafers to prevent
the formation of misfit defects inside the
HBT device stack.

While all the above techniques show
some promise in large-scale integration,
the cost of InP substrates to be required
is a very vital factor to consider in mass
production. While a larger market for InP
substrates may lead to lower substrate
costs, scarcity may result in price hikes.
In this respect, it may be interesting to
recycle waste products generated during
InP grinding, for instance. The sustain-
ability and conversion efficiency of such
recycling is a major aspect that should not
be ignored in the assessment of upscal-
ing. The reduction of the environmental
impact should be a strong driving force
in the development of future technol-
ogies and requires dedicated life-cycle
assessments.

B. Monolithic Integration

Given the above-mentioned constraints
regarding material cost and sustainabil-
ity, the most cost-effective approach for
integrating III-V materials with Si sub-
strates seems to be the direct monolithic
deposition, eliminating the need for InP
substrates. However, the mismatch in
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GaAs/InGaP HBT stack

SRB (SiGe/Ge)0.8-1 pm

Si substrate

nano-ridge

A

Fig. 4. (a) An example of SRB-based growth of
III-V on Si substrate using a thick buffer layer. (b)
Cross-sectional SEM image of an NR array. (b)
Aspect ratio trapping (ART), where defects are
trapped in narrow trenches [19].

lattice constants and thermal expansion
coefficients between Si and III-V materi-
als results in the formation of relaxation
defects, which adversely affect the per-
formance of HBT devices. The growth of
SRB prior to the deposition of the device
layers allows to reduce the defect density
in HBTs (Figure 4a). In this context, var-
ious strategies have been developed to
eliminate relaxation defects, including
the use of strained layer superlattices as
a defect filter, the application of com-
position gradients, and the use of cyclic
annealing treatments. Nevertheless, a
low defect density at the buffer surface
requires the growth of a several wm thick
SRB, which can cause new problems
with wafer warpage and crack formation
in the III-V layer (9).

Selective area growth (SAG) is an alter-
native monolithic integration approach
that circumvents the issues related to
blanket layer growth [6,7]. This method,
CELO as an example, involves pattern-
ing an oxide layer on top of a Si wafer

to expose the Si surface through confined
openings. The III-V material is then epi-
taxially deposited inside these openings
under growth conditions that promote
selective growth. A high aspect ratio
(depth divided by the width) of the pat-
terned openings helps to reduce defects
efficiently within a thin layer deposi-
tion, as threading dislocations and planar
defects (PDs) tend to be trapped at the
sidewalls [7]. However, an effective ART
of defects inside the openings is accom-
panied by a small III-V volume confined
by the pattern dimension, which poses
challenges in realizing an HBT for useful
power amplification (9).

Nano-ridge (NR) engineering is a
novel integration technique that provides
a solution for increasing the volume
of III-V material (Figure 4b) [9,19]. It
builds upon SAG and ART and involves
the application of Si wafers with a narrow
trench pattern, where each trench bottom
is formed by two {111} facets creating
a V-shape, which impedes the forma-
tion of anti-phase disorder in the III-V
material. A high aspect ratio (>3) of the
trenches ensures efficient defect trapping
near the III-V/Si interface. The growth is
performed by metal-organic vapor phase
epitaxy (MOVPE). Once the trenches are
filled with III-V material, growth contin-
ues out of the trenches to create a large NR
above the oxide mask with an increased
volume of III-V material. Manipulating
the growth rate hierarchy on the different
NR facets through adjusting the MOVPE
conditions offers the possibility to engi-
neer the shape of the NR. The advantages
of using NRE for scaling up the InP tech-
nology are evident due to the monolithic
III-V integration to Si, which removes the
need for InP substrates, thereby reducing
cost and potentially enhancing sustain-
ability. The III-V device deposition can be
done directly on large-diameter substrates
in a 200/300 mm CMOS foundry, without
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the need of any complicated III-V layer
transfer or bonding processes, resulting in
a lower risk of particle contamination and
yield loss. The application of SAG on pat-
terned wafers makes the growth of thick
SRBs unnecessary and enables advanced
device scaling and circuit design since the
mask layout determines the III-V device
distribution throughout the patterned Si
wafer. This approach is detailed in the
next section.

III. III-V-ON-300 MM SI
SUBSTRATE AT IMEC

A. Monolithic Integration using
Nano-Ridge Engineering

To integrate III-V materials on 200/300
mm Si substrates, imec is researching
on both heterogeneous and monolithic
approaches. In the monolithic approach,
imec has developed a fabrication process
based on NRE, which selectively grows
the III-V material in pre-patterned struc-
tures or trenches in the Si (see Figure 5).

These high-aspect-ratio trenches are
very effective in trapping the defects
in the narrow bottom part and growing
high-quality, low defect material out of
the trench. In addition to a high-aspect-ra-
tio trench to capture defects, a second sil-
icon oxide pattern is added to the original
trench pattern, which has the same pitch
but a wider opening. After filling the first
oxide trench on top of the Si substrate, the
MOVPE parameters are adjusted to pro-
mote lateral broadening of the NR until it
reaches the sidewalls of the second oxide
pattern. In this way, the collector material
of the HBT is in contact with the oxide
sidewall, and subsequent p- and n-doped
device layers only grow on the (001) sur-
face without any sidewall deposition. The
related illustration is shown in Figure Sc.
The successful implementation of this
integration concept for a GaAs-based

Silicon photonics application:

Array of NR laser Free-standing NR

InGaP sidewall
h
8;°W[\: ! InGaF QV!S
o

~— GaAs

Base: p++

N

500 nm

NR inside a
double pattern

2 oxide pattern

Subcollector

GaAs: n+

Fig. 5. (a) Cross-sectional SEM image of an NR
laser array. (b) The impact of sidewall deposi-
tion when an HBT device stack is deposited on a
free-standing NR. (c) A second oxide pattern on the
first prevents sidewall growth. (d) HAADF-STEM
(high-angle annular dark-field scanning transmis-
sion electron microscopy) image of a GaAs-based
NR HBT [19].

HBT structure grown on a double pat-
terned 300 mm Si wafer is shown in
Figure 5d. The threading dislocation den-
sity (TDD) at the surface of NRs depos-
ited in narrow trenches has been reported
for GaAs NRs to be below 3 x 106 cm—2
based on electron channeling contrast
imaging (ECCI) [19]. This defect density
value is limited by the ECCI inspection
area; therefore, the actual TDD could be
even lower for the GaAs NRs. In the TEM
investigation of the NR HBT device stack,
no indication of any misfit or threading
dislocations was found outside the STI
trench. All mismatch-induced defects
were restricted inside the trench and con-
fined close to the GaAs/Si interface by
ART. The complete III-V device stack in
the second oxide is free of TDs. Only PDs
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Fig. 6. (a) HAADF-STEM of GaAs/InGaP HBT

stack after epitaxial deposition on 300 mm (100)
silicon substrate along and across a nano-ridge.
(b) A comparison of electrical characterization
(Gummel plot) of the devices fabricated in this work
with that of ref. [6]. (c) A comparison of DC current
gain, B, of our HBT with that of ref. [6] with respect
to collector current [20].

such as stacking faults and micro-twins
could be found in the device stacks lay-
ing in a {111} plane perpendicular to the
trench. The density of 0.5-0.9 um™" (PD
per NR length) is slightly higher as it was
observed for GaAs NRs deposited on sin-
gle oxide pattern [19]. However, as PDs
do not involve either open crystal bonds
or a pronounced strain field, we expect
less impact on the device performance in
comparison to dislocation defects.
Initially, HBT devices on such stacks
were demonstrated to be fabricated on
small coupons taken from these 300 mm
wafers (Figure 6) [20-22]. The ideality
factors of NRE-based emitter-base and
base-collector diodes were ~1.2 and 1.4,
respectively, indicating the good quality
of EB and BC junctions. An HBT device
showed a peak DC gain, B, of 112 at
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Fig. 7.  HAADF-STEM pictures of (a) GaAs and
(b) InP HBT stacks on 300 mm Si substrate across a
single nano-ridge (NR) showing good device layers
interface quality [23].

V.. =2 V. A breakdown voltage, BV , , of
10 V was also measured on this device.
The quality of the layer interfaces, ver-
ified using electrical characterization,
was found to be similar to the same stack
grown on high-quality GaAs substrates.
Furthermore, HBTs fabricated on this
stack showed an electrical performance
considerably better than GaAs(P) devices
fabricated on a Si substrate with SRB
layers, without any need to grow thick
(>1-10 um) buffer layers.

Recently, imec demonstrated the first
monolithic integration of III-V HBTs on
300 mm Si substrate using standard fabri-
cation in a CMOS pilot line for both GaAs
and InP HBTs (Figure 7) [23]. The fabri-
cation for both material systems was done
completely in a 300 mm CMOS pilot line
at imec with excellent electrical charac-
terization results with low across-the-
wafer and wafer-to-wafer non-uniformity
(Figure 8). The ideality factors of collec-
tor and base current for GaAs HBTs are
~1.0 and 1.45, respectively (as compared
to ~1.02 and ~1.6 on GaAs substrate),
indicating on the effectiveness of the
integration in maintaining the good qual-
ity of hetero interfaces. A good DC cur-
rent gain, B, ~40and B _,~ 7, and ON
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Fig. 8. (a) Gummel plots of HBTs fabricated on
GaAs and InP NRE material stack. The output char-
acteristic of GaAs HBT is also shown in the inset.
(b) Across wafer variation of DC current gain and
maximum collector current of a GaAs NRE HBT
wafer. (c) Key DC parameters variation of GaAs
(left) and InP (right) NRE HBTs [23].

current density, Jc,Ga N~ O X 1075 A/um?,
Jowp ~ 3 x 10 A/um®is observed for
GaAs and InP devices, respectively.
Moreover, a BV, and BV_, of ~8
and ~13 'V, respectively, are measured
on GaAs NRE HBTs. These values,
although not state-of-the-art, are compa-
rable to similar devices made on 2" native
substrates. By demonstrating it for two
different III-V material systems, GaAs
and InP, imec showed this technology’s
flexibility to cover several III-V based
application domains ranging from FR3,
6G, and optical I/O systems.
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Fig. 9. (a) Transfer and (b) output character-
istics of an NR-HBT fabricated on In ,Ga, P/
GaAs,,Sb,/ In , Ga, , As stack. (c) A comparison
of the Gummel plots of HBTs fabricated on three
different III-V material systems to illustrate the
improvement of on current in In ,Ga,,As NR HBTs

as compared to GaAs NR HBTs [24].
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Fig. 10. (a) f; and (b) f, for a device with W:
5 uwm and 55 nano-ridges (L,: 44 m) as functions of
current density J.. At V, = 0.4V, extracted peak f; is
~36 GHz and peak f is 13.7 GHz [24].

In addition, imec also demonstrated,
recently, an example of this versatility
by fabricating an NRE-based Ga-rich
In0.78Ga0422P/GaASOA7ZSb0428/In0,3GaO47AS
HBTSs on 300 mm Si substrates, which can
achieve better performance as compared
to InGaP/GaAs HBTs FR-2 and FR-3 5G
applications as shown by the DC and RF
electrical performance of these devices
(Figures 9 and 10) [24]. The ideality fac-
tors of collector and base currents are
~1.0 and ~1.8, respectively. The device
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showed a DC current gain of ~10 at V
= 1.2 V and breakdown voltages, BV
and BV 0 of ~ 2.5 and 4.5 V, respec-
tively. AtV = 0.4V, extracted peak f is
~36 GHz and peak f _is 13.7 GHz for
a device with emitter width W_: 5 um
and with 55 NRs (L: 55 x 0.8 um = 44
pm).B. Heterogeneous Integration using
InPoSi

Due to InPoSi’s capability to upscale
to large wafer sizes without any issues of
release layer removal and its advantages
related to sustainability and reusability,
imec is also investigating InPoSi’s appli-
cation in developing a III-V on Si tech-
nology. In this direction, HBT stack is
grown on a 4” InPoSi substrate and on a
4” InP substrate (for comparison) using
MOCVD. The InP layer bonded onto the
SOI wafer to create the 4” InPoSi wafer
was taken from a 4” InP substrate from the
same batch as the 4” InP substrate used
here for comparison. The RMS surface
roughness of the HBT stack on InPoSi,
measured using AFM, is observed to be
similar to that on InP substrate (~0.13 nm)
indicating good epitaxial growth. Large-
area HBT devices fabricated on the above
stack showed good DC performance.
The ideality factors of collector and base
currents were ~1.0 and 1.7 (as compared
to ~1.0 and 1.3 for the 4” reference InP
substrate) respectively indicating the
good quality of hetero-interfaces. An
HBT device showed a peak DC gain, B,
of ~100 is observed at Vbe = 1 V. The
breakdown voltages, BVceo and BVcbo,
of 3.5 and 5.5 V, respectively, were also
measured on this device. A comparison of
the DC performance of HBTs on InPoSi
and InP substrate is shown in Figures
11 and 12. Further investigation on the
RF performance of HBTs on InPoSi is
underway. Nevertheless, negligible dif-
ferences in the performance of HBTs on
InPoSi substrate from that on native sub-
strate points to promising future of this

InPoSi

Fig. 11. Transfer characteristics of a InP/GaAsSb/
InP HBT fabricated on InP (left) and InPoSi (right)
substrates. Except for the difference in base current
ideality factor and leakage, ON state performances
of both are quite similar and good.
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Fig. 12.  Output characteristics of an InP/GaAsSb/
InP HBT fabricated on InP (left) and InPoSi (right)
substrates for the same base currents. Note the slight
difference in the output current.

technique in the development of III-V on
Si technology.

V. CONCLUSION

The cost-efficient and sustainable inte-
gration of III-V on Si is critical for the
success of future high-speed communica-
tion systems. Different approaches have
been reviewed, with a special emphasis on
imec’s recent developments, which are at
the forefront of the research to achieve a
hybrid III-V/CMOS technology. Compared
to the other approaches, NR engineering
(for monolithic approach) and InPoSi (for
heterogeneous integration) look prom-
ising. While CMOS is compatible, both
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approaches highlighted excellent DC and
RF performance of HBTs fabricated on a
variety of III-V material systems.
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Abstract—SiGe:C heterojunction bipolar
transistors (HBTs) have emerged to address
the high demand of high-speed applications
in telecommunications and more recently in
the space domain. But the ramifying effects
of radiation on the DC characteristics and
low-frequency noise of SiGe HBTs reveal
the degradation in performance and reli-
ability of SiGe HBTs and their associated
circuits. Consequently, it is important to
understand the impacts of total ionizing
dose on SiGe HBTs to design radiation-tol-
erant and viable electronic devices. This pre-
sentation investigates the impacts of X-ray
irradiations on advanced SiGe:C HBTs,
specifically the ones developed in the B55
BiCMOS technology with £ /f  of 320/370
GHz, supplied by STMicroelectronics in
the framework of the European SHIFT
project. Different degradation parame-
ters, such as relative base current and base
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current noise spectral density, are used in
this work. Moreover, the impacts of collec-
tor doping, geometry, and annealing will be
explored in detail.

Index Terms—Annealing, base current,
collector doping, degradation, low-frequency
noise, X-ray irradiation.

I. INTRODUCTION

HE demand for high-speed (HS)

wireless ~ communication  and

niche high-frequency applica-
tions is continuously growing at present.
Transistors such as SiGe: C heterojunc-
tion bipolar transistors (HBTs) and III-V
HBTs offer high performance for HS
applications although the latter requires
complex manufacturing steps, which
results in expensive cost. Studies have
shown SiGe:C HBTs provide huge per-
formance in wide temperatures, ranging
from 4.2 to 573 K [1]. Nevertheless, the
radiation-rich environment has a negative
impact on the reliability and performance
of electronic devices, which has been
attracting the attention of the radiation
society for many years.

In general, the radiation environment
induces two effects on devices, namely
single event effect and cumulative effects.
The former is caused by a single particle
as it passes through or near a sensitive
node in a circuit, and results in either a
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Fig. 1. Process of radiation-induced
charge generation in MOS devices [4].

hard error such as single event latch-up
or a soft error like single event upsets [2].
Cumulative effects can be divided into
two categories: total non-ionizing dose,
also known as displacement damage [3],
and total ionizing dose (TID), called sim-
ply dose, which is the main focus of this
study.

The TID effect corresponds to the trap-
ping of charge in the oxide of electronic
devices over a period of time leading to
the degradation of the component’s elec-
trical characteristics. The process that
leads to the trapping of charges in semi-
conductor devices can be illustrated based
on a metal-oxide—semiconductor (MOS)
structure as depicted in Figure 1.

TID is caused by energetic particle
or photon that ionizes the atoms along
its path, leading to the generation of
electron—hole pairs. Some of these elec-
tron—hole pairs recombine due to initial
recombination (referred to as charge
yield). The uncombined electrons tend to
move away from the oxide (in the order
of tens of picoseconds) due to their high
mobility, whereas holes tend to move
slowly to the silicon-oxide interface by
hopping mechanism, which results in
holes trapping in both oxide and inter-
face traps. These trapped holes in oxide
(N_) and interface traps (N,) later lead
to the degradation of the component’s
electrical characteristics of electronic
devices. One of the most important and

well-studied effects of N_ is the negative
shift in the drain current versus gate-to-
source voltage for both N- and P-channel
metal—oxide—semiconductor field-effect
transistors. The main effect of N, is an
increase in the sub-threshold swing of
MOS devices.

Unlike MOS transistors, for which
the active current layer is at the surface
of the semiconductor and in direct link
with the Si/SiO, interface and the oxide
layer above it, bipolar devices are “bulk”
devices, in that the currents mostly flow
through silicon PN junctions. One would
therefore expect these bipolar devices to
be relatively insensitive to TID, but this
is not the case. The most efficient way
to highlight TID degradation in a bipo-
lar transistor is to study the influence of
increasing TID levels on the Gummel
plot, showing the collector and base cur-
rents versus the base—emitter voltage, for
a constant reverse collector—base voltage.
Most of the degradation directly impacts
the forward current gain, which decreases
with increasing TID level, due to an
increase in base current while collector
current remains almost unchanged.

As we have seen, trapped charge will
have an impact on the behavior of the
component, but this effect is not defini-
tive. Indeed, a long time or a high tem-
perature can lead to an annealing effect.
Annealing experiments are widely prac-
ticed in the radiation community, aiming
to remove trapped charges by increas-
ing the temperature of the device over a
period of time. Such annealings are also
preconized in test methods in accordance
with standards [5].

To have a rad-hard device, it is com-
pelling to harden the device either by
process or by design as shielding the
system from irradiation that leads to an
increase in both system weight and com-
plexity, and reduces system reliability [6].
Studies show that SiGe:C HBTs are able
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to operate in the extreme radiation envi-
ronment without the need for hardening,
with adequate performance and accept-
able reliability [7] [8]. Despite this, it is
necessary to do extensive characterization
in order to model, understand, and inves-
tigate the DC characteristics and low-
frequency noise (LFNoise) of SiGe HBT
in the extreme irradiation environment.

This study presents the impacts of X-ray
irradiation on the DC characteristics and
LFNoise of SiGe:C HBTs. The impacts of
geometry, collector doping, and annealing
on the degradation of base current will be
explored in the next sections.

II. EXPERIMENTAL SET-UP

The HBTs are issued from a 55 nm
CMOS node of BiCMOS technology,
B55, developed by STMicroelectronics.

A single-finger CBEBC configuration
of HBTs with an emitter area range of
1-4.2 um? was used for the measurement.
The HBTSs have three flavors, HS, medi-
um-voltage (MV), and high-voltage (HV),
which differ by their selectively implanted
collector (SIC) doping, aimed to meet the
power and speed requirements [9].

The irradiation experiments were
carried out by using 320 keV high-
energy X-ray generators located at the
PRESERVE platform in the Institute of
Electronics and Systems (IES) labora-
tory, University of Montpellier. It was
performed at the dose and dose rate of
40 krad and 11.33 rad/sec respectively in
seven steps until it reached a maximum
TID of 280 krad. In each step, the forward
Gummel measurements and LFNoise
experiments were done for approximately
one hour. Moreover, the samples were
unbiased during irradiation.

After the samples were exposed to a
maximum TID of 280 krad, the impact
of room temperature was investigated for
10 weeks. After this, annealing

experiments were conducted at 100
and 130 °C for a total of 282 anneal-
ing hours. To test whether or not ther-
mal annealing has any effect on the
DC and LF noise characteristics of
non-irradiated transistors, we annealed
four pristine transistors at 130 °C
for 160 hours. In all cases, no impact was
observed.

III. DC CHARACTERISTICS

To understand the static characteristics
of the device and determine the range
of biasing current or voltage used for
LFNoise measurements, it is compelling
to first investigate the DC characteristics
of the device.

The forward pre-rad and post-rad
Gummel characteristics of 0.42 x 10 um?
HBT are presented in Figure 2.

As shown in Figure 2, unlike the col-
lector current (I.), the base current (I,)
increases with TID. For instance, at 280
krad, I is significantly greater than the
pre-irradiation I, as labeled in Figure 2.
The significant increase of I, subsequently
resulting in a reduction of current gain, is
majorly shown within the V. ranging from
0.3 to 0.6 V. While negligible degradation
is observed for V, greater than 0.6 V.

The normalized relative I, and I,
help to understand the impacts of irra-
diation quantitatively by comparing the
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Fig. 2. Pre- and post-irradiation forward Gummel
plot of 0.42 x 10 pm? B55 HBT.
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Fig. 3. Examples of: (a) Al I and (b) AL, I, ver-
sus V. at different TIDs.

post- and pre-irradiation currents, which
are expressed as:

AIC ICposl—irr - 1C

= — eeim 1
IC ICpre—irr ( )
& _ IBpostfirrf IBe—inr (2)
IB IBprefirr

The AL I and AL, I are plotted versus
V.. in Figure 3. The normalized collec-
tor current, as illustrated in Figure 3a,
exhibits a negligible increase with TID.
For instance, the maximum degradation
was less than 0.1 in the high V__ range.
Whereas, the normalized base current
showed a maximum increase of 1.4 at a
V. 0f 0.4V and TID of 280 krad. But for
higher V, the degradation of I, gets very
small, especially in the diffusion region
where V is greater than 0.6 V. Note that
for V,, less than 0.6 V, it is the low-injec-
tion region where the detrimental impact
of irradiation likely happened.
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Fig. 4. AL I, versus TID at V ,=0.54 V for HS
devices.

Comparing the normalized collector
and base current, it is important to focus
on the base current rather than the col-
lector current to investigate the impact of
irradiation as the base current shows a sig-
nificant degradation by irradiation [10].

A. Impact of Geometry

TID has different responses for differ-
ent geometries of SiGe:C HBTs. Figure 4
is a plot of four geometries HS B55
HBTs I, I, versus with TID at V__ of
0.54 V to avoid the influence of tunnel
component.

As shown in Figure 4, a linear increase
of Al I, with TID is observed. For TID
less than 120 krad, the impact of geom-
etry on Al L, is negligible, and this was
also shown in previous results [11]. But
for TID greater than 120 krad, smaller
geometry HBTs showed a greater degra-
dation compared to larger geometry B55
HBTs [12]. Therefore, it could be a better
solution to use larger geometry HBTs for
rad-hard circuits.

As can be seen in Figure 5, the radia-
tion-induced trap centers in the SiGe:C
HBTs potentially could arise in spacer
oxides, pedestal oxides, shallow trench
isolation (STI), and deep trench isola-
tion. The traps that arise in the emitter—
base spacer oxide lead to the depletion
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Spacer Trap centers

Pedestal Trap centers

STI Trap centers

Fig. 5. The possible induced irradiation trap cen-
ters in SiGe HBT.

of the emitter—base junctions, which
later increase the base current in forward
Gummel measurements [13]. Studies
have shown that the traps present within
STI, and collector-base spacer oxide are
responsible for the increase of base current
in inverse Gummel measurements [14].

B. Impact of Collector Doping

B55 HBTs are available in three fla-
vors of transistors to meet the power and
high-frequency requirements. The tran-
sistors are HS, MV, and HV, which differ
by their SIC doping.

To investigate the impact of collector
doping on the increases of base current of
forward Gummel measurements, the Al
I, of HS, MV, and HV HBTs are plotted
at different TIDs in Figure 6.

As illustrated in Figure 6, the Al I, of
HS, MV, and HV HBTs at different TIDs
are approximately equal. This in turn
leads us to say that the collector doping
could have a negligible impact on the
degradation of ..

C. Annealing

To investigate and study the possible
recovery of radiation-induced traps, an
annealing experiment was carried out.
After the samples were exposed to a
maximum TID of 280 krad, the weekly
responses had been studied for 10 weeks,
to ensure the room temperature has no

v HS v
1751 v mv v
v HV v
150 ¥
v
125
o
& 100 v v v
< v
0.75 ¥
0.50 !
0251 §
50 100 150 200 250

TID (krad[SiO;])

Fig. 6. AL I versus TID of 0.3 x 10 um? HS, MV,

B/'B

and HV HBTs.

TABLE 1
ANNEALING MECHANISM
Annealing temperature (°C) Annealing hours

100

100
68
24

130
90

effect on the recovery of traps. After
that, the annealing experiments were per-
formed as summarized in Table 1.

To understand the degradation and
detrapping, Al I is plotted at three V. of
0.4,0.54, and 0.62'V for 0.3 x 10 um? HBT.

As shown in Figure 7, the maximum
recovery of I, is approximately 70% at
annealing temperature of 100°C for 168
hours. During the final annealing exper-
iment conducted at 130°C for a duration
of 114 hours, the recovery was noted to
be around 90%. Nonetheless, the recovery
is different at different V. For instance,
it is 90% at V__ of 0.4V, 79% at V, of
0.54 V, and 55% at Ve of 0.62 V. Note
that the degradation of I, varies with V.
ranges. The highest degradation of I, was
observed at V of 0.4 V in comparison
to V. of 0.54 and 0.62 V. This confirms
our prior results that the generation—
recombination base current component
is the main responsible current for the
increase of I, compared to the diffu-
sion base current. But, at high TIDs, the
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Fig. 7. AL/I; with function of TID and annealing
time at V.= 0.4, 0.54, and 0.62 V.

diffusion current also contributes to the
degradation of base current. Our mea-
surement result also clearly shows that the
room temperature has no impact on the
charge detrapping or recovery of radia-
tion-induced traps. For example, in Figure
7, AL, I at zero annealing hour, measured
after 10 weeks at room temperature, is

approximately equal to AT, [ at 280 krad.

IV. IMPACT OF IRRADIATION ON
LOW-FREQUENCY NOISE

Compared to electrical I-V measure-
ments, LFNoise is a very sensitive char-
acterization technique used to probe and
analyze defects, traps, or generation—
recombination centers in materials and
devices. Hence, it is a very good tool for
monitoring the development of a technol-
ogy and for predicting device reliability
[15]. Moreover, due to the nonlinearity
in devices, LFNoise can be up-converted
and then affects the high-frequency per-
formance of analog circuits such as mix-
ers, oscillators, and amplifiers.

Sincethe 1990s, intensive LENoise stud-
ies in bipolar junction transistors (mainly
PE Si BJTs), III-V heterojunction bipolar
transistors (GaAs- or InP-based HBTs),
or SiGe HBTs have been undertaken [16]
[17]. Concerning the latter, our team has
characterized different BICMOS technol-
ogies supplied by STMicroelectronics.
In particular, the B55 technology has
been extensively studied as part of the
European TARANTO project [18]. For

part of the current European SHIFT proj-
ect, we are studying more specifically the
effect of X-ray and gamma irradiations on
this technology.

First, we present the main LFNoise
results obtained on non-irradiated com-
ponents. Then, we will discuss the results
concerning the effect of irradiations,
mainly the effect of X-ray TID.

A. Main LFNoise Results Obtained
on Pristine B55 HBTs

We directly measured the fluctuations
of the input base current, SIB; thus, the
expected white noise is the shot noise
2ql,. Die-to-die dispersion can lead to
different spectra as presented in Figure
8. Excess noise is composed of at least a
1/f component (slope —1), which can be
hidden by the presence of one or two gen-
eration—-recombination components, pre-
sented by Lorentzian spectra (plateau +
slope —2) and associated with a trapping/
de-trapping process [19]. Each spectrum
can be analytically approached by the
classical deconvolution relation (3), and
the second term, relating to the compo-

nents of G-R, is optional.
LA n

K T,
S[ — F B + 2 ili 5 +
’ f o 1+ (2nft,)

2ql,
€)]

Whether as a technological indicator or
for circuit simulation, the 1/f noise com-
ponent has been, and still is, widely stud-
ied in comparison with G-R noise. The
random presence of the latter makes its
study more complicated.

As far as the 1/f noise of HBTs based
on B55 technology is concerned, based
on our previous studies [20] and on litera-
ture data, we can say that:

* the study of K, versus base bias cur-
rent and emitter area leads to very
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Fig. 8. Base current spectral density for six HBTs
with the same geometry of the B55 technology
(Ap =2 um?at I, of 100 nA).

good values of the 1/f noise level,
with a figure of merit K, = K X A,
in the range of 2—6 107'° um? close to
the best values published [20][21];

e the study of K versus different tech-
nological parameters (i.e., doping,
interface cleaning, etc.) leads to the
conclusion that the 1/f noise sources
are located at the E-B junction
mainly at the poly/mono interface
[12][17].

B. Post-rad Spectral Analysis

At low TID, below 100 krad and much
more rarely up to 150 krad, 1/f noise com-
ponent is systematically dominated by the
presence of one or two G-R components
whose cut-off frequency and plateau do
not vary much with dose. An example is
given in Figure 9. As can be seen from
Figure 10, at higher doses (>150 krad)
on a few transistors, we observed a very
significant increase in the plateau of the
second G-R component.

In parallel with the DC characteriza-
tions, we studied the effect of thermal
annealing on noise spectra after a cumula-
tive dose of 150 krad. Whatever the geome-
try, we systematically recovered the initial
spectra following annealing at 130°C,
notably with the complete disappearance
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Fig. 9. Various irradiation responses of S, for I
=100 nA, after X-ray exposure.
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of irradiation-induced G-R components,
while native G-R components and 1/f
noise were unaffected by annealing.

C. Post-rad 1/f Component

After irradiation, when 1/f noise is
unambiguously observed, its amplitude is
studied as a function of the emitter sur-
face. As shown in Figure 11, compared
with the initial level, the 1/f noise changes
very little with dose. Note also that we
have always verified the quadratic evolu-
tion of noise in 1/f with base current.

We can therefore conclude that sources
of 1/f noise, located at the Si/polySi inter-
face, are not affected by X-ray irradiation.
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Fig. 11.  1/f noise amplitude, Kk, as a function of

A, for B55 HBTSs, before and after irradiation expo-
sure to X-ray. For comparison, the pre-rad of the
previous technology (BOMW) is given.

D. Post-rad Generation—
Recombination Components

As can be seen in Figures 8, 9, and 10,
when G-R components are present (ini-
tial or induced by irradiation), one or two
components were found with cut-off fre-
quencies in the range of 20 and 200 Hz.
Cut-off frequencies f, presented an inde-
pendency to the input current bias as well
as to the irradiation dose. Concerning
the plateau magnitudes, as can be seen
in Figure 12, no significant evolution
with the cumulative dose is observed at
low dose (i.e., < 150 krad). On the other
hand, on the same figure, we can see that
the evolution with the base bias current
is very pronounced, with an almost qua-
dratic law.

Unlike the 1/f noise, fewer results or
physical models exist for initial G-R noise
components [22] and, concerning irradi-
ation induced ones, no extended results
have been published. Nevertheless, both
initial and induced G-R noise sources
are suspected at the vicinity of the emit-
ter periphery, E-B spacer oxide, or its
interface with the intrinsic E-B junction.
Further studies based on technological
and geometric parameters are required to
confirm this hypothesis.
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V. CONCLUSION

The effect of X-ray irradiation on DC
characteristics (forward Gummel plot)
was observed on the low-injection base
current at the recombination—genera-
tion component. However, at the high-
est cumulative dose (i.e., TID > 250
krad), the diffusion regime begins to be
impacted (V. > 0.6 V) and, even if the
nominal bias point of the transistor for
circuit operation is higher, this could
have an influence on its operation and/
or reliability. An impact of geometry was
observed at high doses (i.e., TID > 120
krad), leading to an increase in base cur-
rent degradation for the smallest emitter
surface areas. In contrast, no significant
effect was observed with collector dop-
ing. Finally, the various thermal anneal-
ing processes recovered more than 80%
of the initial characteristics. Following
the dynamic of annealing at 130 °C, we
can logically expect a 100% recovery
after a longer annealing time.

As far as LFNoise is concerned, the
effect of X-ray irradiation is reflected
in the systematic appearance of one or
two recombination—generation compo-
nents. The level of TID at which G-R
components appear fluctuates depending
on the transistors, but at a cumulative
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dose of around 120 krad, all transistors
were affected. As a result, 1/f noise was
rarely observed above this dose level.
Nevertheless, on each occasion, no signif-
icant impact on the 1/f noise component
was observed. After their appearance, the
G-R components showed little sensitivity
to low doses of X-ray irradiation. Indeed,
we observed that the cut-off frequency as
well as the level of these components did
not change at all or very little. However,
a fairly radical change was highlighted
at higher doses (i.e., TID > 160 krad)
with, in particular, a strong increase in
the plateau of the second G-R. Just as for
the Gummel plots, the effect of thermal
annealing allowed us to find the initial
noise spectra.

Our results, whether in terms of DC
characteristics or LF noise, clearly show
that the defects induced by X-ray irra-
diation are localized at the level of the
peripheral oxides of the E-B junction.
Finally, it should be noted, as we have
shown in the reference [11], that gamma
irradiations with a cobalt source led to
similar results for equivalent cumulative
doses of low level (i.e., TID < 130 krad).
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D-band Modulated Signal
Generation using Photonics
Techniques
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Abstract—D-band communications are
envisioned for the next frequency step for-
ward to support the future back-haul net-
works. Beyond technology developments
that aim to tackle circuits and systems,
testing approaches also need to support
the frequency upgrade of systems. This
paper presents the photonics approach to
generate modulated signals in the range
110-170 GHz. Typical performances that
can be reached using standard lasers are
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discussed, as well as the measurement of
error vector magnitude induced penalty in
relation to the power-compression curve of
a D-band amplifier under test.

Index Terms—Millimeter-waves, THz

measurements, THz communications

I. INTRODUCTION

oR several years, the development

of active circuits for amplification

in the 140-170 GHz range has
progressed significantly, requiring cor-
responding advancements in characteri-
zation tools. In addition to conventional
linear characterization, linearity measure-
ments using dual-tone signals and wide-
band signal are imperative to accurately
evaluate the system-level performance of
amplifiers. This paper briefly describes
the development of a modulated signal
analysis (MSA) technique for D-band
measurements. This paper is supported by
a presentation titled “Key enabling tech-
nologies for future wireless, wired, opti-
cal and satcom applications (KETCOM)”
in an international workshop at the
European Microwave week (EuMW,
www.eumweek.com), Paris, France, on
September 22, 2024. This workshop cap-
tures the latest research roadmaps and
achievements on these topics from the
European ecosystem, comprising indus-
try, research, and academia.
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Fig. 1. (a) Small-signal gain of the DUT, in the

whole WR6.5 (110-170 GHz) band. (b) DUT
power curve at 140 GHz.

II. MODULATED SIGNAL
ANALYSIS OF D-BAND
AMPLIFIER

This section describes our investigation
of MSA for the D-band measurements. In
this investigation, we utilize the D-band
transmitter (Tx) source established in the
Chips JU project SHIFT. With this trans-
mitter, we test the MSA using a non-linear
circuit. This circuit is a medium power
amplifier (MPA) working in the D-band.
Figure la illustrates the typical gain of
the device using the III-V technology.
Figure 1b presents a typical compression
curve of the amplifier at 140 GHz.

One of the main key performance indi-
cators of an amplifier is its linear power
level available throughout its operational
lifetime. The P metric is typically used

1dB
to evaluate the linearity of the circuit.

Alternatively, the third-order intermodu-
lation metric is used. The saturated power
(P, is sometimes reported, but this pro-
vides only initial insights into amplifier
linearity. In our study, the P, . was char-
acterized and found to be approximately
12.5 dBm. In practical telecommunica-
tion scenarios such as back-hauling appli-
cations, amplifiers integrated into analog
front-ends must handle advanced modu-
lation formats like quadrature amplitude
modulation (QAM). This necessitates a
power back-off from P,  to achieve fully
linear operation. This required back-off
can vary depending on the circuit archi-
tecture and the specific modulation for-
mat employed.

III. MODULATED SIGNAL
ANALYSIS SETUP AND
MEASUREMENTS

For telecommunications applications,
amplifier properties must often be eval-
uated over the entire channel defined by
the standard. Consequently, new testbeds
are required based on wideband signals
instead of continuous-wave single tones.
To assess the performances of the MPA
for communication applications, we pro-
pose using a complex modulated signal
injected into the device under test (DUT).
At amplifier’s output, any non-linear
effect will degrade the quality of the
constellation, which can be qualified by
the error vector magnitude (EVM, %).
The variation of the EVM with output
power is an effective method for assess-
ing the amplifier linearity, as EVM should
remain constant if the amplifier is within
in its linear regime.

To this end, we employ a reference
transmitter (Tx in Figure 2) that generates
a complex wideband modulation with
a 140 GHz carrier frequency and a cali-
brated input power (P, ). The system uses
optical techniques in coherent optical
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a. Back-to-back

140 GHz Tx D-band Receiver

& [+
" >

b. Amplifier under test

140 GHz Tx

R[] D>

WR6

D-band Receiver
SHM

Fig. 2. (a) Back-to-back measurement in MSA
analysis. (b) Evaluation of the EVM obtained using
the amplifier under-test. SHM: Sub-harmonic mixer
is used to down-convert the signal from 140 GHz
to an intermediate frequency, further detected on
a w wideband real-time oscilloscope. The attenua-
tor is used to optimize the power injected into the
receiver.

fiber communication systems. Initially, a
set of two laser lines is used: one is I/Q
modulated using a Mach-Zehnder mod-
ulator, and the other remains a continu-
ous wave. These two lasers are coupled
and amplified before being injected into
the fast photodiode (Tx). A photomix-
ing process occurs in at the fast photo-
diode, where the two lasers, detuned by
140 GHz, produce a D-band modulated
signal at the photodiode. By utilizing an
arbitrary waveform generator to create
the 1/Q base-band signals, both the mod-
ulation format and the baud rate can be
adjusted. In this example, an 8 GBaud
rate with 16-state QAM-16 was consid-
ered, resulting in a data rate of 32 Gbit/s.
The main advantage of photonics over
fully electronics techniques is the ease
of modulation at the optical level and the
frequency tenability, which can span the
entire D-band.

This modulated signal is then used a
test signal and the EVM evolution versus
output power is shown in Figure 3. The
black curve presents the EVM of the ref-
erence transmitter, while the green curve
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Fig. 3. EVM performances at 140 GHz. EVM of
the reference Tx combined with the receiver (black).
Expected EVM extrapolation of the amplifier linear
gain at 140 GHz (green). Actual performance of the
system with the amplifier under test (red). Dashed
lines show the P and 6 dB back-off from P ..

shows the expected EVM with a linear
amplifier using the small signal gain illus-
trated in Figure 1. The red curve depicts
the actual performance of the system with
the amplifier under test. As expected, the
red curve is shifted to the right, indicat-
ing that the MPA can provide more power
than the reference Tx source. However,
beyond 5 dBm at MPA output, a notice-
able EVM degradation occurs before
reaching the DUT’s P, .. In this config-
uration, maintaining less than 0.5% EVM
degradation requires a 6 dB back-off from
P . while a 10 dB back-off from P,

1dB”
results in almost no degradation.

IV. CONCLUSION AND OUTLOOK

Next, we plan to optimize the reference
EVM levels obtained from the transmit-
ter and study the transmitter’s linearity
to determine available linear range if P, .
Additionally, the capability of the devel-
oped testbed over the upper part of the
D-band (from 140 to 170 GHz) will be
evaluated. The MSA technique will then
be applied to assess the performance
of D-band amplifiers using BiCMOS
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Decarbonizing the Electronics
Industry to Achieve
Net Zero (2024)

Gunther Walden

Abstract—The electronics industry, a
vital pillar of modern society, faces sub-
stantial challenges in its path to achieving
net-zero emissions by 2050. Central to this
effort is the need to decarbonize the entire
supply chain. This article explores the com-
plexities associated with collecting primary
emissions data from both manufacturing
processes and supply chain partners. It
emphasizes the importance of primary data
over secondary data, which only provides
industry averages that are insufficient to
achieve a net-zero target. The discussion
looks at technological advancements, col-
laborative strategies, and policy measures
required to transform the electronics indus-
try into a net-zero industry.

Index Terms—Carbon emissions, carbon
footprint, carbon neutral, environmental,
supply chain, sustainable development.

I. INTRODUCTION

HE electronics industry has
become an integral part of mod-
ern life. It is the basis for the
operation of smartphones, computers,
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medical devices, and numerous other
technologies. And its dissemination is
expected to further increase, according
to the European Chips Report, the future
chip demand across industrial ecosystems
is expected to double between 2022 and
2030 [1]. However, the manufacturing
processes, the extensive supply chain,
and the electricity demand during the
use phase generate high levels of carbon
emissions. As part of the global commu-
nity’s efforts to combat climate change,
the electronics industry faces the daunt-
ing task of achieving net-zero emissions
by 2050. This goal requires a compre-
hensive approach that includes reducing
emissions in manufacturing, improving
transparency in the supply chain, and
innovating energy-efficient technologies.
The focus of this article is how transpar-
ency about supply chain emissions can be
achieved and how supply chain emissions
reduction can be managed.

A. Understanding Net-Zero Targets
and Their Meaning

Net-zero targets refer to the balance
between the amount of greenhouse gases
(GHG) emitted into the atmosphere and
the amount that is removed or offset,
resulting in a net-zero carbon footprint.
These targets are critical to mitigating
climate change and preventing global
temperatures from rising to dangerous
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Fig. 1. Overview of scopes and emissions across
a value chain [3].

levels. Achieving net zero requires reduc-
ing emissions as much as possible and off-
setting the remaining emissions through
compensation strategies such as refor-
estation or carbon capture and storage.
Net-zero targets are important because
they provide governments, businesses, and
organizations with a clear and measurable
goal to work toward to ensure that efforts
to combat climate change are coordinated
and effective. By committing to net-zero
emissions, companies demonstrate their
commitment to sustainability, reducing the
impact of global warming and protecting
the environment for future generations [2].
“The Greenhouse Gas Protocol” sup-
plies the most widely used GHG account-
ing standards and guidance. It defines
which GHGs are to be considered and
structures GHG emissions in direct emis-
sions (Scope 1), indirect energy related
emissions (Scope 2), and indirect supply
chain emissions (Scope 3 upstream and
Scope 3 downstream) [3]. See Figure 1
for the overview of scopes and emissions
across a value chain.
Theterms“carbonneutral”’and‘“‘net-zero”
are often used interchangeably, but they
have distinct meanings and implications.
Carbon neutrality typically covers only
a defined part of business operations,
e.g., Scope 1 and Scope 2, and means
that any carbon dioxide released into the

STMicroelectronics. Intel TSCM
°
Infinion Qualcomm

2025 2030 2035 2040 2045 2050

@netzerotarget @ carbon neutrality target

Fig. 2. Net-zero/carbon neutrality target dates of
selected chip manufacturers [5][6][7][81[9][10].

atmosphere from a company’s activities is
balanced by an equivalent amount being
removed or offset. This can be achieved
by purchasing carbon credits that support
renewable energy projects, reforestation,
or other carbon offset initiatives.

Net-zero emissions means that a com-
pany includes all its GHG emissions
across its whole supply chain (Scope 1,
Scope 2, and Scope 3) to as close to zero as
possible, and any remaining emissions are
balanced out by removing an equivalent
amount of GHGs from the atmosphere. [4]

Figure 2 illustrates the climate targets
of some leading semiconductor manufac-
turers as of May 2024. Several companies
are aiming for a net-zero target for 2050.
Others have committed to carbon neutral
goals.

B. Importance of Primary Data

Secondary data related to GHG emis-
sions refers to information previously
collected and published by other sources.
This data is usually aggregated and avail-
able through various platforms, including
industry reports, government publica-
tions, and foremost life cycle assessment
databases such as Ecoinvent and GaBi.
Secondary data provides industry aver-
ages, general trends, and benchmark
values in terms of GHG emissions from
different sectors, processes, and activities.
Although widely used, it does not capture
the specific emissions of individual sup-
pliers, processes, or products. Therefore,
while secondary data can be valuable to
understand general patterns and establish
a baseline, it is insufficient to achieve
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precise and targeted emission reductions
required for net-zero targets.

Primary data is company-specific
data collected from individual suppliers.
Accurate primary data is essential for
identifying emission hotspots and imple-
menting targeted reduction strategies [11].

C. Corporate Carbon Footprint vs.
Product Carbon Footprint

When accounting for GHG emissions,
a distinction is generally made between
two basic approaches: The corporate
carbon footprint describes the GHG
emissions of a company as a whole. The
product carbon footprint (PCF), on the
other hand, comprises product-specific
emissions, i.e., emissions that can be
directly attributed to a product [11]. To
calculate carbon emissions along the sup-
ply chain, it is required to exchange PCF
at every step of the supply chain.

II. EMISSIONS FROM OWN
MANUFACTURING

The first major challenge in decarbon-
izing the electronics industry is for com-
panies to accurately measure and reduce
emissions from their own manufacturing
processes. These emissions come from
various sources, including the direct con-
sumption of fossil fuels and electricity
consumption.

A. Energy Consumption in
Manufacturing

Production facilities in the electronics
industry are generally highly automated
and rely heavily on electricity. Especially
cleanrooms consume large amounts of
energy compared with non-classified
rooms; scientific literature and experience
in the field show that cleanrooms use up
to 25.3 times more energy (1.25 kW/sqm

vs. 0.06 kW/sqm). The energy require-
ment of HVAC systems usually amounts
to 50%—75% of electricity consumption
in a clean production space due to the
high airflow rates needed for particu-
lar ISO classes [12]. But also processes
such as soldering, etching, and assembly
are energy-intensive. The production of
printed circuit boards (PCBs), for example,
involves several steps that consume energy,
such as laminating, drilling, and coating.

B. Strategies for Reducing Emissions

Technological Advancements in
Manufacturing

To mitigate these emissions, the indus-
try is exploring various technological
advancements. These include the develop-
ment of more energy-efficient fabrication
techniques, e.g., STMicroelectronics has
reduced its energy consumption per unit
of production by 56% since 1994 [13].

Renewable Energy Sources

The use of renewable energy sources
is a widely used method to reduce carbon
emissions. Apple, for example, has com-
mitted to powering all of its facilities with
100% renewable energy and has already
achieved this milestone for its corporate
offices, data centers, and retail stores
worldwide [14]. However, it is import-
ant to understand that due to the fact that
Apple’s manufacturing is outsourced to
third-party suppliers, the manufacturing
facilities are not included in that renew-
able energy claim.

Product Design

In many products, the rigid PCB also
primarily fulfills a mechanical function,
which simplifies the product design but
worsens the GHG balance. Sometimes up
to half of the PCB area is used merely to
bridge a gap between two pole connec-
tions, for example. Alternative approaches
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to secure fixing and contacting could sig-
nificantly improve the GHG balance.

Advanced Cooling Technologies
Innovation in advanced cooling tech-
nologies is another key area. Traditional
cooling methods for semiconductor man-
ufacturing facilities are energy-intensive.
Newer methods, such as immersion cool-
ing and more efficient HVAC systems, can
significantly reduce energy consumption.

Materials Science Innovations

Advancements in materials science
are also contributing to lower emissions.
Researchers are developing new materi-
als that require less energy to produce and
have better electrical properties, which
can reduce the overall energy consump-
tion of electronic devices. For instance,
gallium nitride semiconductors are more
efficient than traditional silicon semi-
conductors and are increasingly used in
power electronics.

III. SUPPLY CHAIN EMISSIONS

In order to accurately calculate the
environmental impact of electronic prod-
ucts, it is essential to determine the PCF.
This calculation requires a comprehensive
analysis of the upstream supply chain for
all suppliers and sub-suppliers. The dif-
ferent stages of the upstream supply chain
are referred to as Tier 1, Tier 2, Tier 3,
etc., starting from the original equipment
manufacturer. Figure 3 shows an example
of an upstream supply chain.

*Assembly
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Fig. 3.

Exemplary upstream supply chain.

Understanding these stages and the
associated emissions is crucial for cal-
culating the PCF and achieving net-zero
targets.

A. Complexity and Lack of
Standardization

Collecting primary emissions data
from the supply chain is a complex
challenge. The electronics supply chain
is global and involves multiple tiers of
suppliers spread across different regions
with different environmental regulations
and levels of transparency. The lack of
standardized calculation and report-
ing practices increases the difficulty of
obtaining accurate emission data. If PCF
calculations are not comparable between
different manufacturers and if there is not
a standardized reporting template, the
efforts for companies along the supply
chain are tremendous; that is why as of
today, only very few companies actually
provide PCF data.

B. Initiatives to Improve
Transparency

Partnership for Carbon Transparency

The  Partnership for  Carbon
Transparency (PACT), initiated by the
World Business Council for Sustainable
Development aims to enhance transpar-
ency and decarbonization in the sup-
ply chain by enabling the secure and
standardized exchange of product-level
emissions data across organizations. The
Pathfinder Framework [15] developed
by PACT provides guidelines for cal-
culating and exchanging primary-data-
based PCFs, improving data reliability
and consistency across value chains.
This initiative also involves collaboration
with technology providers like Siemens,
SAP, and CircularTree to create interop-
erable solutions for data exchange, thus
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fostering transparency and accountability
in corporate climate action.

Industry Initiatives

Addressing the emission challenges in
the electronics industry requires a collab-
orative approach. Companies must work
closely with their supply chain partners
to ensure transparency and consistency
in emission reporting. Industry-wide ini-
tiatives, such as those led by the Japan
Electronics and Information Technology
Industries Association (JEITA), are cru-
cial for fostering cooperation and setting
standardized practices across the sector.
JEITA focuses on promoting sustainable
development and environmental manage-
ment in the electronics industry, advocat-
ing for standardized reporting practices
and collaborative efforts to reduce emis-
sions throughout the supply chain.

C. Workflow for PCF Transparency
and Reduction

CARE Decarbonization Cycle

The key to practical transparency and
decarbonization is efficiency. Only if
companies, especially small- and medi-
um-sized companies, get the opportunity
to achieve transparency and decarboniza-
tion with a reasonable effort, the targets
can be achieved. To empower companies
to do this, CircularTree has developed
the CARE decarbonization cycle. This
approach enhances supply chain trans-
parency and facilitates a gradual path to
decarbonization. The process begins with
uploading a bill of material and a hotspot
analysis using secondary data to identify
key suppliers and components with sig-
nificant emissions. These identified sup-
pliers are then prioritized for requesting
primary data. By obtaining and utiliz-
ing this primary data, reduction targets
can be established collaboratively. This
method continuously refines the PCF by

cacuiatere i, ()
nitially based on secondary data

Fig. 4. CARE decarbonization cycle.

progressively replacing secondary data
with primary data and implementing
agreed-upon reduction targets. As the pri-
mary data share increases, the accuracy
and value of the PCF improves. The steps
of the CARE decarbonization cycle as
illustrated in Figure 4 include:

1. Calculate the PCEF, initially based on
secondary data

2. Analyze emission data to identify
hotspot suppliers

3. Report the PCF to customers
Request emission data from hotspot
suppliers

4. Engage with suppliers and agree on
reduction targets

IV. POLICY MEASURES
A. Regulatory Frameworks

Government policies play a crucial
role in driving the decarbonization of
the electronics industry. Regulations that
mandate emission reporting and set strin-
gent emission reduction targets can com-
pel companies to adopt greener practices.
For instance, the European Union’s Green
Deal aims to make Europe climate neutral
by 2050 and includes measures to reduce
emissions from the electronics sector.

Incentives and Penalties

Incentives for using renewable energy
and penalties for high carbon footprints
can further accelerate the transition to net
zero. Governments can provide tax breaks,
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grants, and subsidies for companies that
invest in renewable energy projects and
energy-efficient technologies. Conversely,
imposing carbon taxes on high-emission
activities can encourage companies to
reduce their carbon footprint.

B. International Agreements

International agreements, such as
the Paris Agreement, also influence the
electronics industry’s approach to decar-
bonization. These agreements set global
targets for emission reductions and
encourage countries to implement pol-
icies that support sustainable practices.
Companies operating internationally
must comply with these regulations and
align their strategies with global sustain-
ability goals.

V. CONCLUSION

Achieving net-zero emissions in the
electronics industry by 2050 is crucial due
to its significant environmental impact. A
multitude of strategies by all companies
in the industry needs to be put in place
to achieve this target. It requires techno-
logical innovation, both in product design
and manufacturing technology, as well as
improved supply chain transparency with
the widespread use of primary data.

Primary data is essential for pinpoint-
ing emission hotspots and implementing
effective reduction strategies. Advanced
technologies and energy-efficient pro-
cesses are key to reducing manufacturing
emissions.

The global and complex nature of the
electronics supply chain necessitates ini-
tiatives like the PACT, which enhances
data transparency and consistency by set-
ting the appropriate standards. Industry-
specific collaborations and standardized
reporting practices are vital for achieving
reliable emissions data.

Policy measures, including regulatory
frameworks, incentives, and international
agreements like the Paris Agreement,
support these efforts by creating an envi-
ronment that encourages sustainable
practices.

In summary, the electronics industry
can achieve net-zero emissions through
coordinated efforts that leverage techno-
logical advancements, supply chain trans-
parency with primary data and supportive
policies, contributing to a sustainable
future.

REFERENCES

[1] European Comission, (2022). European
Chips Report. [Online]. Available:
https://single-market-economy.
ec.europa.eu/industry/strategy/
digital-transformation/european-
chips-report_en#.

[2] United Nations. (2023). Climate
Action — Net Zero Coalition. [Online].
Available: https://www.un.org/en/
climatechange/net-zero-coalition#.

[3] World Resources Institute and World
Business Council for Sustainable
Development. (2004, March). The
Greenhouse Gas Protocol - A Corporate
Accounting and Reporting Standard.
[Online]. Available: https://ghgprotocol.
org/sites/default/files/standards/
ghg-protocol-revised.pdf.

[4] World Economic Forum. (2022,
August 23). Carbon neutral and net
zero — what do they mean?. [Online].
Available:  https://www.weforum.org/
agenda/2022/08/carbon-neutral-net-
zero-sustainability-climate-change/.

[5] STMicroelectronics. (2020, Dec. 09).
STMicroelectronics to be Carbon
Neutral by 2027. [Online]. Available:
https://newsroom.st.com/media-center/
press-item.html/c2974.html.

[6] Infineon Technologies AG. (2020,
Feb. 20). Infineon to become a car-
bon-neutral company. [Online].
Available:  https://www.infineon.com/


https://single-market-economy.ec.europa.eu/industry/strategy/digital-transformation/european-chips-report_en
https://single-market-economy.ec.europa.eu/industry/strategy/digital-transformation/european-chips-report_en
https://single-market-economy.ec.europa.eu/industry/strategy/digital-transformation/european-chips-report_en
https://single-market-economy.ec.europa.eu/industry/strategy/digital-transformation/european-chips-report_en
https://www.un.org/en/climatechange/net-zero-coalition
https://www.un.org/en/climatechange/net-zero-coalition
https://ghgprotocol.org/sites/default/files/standards/ghg-protocol-revised.pdf
https://ghgprotocol.org/sites/default/files/standards/ghg-protocol-revised.pdf
https://ghgprotocol.org/sites/default/files/standards/ghg-protocol-revised.pdf
https://www.weforum.org/agenda/2022/08/carbon-neutral-net-zero-sustainability-climate-change/
https://www.weforum.org/agenda/2022/08/carbon-neutral-net-zero-sustainability-climate-change/
https://www.weforum.org/agenda/2022/08/carbon-neutral-net-zero-sustainability-climate-change/
https://newsroom.st.com/media-center/press-item.html/c2974.html
https://newsroom.st.com/media-center/press-item.html/c2974.html
https://www.infineon.com/cms/en/about-infineon/press/press-releases/2020/INFXX202002-030.html?redirId=122056

KEY ENABLING TECHNOLOGIES FOR FUTURE TELECOM APPLICATIONS 65

(71

(8]

(91

[10]

[11]

[12]

cms/en/about-infineon/press/press-
releases/2020/INFXX202002-030.
html?redirld=122056.

Intel Corporation. (2023, November 14).
Intel Commits to Net-Zero Greenhouse
Gas Emissions in its Global Operations
by 2040. [Online]. Available: https://
www.intel.com/content/www/us/
en/newsroom/news/net-zero-green-
house-gas-emissions-operations.html
Qualcomm Technologies, Inc.. (2021,
Oct 31). Qualcomm Announces Goal
to Achieve Net-Zero Emissions by
2040. [Online]. Available: https://www.
qualcomm.com/news/releases/2021/11/
qualcomm-announces-goal-achieve-net-
zero-emissions-2040.

Taiwan Semiconductor Manufacturing
Company Limited: (2023, September
15). TSMC Accelerates Renewable
Energy Adoption and Moves RE100
Target Forward to 2040. [Online].

Available: https://pr.tsmc.com/english/
news/3067.
SAMSUNG. (2022, September 15).

Samsung Electronics Announces New
Environmental  Strategy. [Online].
Available:  https://news.samsung.com/
global/samsung-electronics-announces-
new-environmental-strategy.

World Business Council for Sustainable
Development. (2023, January).
Partnership for Carbon Transparency
- Guidance for the Accounting and
Exchange of Product Life Cycle
Emissions. [Online]. Available:
https://wbcsd.github.io/tr/2023/frame-
work-20232601/framework.pdf.

HPCi Media Limited. (2019, Jan.
31). Five forces driving energy
efficiency in next-gen cleanroom

[13]

[14]

[15]

[16]

among others being

design. [Online]. Available: https://
cleanroomtechnology.com/five-
forces-driving-energy-efficiency-in-
next-gen-cleanroom-design-151385#.
STMicroelectronics. (2024). We create
Sustainable technology in a sustain-
able way. [Online]. Available: https://
www.st.com/content/st_com/en/about/
sustainability/sustainable-technology.html.
Apple Inc.. (2018, April 9). Apple now
globally powered by 100 percent renew-
able energy. [Online]. Available: https://
www.apple.com/newsroom/2018/04/
apple-now-globally-powered-by-100-
percent-renewable-energy/

World Business Council for Sustainable
Development. (2023, January). PACT:
Pathfinder Framework - Guidance
for the Accounting and Exchange of
Product Life Cycle Emissions. [Online].
Available: https://wbcsd.github.io/
tr/2023/framework-20232601/frame-
work.pdf.

CircularTree. (2024). Decarbonization
with CircularTree - Reach your net zero
goals and optimize your product carbon
footprint. [Online]. Available: https://
circulartree.com/

Gunther Walden received
the engineering degree from
the Karlsruhe Institute of
Technology, Germany, in
1989. He joined Siemens
AG in 1989, where he
held numerous positions
in Germany and the US,
responsible for automotive

and fast moving consumer goods industries. He
co-founded and has been leading CircularTree as
CEO since 2018. He was also a guest lecturer at the
Berlin University of Applied Sciences and has held
Advisory Board positions for start-ups.


https://www.infineon.com/cms/en/about-infineon/press/press-releases/2020/INFXX202002-030.html?redirId=122056
https://www.infineon.com/cms/en/about-infineon/press/press-releases/2020/INFXX202002-030.html?redirId=122056
https://www.infineon.com/cms/en/about-infineon/press/press-releases/2020/INFXX202002-030.html?redirId=122056
https://www.intel.com/content/www/us/en/newsroom/news/net-zero-greenhouse-gas-emissions-operations.html
https://www.intel.com/content/www/us/en/newsroom/news/net-zero-greenhouse-gas-emissions-operations.html
https://www.intel.com/content/www/us/en/newsroom/news/net-zero-greenhouse-gas-emissions-operations.html
https://www.intel.com/content/www/us/en/newsroom/news/net-zero-greenhouse-gas-emissions-operations.html
https://www.qualcomm.com/news/releases/2021/11/qualcomm-announces-goal-achieve-net-zero-emissions-2040
https://www.qualcomm.com/news/releases/2021/11/qualcomm-announces-goal-achieve-net-zero-emissions-2040
https://www.qualcomm.com/news/releases/2021/11/qualcomm-announces-goal-achieve-net-zero-emissions-2040
https://www.qualcomm.com/news/releases/2021/11/qualcomm-announces-goal-achieve-net-zero-emissions-2040
https://pr.tsmc.com/english/news/3067
https://pr.tsmc.com/english/news/3067
https://news.samsung.com/global/samsung-electronics-announces-new-environmental-strategy
https://news.samsung.com/global/samsung-electronics-announces-new-environmental-strategy
https://news.samsung.com/global/samsung-electronics-announces-new-environmental-strategy
https://wbcsd.github.io/tr/2023/framework-20232601/framework.pdf
https://wbcsd.github.io/tr/2023/framework-20232601/framework.pdf
https://cleanroomtechnology.com/five-forces-driving-energy-efficiency-in-next-gen-cleanroom-design-151385%23
https://cleanroomtechnology.com/five-forces-driving-energy-efficiency-in-next-gen-cleanroom-design-151385%23
https://cleanroomtechnology.com/five-forces-driving-energy-efficiency-in-next-gen-cleanroom-design-151385%23
https://cleanroomtechnology.com/five-forces-driving-energy-efficiency-in-next-gen-cleanroom-design-151385%23
https://www.st.com/content/st_com/en/about/sustainability/sustainable-technology.html
https://www.st.com/content/st_com/en/about/sustainability/sustainable-technology.html
https://www.st.com/content/st_com/en/about/sustainability/sustainable-technology.html
https://www.apple.com/newsroom/2018/04/apple-now-globally-powered-by-100-percent-renewable-energy/
https://www.apple.com/newsroom/2018/04/apple-now-globally-powered-by-100-percent-renewable-energy/
https://www.apple.com/newsroom/2018/04/apple-now-globally-powered-by-100-percent-renewable-energy/
https://www.apple.com/newsroom/2018/04/apple-now-globally-powered-by-100-percent-renewable-energy/
https://wbcsd.github.io/tr/2023/framework-20232601/framework.pdf
https://wbcsd.github.io/tr/2023/framework-20232601/framework.pdf
https://wbcsd.github.io/tr/2023/framework-20232601/framework.pdf
https://circulartree.com/
https://circulartree.com/




Analog Multiplexing for
Bandwidth and Sampling Rate
Multiplication of Digital-Analog
Converters in Coherent Optical
Transmission Systems

Oliver Hauck *, Fred Buchali, Michael Collisi*, and Michael Moller*,
Member, IEEE,

*Chair of Electronics and Circuits, Saarland University, Saarbriicken, Germany
fNokia Network Infrastructure, ION, Stuttgart, Germany

Abstract—This paper presents the con-
cept of analog time-division multiplex-
ing of DAC output signals and introduces
a frequency-domain explanatory model
for both 2:1 and 4:1 analog multiplexer
(AMUX) variants. Also, it presents 2:1 and
4:1 AMUX circuit concepts and related
design considerations along with measure-
ment and simulation results of a 2:1 AMUX
module, realized in SiGe BiCMOS tech-
nology exhibiting an effective resolution of
over 7 bit and a maximum sampling rate of
186 GS/s.

Index Terms—Analog multiplexer,
AMUX, ENoB, SiGe-BiCMOS, DAC, high
speed, 4:1 AMUX

I. INTRODUCTION

( jOHERENT optical transmission
systems are pivotal for trans-
porting aggregated data traf-

fic in metro, long-haul, and submarine

domains. These systems achieve signifi-
cantly higher transmission rates compared
to other parts of the communication net-
work, primarily due to their utilization of
extremely high transmission bandwidths

combined with high spectral efficiencies.
Currently, systems with approximately
130 GHz bandwidth are being introduced
to the market [1], supporting bit rates of
up to 1.2 Tb/s for long-haul transport and
800 Gb/s as pluggables for metro trans-
port. Such high transmission bandwidths
necessitate analog interfaces with elec-
trical bandwidths exceeding 65 GHz.
On the transmitter side, these analog
interfaces comprise digital-to-analog
converters (DACs), driver amplifiers, and
modulators, while on the receiver side,
they include photodiodes, transimped-
ance amplifiers, and analog-to-digital
converters.

In this paper, we focus particularly on
the DAC within the transmitter. In state-
of-the-art coherent transmission sys-
tems, these converters are implemented
using complementary  metal-oxide—
semiconductor (CMOS) technology and
are monolithically integrated with the
digital signal processor. The realiza-
tion of DACs employs a parallelization
approach, where the output signals from
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parallel DACs are gradually serialized
using analog multiplexers (AMUX),
which are also implemented in CMOS.
The achieved bandwidths and spectral
efficiencies are relatively high, support-
ing the elevated data rates.

Currently, discussions are under-
way regarding the next generation of
products, which aim to support trans-
mission rates of 1.6 Tb/s [2]. These
advanced systems will require a sub-
stantial increase in symbol rates from
130 to 240-260 GBaud. Consequently,
the necessary electrical bandwidths will
need to be increased to approximately
120-130 GHz. The realization of DACs
with such bandwidths presents a signifi-
cant challenge. Based on current archi-
tectures with parallel DACs and gradual
serialization, this would involve both
increased parallelization and extending
serialization to much higher bandwidths
at the output stage.

In addition to the monolithic integra-
tion of multiplexers in CMOS, there is
intensive research into such components
based on indium phosphide (InP) [3]-[9]
and silicon-germanium [10]-[15] tech-
nologies. These multiplexers could be
hybrid integrated with the DACs, thereby
alleviating the demands on CMOS con-
verters. The AMUXSs must support both
high bandwidths well beyond 100 GHz
and high spectral efficiencies. Concepts
such as time-domain multiplexing and
frequency-domain  multiplexing have
been investigated, alongside paralleliza-
tion as a critical parameter.

The hybrid integration of DACs and
AMUXSs requires a parallel data interface
with two or four parallel data lines and
a corresponding clock interface. In most
publications, 2:1 multiplexing concepts
are applied [7]-[15], where the required
clock frequency for interfacing with
CMOS application-specific integrated
circuits (ASICs) would be extremely

high. Alternatively, clock multipliers
can be integrated into the AMUX [5] or
greater parallelization can be chosen.

In this paper, we follow the idea of
greater parallelization and investigate
the extension of the 2:1 AMUX prin-
ciple to a 4:1 AMUX. In Section II, a
frequency-domain explanatory model
based on the composition of the AMUX
spectrum is introduced. Based on that
model, the N-fold Nyquist frequency
and the origin of unwanted signals are
explained. Additionally, basic AMUX
circuit concepts are discussed regarding
their performance. For the most promis-
ing concept, a new extended 4:1 AMUX
concept is proposed. Finally, Section IV
shows new simulations and measurement
results of a recent 2:1 AMUX realization.

II. FREQUENCY-DOMAIN
EXPLANATORY MODEL
OF THE AMUX

Figure la shows the operating princi-
ple of an N:1 AMUX, where a clock tog-
gled switch periodically selects each of its
N DAC input signals x (#) during a sample
time T, which is 1/N of each DAC’s sam-
ple time T . Thereby the sample rate of the
AMUX output signal y(7) is N times higher
than the DAC sample rate, i.e., fs .= N ]i "
As shown in the following, by the N-fold
sampling rate also the Nyquist frequency
at the AMUX-output signal is N times the
Nyquist frequency of the DAC input signals.
Such DAC-AMUX setups are also called
AMUX-DAC [16] or Super-DAC [17].

Figure 1a directly shows how the N-fold
sample rate of the AMUX is achieved;
however, it is not helpful to understand
how the N-fold bandwidth is composed.
Also, it neither shows how the signal
spectrum of the AMUX is created nor
how spectral noise impairs the AMUX’s
effective number of bits given by ENoB =
(SINAD - 1.76)/6.02. To point out
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Fig. 1. (a) N:1 AMUX principle as a clocked tog-

gle switch. (b) Illustration of the N:1 AMUX as
mixers with added output [16]. In case of the 2:1
AMUX, only two, for the 4:1 AMUX, four mixers
are present.

the origin of the main contributors to
AMUX noise determined by the signal
to noise and distortion ratio (SINAD), it
is advisable to introduce a frequency-do-
main explanatory model of the AMUX,
previously presented in [11] for a 2:1
AMUX, and to show how to expand this
model to a 4:1 AMUX. As stated in [11],
the effective resolution of the AMUX
is mainly determined by three major
impairments:

1. Since the AMUX-output spectrum
is composed of the DAC spectra, the
individual DAC’s SINAD and there-
fore their ENoB strongly determines
and limits the AMUX’s ENoB.

2. Any non-linearity of the AMUX
circuitry degrades the SINAD and
ENoB by adding harmonics to the
AMUX spectrum.

3. As shown by the frequency-do-
main explanatory model, the ENoB
of the AMUX strongly depends on

(a) a proper timing of the DAC sig-
nals and (b) identical DACs with
identical signal paths up to the
AMUX multiplexing core. In practi-
cal designs it turned out that there are
multiple sources of impairments of
(a) and (b) that are prone to severely
degrade the AMUX’s ENoB.

The frequency-domain explanatory
model is based on the alternative AMUX
block diagram in Figure 1b. There, the
selection of the nth DAC signal, as shown
in Figure la, is represented by the mul-
tiplication of the signal by a sampling
signal ¢ (#) with a non-zero value during
selection time. In the case of an ideal
selection, ¢ (f) is periodic in T ; and tog-
gles between 1 (selection phase, i.e., sam-
ple time 7 ) and O (not selected).

Ideally, the sampling signals are shifted
and aligned in time, such that the individ-
ual DACs are evenly and sequentially
selected. In case of a 2:1 AMUX, there
are only two sampling signals ¢ (1), tog-
gling between 1 and O with a 1:1 mark-
space ratio and shifted by 180°. Due to
the 1/0-toggling, ¢ (¢) exhibits a non-zero
DC component. Hence, the multiplication
by c (¢) can be considered an unbalanced
mixing of the DAC signals maintaining the
baseband, consisting of the original DAC
spectrum S, (f), its replica S, . (f, ; + /)
at fb . and its mirror-image Soac (fs o ).
Since the Nyquist frequency of the 2:1
AMUX is at f_, only the original DAC
spectrum and its mirror image contribute
to the first Nyquist band of the AMUX
output signal. These contributions are
shown in the “baseband” and “mirror-
image” columns in Figure 2. There, the
baseband column displays the original
DACI,2 output spectra with their first two
Nyquist bands up to f, . Due to the unbal-
anced mixing of the AMUX, these spec-
tra appear directly at the output and are
marked by M1,2 according to the mixer



70

Mixers' output

baseband mirror-image

ANALOG MULTIPLEXING FOR BANDWIDTH AND SAMPLING RATE MULTIPLICATION OF DIGITAL

AMUX output

[} g .

o ' ' o f
tonein 2 M1 ' M1 | 2[5 '
lower & spllls1 N Sju ! i) 1) = . W) 7o —o
amux E| | (- + 2l llu; =t A A== o
band g 0 fi»> fnd <«f s d o fi> fn,d*fu i>y fs,d g 0 fi> fad «fu fsd \* 1.5fs,d" \  2fsd

< M2 Sau M27 L0 o @ 1 2fsafy 2fs g-fy

gl m 3 | E

tone in 3 ! ===z = -

2 s1) i i — e S | (o) sul ~
upper & 21u A = i -_— A | -~ ~
AMUX £ S20 oo==m= + | ‘ﬂ % ; i S
band 3 0<fl fnd fu> fsd | fnd fu—r fsd o 0 «fi fnd fu* fsd \ 15fsd \ 2fs,q

£ ] " ! 2l M2 @ 1 2As gy 2fs,g-fi

/B\M%X { Tower upper
ands 1st Nyquist band 2nd Nyquist band

Fig. 2.

of the respective input. Considering
zero order hold (ZOH) DAC signals,
the DAC output amplitude drops by
sinc(fif; , P = sin(nflf, ’ M flf. , ) to sinc %2
= 63.7 % (-4 dB) at the DAC Nyquist fre-
quency f, , = f, /2, and to zero at f_ . This
behavior is shown by the sinc-envelope
of the M1,2 signal amplitude in Figure 2.
The second DAC signal is shifted against
the firstone by T =T /2 (i.e. 180°) to
align the center of thelr ZOH signal to the
sampling pulses ¢, (7). The 180° phase
shift of the second DAC signal leads to
a sign change in its second Nyquist band
in the M2 spectrum, shown by inversion
of the sinc-envelope in Figure 2. The mir-
ror image of the baseband at f, , is shown
in the second column of Figure 2 by its
mirrored sinc-envelope. Because of the
respective phase shifts of the sampling
signals, for those mirror images the same
sign considerations hold as in the base-
band. Higher order images also contribute
to the output signal, but due to their sinc
weighting, they are of minor influence.
To show how a tone of a certain fre-
quency is created, the AMUX output
spectrum can be subdivided into a lower
and an upper AMUX band, as defined in
Figure 2, that correspond to the first two
Nyquist bands of the DAC signals. Hence,
atone atf, f, generated in the lower/upper
AMUX band comes with an alias tone at
fia = 1o f.q — 1, in the upper/lower AMUX
band, respectively. In Figure 2, the

Spectra at the AMUX-output of a 2:1 AMUX.

baseband tones are depicted by phasors
s,, and s, , for the lower and upper band
of M1,2. Phasors pointing up/downwards
exhibit a 0°/180° phase shift, respectively.
The respective image phasors are repre-
sented by phasors i, and i ,. The two
rows of Figure 2 illustrate tone generation
for both lower and upper AMUX bands.
For a generation of a tone at f, in the lower
band, the two DACs have to output sig-
nals in phase (i.e. in the first Nyquist band
of the DACs), while they are of opposite
phase for a tone at f in the upper band.
The final AMUX output signal consti-
tutes of the superposition of the baseband
and mirror image signals in either row
of Figure 2. Ideally, the intended tones
superimpose constructively, while the
alias tones cancel out. The superposition
of the baseband and mirrored sinc(f/f, )
envelopes results in a total sinc(f/(2f, ’ D)
envelope as shown in the right column of
Figure 2. Because of this sinc-envelope
and an AMUX output 1st Nyquist band-
width of twice the DACs’ 1st Nyquist
bandwidth, the 2:1 AMUX output mimics
a Super-DAC with doubled sampling rate.
In the presence of amplitude or timing
mismatches of the respective data and
sampling signals, residual tones r,  persist
in the output signal. Those residual tones
originate from imperfect cancellation
in amplitude or phase of the alias tones
and can be caused by multiple sources in
the AMUX setup. For high signal path
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Fig. 3. Example of an amplitude mismatch.

linearity and high SINAD DAC signals,
they become the dominant impairment
on AMUX resolution. As an example
shown in Figure 3, an amplitude mis-
match between M1,2 inputs is considered
for lower band tone generation. This mis-
match can originate from different DAC
amplitudes or a gain mismatch along the
AMUX signal paths. In the shown case,
M2 exhibits a higher amplitude. For the
wanted tone, the higher M2 amplitude
increases the baseband |s, | as well as the
mirror image amplitude |i,| and thus the
total output amplitude, Which still approx-
imately follows a sinc-envelope. For the
alias tone, the M1,2 tones retain their
respective 0°/180° phase but exhibit dif-
ferent amplitudes; thus, their sum is non-
zero, whereby a residual tone remains.
The SINAD used for ENoB calculations
depends on the ratio of the wanted sig-
nal and the residual tone. Depending on
the amplitude progression of wanted and
residual tone along the baseband and mir-
ror-image sinc-envelopes, characteristic
ENoB vs. frequency traces are created. In
the example of the amplitude mismatch
in Figure 3 the ratio between wanted
and residual tone amplitude increasingly
decreases over frequency. This holds espe-
cially for tones in the upper AMUX band,
where the sinc-envelope for the resid-
ual tones reaches its maximum for f, =
/. - This behavior results in t-type ENoB
characteristic [11] shown in Figure 4.
To minimize the amplitude mismatch,
a symmetrical AMUX circuit design as
well as matched DAC signal paths are
important. Analogous to the amplitudes,
also the signal and clock phases have to

reference (ideal)

ENoB

ENoB

Fig. 4. Basic types of ENoB vs. frequency charac-
teristics of a 2:1 AMUX. (a) Diverged, d-type, and
joined, j-type. (b) Tilted and translated, t-, and bath-
tub, b-type [11].

exactly match the 0°/180° relation to can-
cel out perfectly. As shown in [11], any
imperfection causes one of the ENoB
characteristics in Figure 4, where (d) and
(j) are related to clock offset and delay,
respectively, whereas (b) relates to imper-
fections in the clock-to-signal timing, and
signal-to-signal timing. The individual
characteristics of wanted and residual
tones of these characteristics are utilized
in [11] to develop tailored calibration rou-
tines for the AMUX setup.

To extend the frequency-domain model
in Figure 2 to a 4:1 AMUX, the model
needs to be adapted to the differences
between 2:1 and 4:1 versions of the
AMUX. However, for the DAC signals,
generally, the same ZOH sinc-envelope
properties as for the 2:1 AMUX are con-
sidered. In favor of clarity, in the base-
band column of the 4:1 AMUX spectra
in Figure 5, only two out of four DAC
input signals are shown in one diagram.
Thereby, the total of four signals are
shown in the two diagrams on top of one
another. Also, only one example is given
for the tone generation in the lowest (first
out of four) AMUX band. For the 4:1
AMUX, the baseband spectrum SD AC ),
as well as the mirror-image S, . (f, , = /),
its replica S, (f,, + /), and the second
mirror image S, . (2f,, — f) contribute
to the first AMUX Nyquist band. As the
sample time 7 = T /4 is halved com-
pared to the 2: 1 AMUX also the related
phase shifts in the four AMUX bands are
halved. While the time shifts and prop-
erties of M1,3 are the same as for M1,2
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of the 2:1 AMUX, for every second input
signal (M2,4 in Figure 5), 90° and 270°
phase shifts occur in the second and third
AMUX bands. Due to the shortened
sampling pulses compared to the 2:1
AMUX, the output amplitude follows a
sinc(f/(4f, ,)) envelope. In the example in
Figure 5, it can be seen that at the wanted
tone in the first AMUX band, all four
baseband signals superpose construc-
tively, while in the other AMUX bands,
the signals cancel out each other. For this
example, in the second and third bands,
M1,3 cancel out due to respective 0°/180°
phase shifts. Also, M2,4 exhibit 90°/270°
phase shifts and cancel out, respectively.
In the fourth AMUX band, M1,3 have the
same phase of 0° and superpose construc-
tively, while M2,4 exhibit 180°, cancel-
ing out corresponding M1,3 alias tones.
For an imperfect alias tone cancellation, a
total of three residual tones can occur for
the 4:1 AMUX.

As there are double the inputs and up to
three instead of one residual tones com-
pared to the 2:1 AMUX, the calibration
of a 4:1 AMUX measurement or simula-
tion is even more complex. Like for the
2:1 AMUX, the origins of wanted and

unwanted tones and their sinc-related fre-
quency dependency of their amplitudes are
valuable insights for ENoB optimization
in the current 4:1 AMUX development.

III. 2:1 AND 4:1 AMUX CIRCUIT
CONCEPTS

Multiple concepts to realize the AMUX
function are present in literature. These
are either based on frequency-domain or
time-domain multiplexing [16]. Since the
latter is comparatively easy to realize and
does not need for any challenging ampli-
tude and phase alignments across the
interleaved frequency bands, we focus
here on the time-domain approach.

Most time-domain 2:1 AMUX con-
cepts combine two DAC inputs to one
output signal, acting like the toggle
switch in Figure la. The two main tog-
gle switch concepts are based on Gilbert
cells and are named clocked-TAS and
clocked-SEL, respectively [11]. In the
clocked-SEL concept, shown in Figure 6
for the 2:1 AMUX, two linear transadmit-
tance stages (TAS) are biased via constant
currents /, and driven by DAC signals.
The TAS output currents are switched
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Fig. 6. Circuit principle of the 2:1 AMUX core
realized by the clocked-SEL concept.

by selector stages (SEL), which con-
sist of two current switches (CS), each.
Those SEL switch the data signals either
to the output or to the ground. All inputs
incorporate emitter followers, while the
output is buffered with a common base
stage (CBS). In contrast, the compet-
ing clocked-TAS concept (cf. [4]-[6])
switches the TAS bias currents, so that
only one of the two TASs is turned on at
a time and contributes to the output sig-
nal. In [11], it is shown that the effective
resolution achievable with this concept is
strongly suffering from dynamic currents
through the non-linear base-emitter junc-
tion capacitance of the TAS transistor.
Therefore, in the following, the clocked-
SEL is preferred over the clocked-TAS.
The multiplication of the input signal
by a sampling signal c (¢) as introduced in
Figure 1b is realized by driving the SEL
by a clock voltage v, at a frequency of
fa = f,o The sampling signals ¢ (r) do
not directly represent physical voltages

IFoutl

or currents; they rather describe the
1/0-toggling function carried out by the
CS/SEL stages. Due to the steep transfer
function of a CS, it basically switches
its input current at the common emitter
node to either of its two outputs depend-
ing on the sign of v . In case of the 2:1
AMUX, this leads to the data signals
being switched alternately and symmetri-
cally with a duty cycle of 1/2 to the output
or ground. By inversion of the two clock
signals at the respective SEL, only one of
the two data signals is present at a time at
the AMUX output.

For a higher order AMUX (N > 2), also
only one data signal at a time is supposed
to be present at the output. Thus, the sam-
pling pulses have to be shortened to the
AMUX sample time T, = T, /N. This
corresponds to a duty cycle of 1/N for
the sampling signals. Figure 7 proposes
a 4:1 AMUX circuit using the clocked-
SEL concept. It basically consists of
two of the 2:1 AMUX cells of Figure 6,
whose output currents are summed up by
only one CBS. The SEL2,4 are driven by
clock signals shifted by 90°/270° com-
pared to SEL1,3, which need 0°/180° as
for the 2:1 AMUX. The lower duty cycle
is achieved by the introduction of an off-
set (OS) to the clock voltage at each SEL
(cf. “OS”-input at the driving EF stages).
This shortens the time where v, > 0 and
thereby reduces the sampling time of the
SEL. Assuming sinusoidal clock signals,
an offset V_ related to the clock amplitude

was |FOUE3 3 out 2
o1 SEL \[———— e - 3 73 o ...IE.OUtAl
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Fig. 7.

Circuit principle of the proposed 4:1 AMUX core realized by the clocked-SEL concept.
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Fig. 8. (a) Clock voltage with offset and resulting
idealized sampling signal ¢ (7) for a 4:1 AMUX. (b)
Three methods to introduce an offset to the transfer
characteristic of a CS by (1) offset voltage V_, (2)
different transistor areas A , A, or (3) different emit-
ter degeneration resistors R, Ry,

V.. by afactor of V_/V = cos (/N) is
needed to achieve a duty cycle of 1/N.
For the case of the 4:1 AMUX shown in
Figure 8a, this ratio yields V2/2 =~ 70.7%.
It is important to note that this offset
depends on the amplitude and the signal
shape of the clock signal and is thereby a
crucial parameter in design optimization.
In Figure 8b, three different methods
to generate the needed offset for a CS are
suggested: (1) direct application of an off-
set voltage V., (2) transistors with differ-
ent emitter areas A, A, and (3) different
emitter resistances R and R_,. The pro-
posed methods combined contribute to an
effective offset voltage of the SEL-CSs

R, —R

A
o 2 El E2 :
Vos =Vos +Vr InA— + 5 Ly 2.8EL>
1

(H
where - and Iy gy, ATC the TAS out-
put currents at the emitter node input of
the respective SEL-CS. If eqn (1) is con-
sidered in the transfer characteristic of a
SEL-CS, the offset becomes dependent
on those actual current values, which
result in a non-linear offset and transfer
characteristic. In case of only methods (1)
and (2) (i.e. R, = R_,=0) in eqn (1), the
single-ended current transfer function

fo125L _ 1[1 + tanh[vclk cos (2tf,,1) = Vos ]J
2

li 1,2,SEL 2‘/T

(@)

does not depend on the actual current
value, so that the SEL-CS sampling lin-
early transfers the sample values. Due to
the sampling linearity, the single-ended
expression in eqn (2) can analogously be
expressed for the differential output cur-
rent of the SEL. However, the size fac-
tor A,/A, becomes impractical as due to
the logarithm, very large factors (e.g. >
10° for V_, = 500 mV) are needed to get
usable offsets. Hence, the only reasonable
approach to generate the needed offset is
to apply offset voltages directly to the
clock inputs.

IV. SIMULATION AND
MEASUREMENT OF A 2:1 AMUX

The following measurement results
are obtained from a 2000 x 900 um sized
AMUX chip realized in IHP SG13G2
technology with f. = 300 GHz and f
= 500 GHz [21]. The simulated current
consumption is 648 mA/35 mA at its
two supply voltages of —-5.5 V/-2.5V,
respectively. Due to on-chip supply volt-
age issues, the total measured power
consumption is raised by about 30% up
to 4.7 W. Nevertheless, the chip shows
results good enough to be published,
because its ENoB is only marginally
lower than the highest reported ENoB in
[10] but at a higher sampling rate and with
significantly higher clock- and data-path
bandwidths (cf. Table I). Furthermore,
the AMUX, completely packaged in an
RF-module, achieves the highest reported
maximum sample rate of 186 GS/s for an
SiGe module. Figure 9a shows the lay-
out of the AMUX chip that follows the
cell-based design approach introduced in
[22]. The high number of pads is used to
adjust the currents of the transistor stages
and determines the chip size. The clock
amplifier chain incorporates three clock
buffers and conditions the clock signal
for the 2:1 AMUX cell. The AMUX cell
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TABLE 1
STATE OF THE ART

ENoB
at (f,,, —Fu)

Bandwidth Diff. output Power/supply
voltage swing

signal path

Bandwidth
clock path

Sampling

Technology

voltage
0.5W/ -45V

rate
80 GS/s
128 GS/s

(,/f,, )/GHz
0.5 um-InP(290/320)
0.5 um-InP(290/320)
0.25 um-InP(460/480)
0.7 um-InP(340/410)
0.13 um-SiGe(300/500)
0.13 um-SiGe(470/650)

50 GHz
64 GHz
99 GHz

[4]
[5]
[6]

0.5V 0.54 W/ -4.5V

67 GHz
> 110 GHz

0.9W/-45V

A\
1.1V

0.75V

168 GS/s**
100 GS/s

[18]
[19]
[14]
[20]
[10]

1.06 W/ -4.5V

> 67 GHz*
> 110 GHz*

60 GHz*

56 GS/s*
190 GS/s* **
100 GS/s
120 GS/s

1.5 W/-
0.7W/25V

1V
04V

73 GHz
50 GHz
> 70 GHz

250 GHz
64 GHz
> 70 GHz

4.9-4.25
7.7-4.1

55 nm-SiGe(320/370)
55 nm-SiGe(325/375)
0.13 um-SiGe(300/500)

2.17W/ =57V

0.7V

4.7W/ =55V

1.2V
U

7.1-3.7

186 GS/s

This work

low

* Measured on chip. ** Using pre-filtered input signals. ***f, /f,_ s the smallest/highest measured frequency for the ENoB. (**** For PAM-2).
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Fig. 9. Chip layout (a), AMUX IC bondwire
assembly (b), and RF-module (c).

itself is designed using the clocked-SEL
principle as high linearity was the pri-
mary concern of the design. Data signals
are buffered by input amplifiers, while
the AMUX cell is placed in close vicinity
to an output amplifier and the chip out-
put, to keep the high-speed signal path
short. Figure 9b,c show the chip bond-
wire and RF module assembly following
the principle described in [23]. Target
specification for the 2:1 was a maxi-
mum sampling rate exceeding 120 GS/s,
while maintaining an ENoB of 6 bit.
Figure 10a shows on the left the simu-
lated ENoB and amplitude curves for the
AMUX at 128 GS/s. On the right hand
side, the measured ENoB and amplitude
curves are shown. Measurements were
carried out using two 8-bit MICRAM
DACS5 AWG modules for signal gener-
ation, a Keysight E8257D analog signal
generator for clock signal generation that
drives both AMUX and DAC clocks, and
a Keysight NI000OA DCA-X sampling
oscilloscope, respectively. No digital
corrections or data pre-emphasis were
applied to any of the measurements. The
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Fig. 10. (a) ENoB and amplitude curves at 128
GS/s. (b) PAM-4 128 GS/s eye diagrams, triggered
to 128 GBaud (left) and triggered to 64 GBaud
(right). (c) PAM-2 eye diagrams for 120/140/186
GS/s, respectively.

AMUX reaches an ENoB of 7.1 bit for
the lowest output frequency, dropping to a
minimum of 3.7 bit at 49 GHz. The ENoB
curve basically follows the DAC ENoB
curve in the lower AMUX band, which is
also shown for reference in Figure 10a. It
drops relatively fast from 7.1 bit to about
4 bit at a middle output frequency. For
higher frequencies, it remains quite con-
stant between 3.7 and 5 bit. Figure 10b
shows measured PAM-4 eye diagrams for
the AMUX at 128 GS/s. On the left side
of Figure 10b, eye diagrams triggered at
128 GS/s are shown. The eye diagrams
shown on the right side were triggered at
64 GS/s, showing the two corresponding
data channels, alternately. Both channels
exhibit different eye openings, which
is likely due to a thermal asymmetry in
the AMUX chip caused by the increased
current consumption. However, the eye

opening of channel 2 promises an upward
potential if the supply voltage issue was
fixed. Finally, Figure 10c shows PAM-2
eye diagrams up to the operating limit of
186 GS/s.

V. CONCLUSION

In this paper, we presented consider-
ations to extend the 2:1 AMUX concept
to a 4:1 AMUX. The frequency-domain
explanatory model introduced in [11] was
extended to the 4:1 AMUX, giving valu-
able insights for the ENoB calibration of
simulation and measurements. Also, for
the 4:1 AMUX, a new circuit concept
based on the clocked-SEL was shown,
providing a new approach for future
AMUX designs. Finally, we showed
measurements of a 2:1 AMUX module
exhibiting a leading maximum ENoB of
up to 7.1 bit at 128 GS/s and a maximum
sample rate of 186 GS/s.
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Abstract—Indium  phosphide  (InP)
double heterojunction bipolar transistor
(D-HBT) technology can be co-integrated
with silicon (e.g., silicon-on-insulator (SOI),
fully depleted SOI (FDSOI), silicon germa-
nium bipolar complementary metal-oxyde
semiconductor (SiGe BiCMOS)) and anten-
nas in order to benefit from their superior
high-frequency performances in a cost-
effective manner (using 2.5D, 3D integra-
tion techniques), while benefiting from the
higher integration level provided by silicon
ICs. This paper presents the strategic and
practical InP D-HBT technology develop-
ment challenges for the successful 2.5D/3D
integration of millimeter wave and sub-
THz applications from the perspective of
InP manufacturing.

Index Terms—Double heterojunction
bipolar transistor (D-HBT), indium phos-
phide, InP/InGaAs, modeling, terahertz
(THz), 2.5D, 3D integration.
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I. INTRODUCTION

N order to transfer the ever-increasing

amount of data stored and processed

in the digital world from one point to
another, analogue transmission channels
are unavoidable and are becoming today
(ironically) the real bottleneck of our
information society. Future 6G commu-
nications, Cloud computing and Artificial
Intelligence (AI) altogether, to cite only
a few applications, are expected to con-
sume more transmission capacity (see
Figure 1) than what can be provided by
the optical fiber and wireless communica-
tions systems’ projected capacity scaling.
In order to anticipate this huge demand
of bandwidth and higher operating fre-
quencies (and consequently the need for
very high-speed electronics), researchers
have been intensively developing high-
speed silicon technologies. It is well
known that the maximum oscillation fre-
quency (f;,,,) of silicon CMOS (and its
various silicon-on-insulator (SOI) and
fin field-effect transistors (FinFET) vari-
ants) does not improve anymore with gate
length reduction since the 28 nm node [1]
[2], and is consequently not the technol-
ogy of choice for future millimeter wave
(mmWave) and sub-THz transceiver
front-end, despite their superior integra-
tion level capabilities and lower cost.
As an alternative, SiGe BiCMOS tech-
nologies have experienced a remarkable
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Fig. 1. Volume of data/information created, cap-
tured, copied, and consumed worldwide.

performance increase over the last two
decades [3][4], making them the technol-
ogy of choice for radio frequency (RF)
front-ends, whenever pure CMOS tech-
nologies cannot meet the specifications
(e.g., for high-frequency (HF) opera-
tion). Nevertheless, for next-generation
communication and sensing applications
targeting the 100-300 GHz bands, for
which the use of antenna arrays and beam
steering is necessary to compensate for
atmospheric attenuation, the limits of
SiGe BiCMOS technology are perceived.
Actually, power consumption is a critical
metric for large power amplifier (PA) —
antenna arrays, making the power added
efficiency (PAE) specifications of the PA
out of reach of present SiGe BiCMOS
processes. Therefore, more exotic tech-
nologies, such as indium phosphide (InP)
heterojunction bipolar transistor (HBT)
technologies, are presently considered
as a potential contender. Interestingly,
research is gaining traction in this area
lately, and literature dealing with CMOS
or SiGe BiCMOS hetero-integration (or
2.5D/3D packaging) with InP is flourish-
ing. Indeed, from a pure material perfor-
mance point of view, there is no debate
that InP is superior to silicon in terms of
speed, but significant challenges have to
be overcome to make it a viable option
for future mmWave and sub-THz applica-
tions. This paper presents these challenges
from a technical, practical, and economi-
cal perspective. Section II will present the

state-of-the-art and will emphasize InP
HBT performance advantages over other
high-speed technologies. Section III will
detail the challenges for InP high-volume
manufacturing, while Section IV will
present the challenges related to 2.5D/3D
integration. Section V will introduce the
requirements regarding advanced com-
pact modeling of InP HBTs, and finally
a conclusion will be drawn in Section VI.

II. TECHNOLOGY STATE-OF-
THE-ART AND COMPARISON

Figure 2 presents a summarized state-
of-the-art of semiconductor technologies
suitable for mmWave and sub-THz appli-
cations (gallium nitride (GaN) technolo-
gies are intentionally not shown as they
are commonly considered as more suit-
able for applications below e.g. 100 GHz
and higher power). Figure 2 presents the
geometrical mean of f and f,,,. on the
y-axis (as this figure of merit (FoM) is a
balanced indicator of transistor’s high fre-
quency performance) versus breakdown
voltage (or supply voltage for CMOS). As
it can be observed, the various technol-
ogy trends follow roughly the “pseudo”
Johnson limit (we use the term “pseudo”
here, as the standard Johnson limit refers
to /. only): the higher the transistor speed
is, the lower is its voltage drive capabil-
ity. Note that some moderate deviations
from the hyperbolic trend are noticeable
in Figure 2, which is due to the positive
impact of smaller lithography on f| . via
external parasitic reduction. This, how-
ever, does not dramatically change the
conclusions that can be drawn from this
graph. When looking only at the y-axis,
we can note first that the CMOS limita-
tions mentioned in the introduction are
clearly visible. Also, it is observed that
the most advanced SiGe HBTs (with f,,
> 600 GHz, e.g., [3]) are able to catch up
with a majority of the InP HBT technolo-
gies. This observation is certainly one of
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Fig. 2. Geometrical mean of f times f . ver-
sus breakdown voltage. Filled markers represent
technologies with known monolithic microwave
integrated circuit (MMIC) fabrication capabilities,
and empty markers represent technologies able to
demonstrate transistors only (no known published
circuit results).

the reasons why some “silicon exclusive
advocates” argue that InP is not needed
in the semiconductor ecosystem apart for
some extremely reduced niche markets
(astronomy observation, high-end char-
acterization equipment, etc.).

This assertion needs to be reconsidered
somehow, when considering the x-axis
(breakdown voltage): while SiGe HBTs
can almost play on par with InP HBTs
in case of small signal operation, this is a
misleading conclusion when considering
large signal operation (PAs, for instance,
which are a key element of future 6G
transmission systems).

Actually, the breakdown voltage of Type
I HBTs is more than two times larger than
that of SiGe HBTs, and the difference is
even more pronounced for Type II HBTs
which exhibit impressive N(f; f,,0)"
BV, product > 3600 GHz.V [5][6][7].
This brings a significant advantage in
terms of power drive capability (P,;) and
in terms of PAE for mmWave PA design
(noting that the device efficiency is pro-
portional to 1—Vkm/ V,,» where Viree is the
knee voltage and V, is the breakdown
voltage of the device).

Another important information that
can be extrapolated from Figure 2 is the
perspective of future improvements.
Considering that independently of the
technology, optimizing the transistor
for higher speed (i.e. higher £ and f,, )
results in trading off the breakdown volt-
age (i.e., moving along the hyperbola
imposed by Johnson limit), InP HBTSs
have much more room for improvement.
Indeed, going “beyond” the Johnson limit
for a given material system requires major
structural or technological modifications,
which usually come at the expense of
process complexity or other performance
penalties. To summarize, not only InP
HBT technologies currently have a per-
formance advantage (especially when
considering PAs above 100 GHz), but
they also have the highest potential for
(straight forward) improvement in the
future.

III. CHALLENGES TOWARDS
HIGH VOLUME INP HBT
MANUFACTURING

Although InP HBT technologies offer
unparalleled performance advantages, its
market adoption has been limited to only
a few application areas and very limited
volume due to some major manufactur-
ing limitations with respect to silicon:
higher process cost, lower manufactur-
ability, material brittleness and scarcity,
smaller wafer size, and incompatible
back-end with mainstream silicon pack-
aging solutions.

A. Fabrication Cost and Other
Considerations

InP HBT processes are typically lim-
ited to small diameter wafers: many
academic labs still use 2” wafers, while
industrial labs and foundries are typically
relying on 3”, 4”7, or (rarely) 6” wafers.
This is an obvious limitation to move to
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Fig. 3.

InPoSi
(SOITEC SMARCUT™ process).

wafer fabrication principle

high-volume manufacturing and to bene-
fit from the economy of scale prevailing
in the silicon world. Therefore, research
is ongoing to develop InP HBT processes
on InPoSi (InP on silicon) wafers (e.g.,
MOVE2THZ project [8]). InPoSi is a
fabrication process consisting in bond-
ing a thin slice of InP from an InP donor
wafer on a silicon wafer (see Figure 3).
The donor wafer can be reclaimed several
times (which is a mitigation to indium
material scarcity) and the resulting InPoSi
wafer is therefore mechanically more
robust, thus improving manufacturability.
Moreover, InPoSi can be used to produce
8” or 12” wafers through “wafer tiling,”
thus solving the (donor) wafer size issue
mentioned earlier and reducing raw InP
wafer cost. Despite this improvement on
raw material, the initial epitaxy step still
constitutes a major cost contributor that
cannot be fully mitigated by the wafer
size increase. Therefore, in order to cir-
cumvent this problem, alternative paths
for cost reduction need to be employed.

B. Alternative Strategies Towards
High-Volume Manufacturing

One of the simplest options for reduc-
ing InP die cost is to reduce the chip
footprint (i.e., minimizing the cost for
a given functionality). The solution to
this problem is not obvious because ana-
logue and RF functions do not scale in a

hoe
~ - M1 (Au) e
INPHBT 600 um (thinned to 160 um for dlclng)‘

Fig. 4. BEOL of line of the InP HBT technology
from III-V Lab (top, not to scale) and BICMOSS55
from ST microelectronics [9] (bottom).

straightforward manner (as opposed to
digital functions that scale quadratically
with technology minimum feature size).
Typical InP HBT technologies have
2-4 relatively thin metal layers. More
advanced back-end of lines (BEOLSs; i.e.,
more metal layers, thicker metals, and
inter-metal dielectric layers) can signifi-
cantly reduce both dielectric losses at
mmWave and/or the on-chip matching
networks’ footprint and power combin-
ing stages (see Figure 4 for an example
of comparison of a typical SiGe BICMOS
[9] and of a typical InP HBT BEOL [10]).
Although most of the (dense routing)
lower metal layers of silicon technologies
may be of little use in an optimal InP HBT
process, the top thicker metal layers could
be advantageously used for mmWave
interconnections. In parallel, develop-
ment work for higher density routing also
needs to be conducted, as most InP HBT
manufacturers sometimes use (unneces-
sary) conservative design rules (lift-off
techniques are widely used in InP HBT
processes, which partly explain these
stringent design rules, but part of the lay-
out restrictions simply come from more
simplistic design rules implementation in
computer-aided design (CAD) verification
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tools). Another issue limiting die size
reduction is the integrated capacitors and
resistors that consume a lot of space on
the chip. Compared to the wide variety of
integrated RF resistors available in silicon
technologies (ranging from a few /o to
several kQ/o) and double density inte-
grated MiM capacitors (typically from
2 to 4 fF/um?), the typical single NiCr
resistor layers (~50 (/o) and Si,N, MiM
capacitors (typically below 0.5 fF/um?)
available in typical InP HBT technolo-
gies are another limiting factor. Finally,
through substrate vias (TSVs) typically
used to improve the IC HF stability and
eliminate parasitic substrate modes, when
available in a given process, consume a
large footprint: finding alternatives (such
as the use of thin film microstrip lines
(TEMSLs)) would be beneficial for the
overall die size reduction.

Ultimately, InP area reduction could
be pushed even further by reducing the
InP die size to the transistor area and its
connections pads [11]. This is one of the
possible options allowed by co-integra-
tion: reducing the die size to its minimal
requirement, that is, down to a single tran-
sistor. One option is to replace an MMIC
(e.g., a Power Amplifier (PA) or Low
Noise Amplifier (LNA), including its con-
nections, matching and stabilization input
and output networks, decoupling capaci-
tances and its biasing transmission lines
and resistors) by a single multi-finger
transistor. Considering the example of the
PA design shown in Figure 5 (left), whose
size is 1.2 x 1.5 mm? and a typical InP
HBT structure of 260 x 160 um? shown in
Figure 5 (right), the area reduction ratio
can be as high as 40 (and so the cost of the
InP die in the bill of material). This option
implies other challenges that still need
to be solved: all the removed functions
need to be efficiently realized in CMOS
or SiGe BiCMOS and connected via low
loss interconnections. Moreover, in order

Fig.5. PA MMIC chip design 1.2 x 1.5 mm? (III-V
Lab) (left), multi-finger transistor structures in its
RF pads 260 x 160 pm? (right).

to efficiently co-design the silicon chip
with the InP HBT transistor, significant
effort has to be made in the compact mod-
eling of InP HBTs and in the electrical—
electromagnetic co-simulation of the
whole system in a complex multi-mate-
rial environment.

IV. CHALLENGES RELATED TO
2.5D/3D INTEGRATION

A. Generic Requirement for
Hetero-integration

Describing all possible 2.5D/3D
hetero-integration schemes of InP HBT
technology with silicon dies is beyond the
scope of this paper; it is still interesting to
review the requirements on the InP tech-
nology side in terms of BEOL. Figure 6
shows some possibilities for SiGe/CMOS
co-integration with InP. While SiGe die
flip chipping is widely used, flip chipping
InP dies is not straightforward, especially
for PAs due to thermal constraints. The
gold back-end and lack of top passivation
(making InP BEOL incompatible with
copper pillars), heat dissipation, and HF
de-tuning are among the difficulties to
overcome. Regarding thermal aspects, the
use of InPoSi wafers is still unclear and
will remain unclear until the first HBTs
become available on InPoSi (while sil-
icon thermal conductivity is better than
InP, thermal barriers between InP and Si
can mitigate thermal dissipation gains.
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Flip chip

Fig. 6. 2.5D/3D integration schemes examples
(SiGe in blue and InP in brown).

Moreover, significant work has to be done
on the back-end to (i) make it compati-
ble with mainstream flip-chip techniques
(finishing/passivation) and (ii) make the
die more immune to de-tuning. For this,
the InP chip BEOL should have an opti-
mized back-end (more metal layers and
thicker metals) to allow low-loss TFMSLs
with potentially top and bottom ground
planes in order to confine the electromag-
netic (EM) field within the back-end. The
ultimate goal in this matter is to bring InP
dies close to the “chiplet” concept.
Embedding (see Figure 6) is the solu-
tion that has been chosen within the
SHIFT project [12] for InP/BiCMOS
co-integration demonstration. This solu-
tion in [13] allows an interesting design
option to co-integrate the SiGe BiCMOS
chip, the InP PA, and the antenna in order
to demonstrate beam-steering capabili-
ties. Demonstration of this principle is
currently ongoing as part of the SHIFT
project activities. The challenges on InP
technologies are the compatibility of
BEOL with laser vias (metal thickness),
BEOL finishing, and lack of backside met-
allization and TSV for the considered InP
HBT technology (for heat dissipation).

B. Specific Technology Requirements
for mmWave Applications and
Hetero-integration with Silicon

Many InP HBT processes include
TSV and backside metallization, which
is currently not the case for III-V Lab’s
InP D-HBT technology. The II-V
Lab technology [14] is natively opti-
mized for high-speed analogue—digital

electro-optical interfaces (for optical fiber
applications): transistor’s figures of merit
are tuned for fast current switching, high
voltage drive, wide band operation, and
low process steps count. Due to the fast
switching nature of the main application
of this technology, TSV and backside
metallization are therefore not consid-
ered as essential, taking into account the
added process complexity and fabrication
time. As shown in Section III.C, TS Vs are
also questionable regarding chip space
requirements. TSV and backside metalli-
zation are required for mostly two aspects:
(i) microstrip lines design and (ii) para-
sitic modes suppression. Regarding (i), as
application frequency increases, the fea-
sibility of microstrip lines becomes more
and more difficult, since the substrate
needs to be thinned to, e.g., values below
100 or even 50 pm to remain within the
useful line impedance range, thus mak-
ing the chips very fragile and degrading
the process manufacturability. With this
respect, switching to an alternative, such
as TFMSL, is certainly desirable.
Regarding (ii), let us consider an exam-
ple of parasitic mode excitation in a test
structure based on coplanar wave trans-
mission lines (see EM simulations results
at 149 GHz shown in Figure 7, corre-
sponding to a transmission dip of about

dB(E Field)
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Fig. 7. EM simulation of a differential thru in
coplanar wave transmission lines (corresponding to
a circuit access). Excited parasitic modes are visible
at 149 GHz.
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Fig. 8. Measured S parameters of an InP D-HBT
AMUX-driver IC. S|, (left) and S, (right) versus
frequency, IC on a metallized ceramic carrier (red),
and IC on a silicon carrier (blue).

8 dB). These parasitic modes’ excitations
are very detrimental for PA and LNA
performances in, e.g., D- and G-bands,
as they create dips and resonances in the
IC response (to a certain extent, this is
less detrimental for fast-switching dig-
ital circuits). Figure 8 shows an exam-
ple of S-parameter measurements of an
AMUX-driver IC [15] on both a gold-
plated ceramic carrier and a silicon car-
rier. Indeed, parasitic modes excitation is
strongly reduced on silicon, suggesting
that the lossy silicon acts as an absorber.
Therefore, future InP HBT technologies
on InPoSi substrate may be less sensi-
tive to parasitic modes excitations, which
would remove the need for TSVs.

V. COMPACT MODELING
CHALLENGES

Compact (SPICE-like) modeling of
InP HBT technologies definitely lacks
beyond silicon. Historically, due to miss-
ing suitable compact models for II-V
HBTs, the III-V community mostly relied
on hand-crafted and/or hand-customized
models using either behavioral sources
or symbolically defined languages. These
models, although sometimes fairly elab-
orate and accurate for a specific applica-
tion and/or bias and temperature range
of operation [9], usually do not satisfy
a wide variety of design needs, like e.g.,
BiCMOS models and process design
kits (PDKs) do. Physics-based, scalable,

Sy Measured O
HICuM/L2 model ———
HICuMIL2 model wio NQS - - - -

18241 [dB]

Ji | | Tl
25 220 240 260 280
freq [GHz]

Fig. 9. Measurements/simulation comparison of
the S, parameter for a 220 GHz SiGe BiCMOS
integrated LNA. Difference between simulations
using HiCuM/L2 model with (solid line) and with-
out (broken line) NQS effects.

statistical, and predictive models [14]
[16][17] are highly desirable to provide
designers with larger search space and
flexibility in their design points explora-
tions, especially for mmWave and sub-
THz applications where each and every
dB of gain matters. Moreover, standard-
ized models such as HICuM/L2 [18][19]
are available on virtually every CAD
proprietary or open-source software as
their Verilog-A code is available to users.
An illustration of the need for advanced
physics-based compact models such as
HiCuM is the often underestimated effect
for, e.g., 140-300 GHz frequency range,
of non-quasi static (NQS) effects on HF
linear gain prediction [20]. As depicted in
Figure 9, neglecting NQS effects (which
become significant when the application
frequency approaches approximately
f/3) can lead to severe discrepancies in
the prediction of linear gain in amplifying
stages.

VI. CONCLUSION

Today, InP HBT technology is confined
to niche markets, thus limiting investment
towards high-volume manufacturing and
in turn limiting the usage of the technol-
ogy for medium- to large-scale markets.
This cycle can be broken with strate-
gic investments in the InP ecosystem,
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consisting only in fraction of what is nec-
essary for silicon process developments.
While InP HBT will remain a low inte-
gration level technology, it can definitely
benefit to demanding mmWave appli-
cations as a complementary toolset of
well-established silicon technologies via
hetero-integration, as well as for >Tb/s
optical communications. InP HBT cannot
and will not replace SiGe BiCMOS, but
can adequately complement their already
powerful capabilities, provided adequate
and ambitious (yet not out of reach)
developments are achieved.
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Analysis of Quasi-Coaxial Via
Implemented in IC Substrate using
Multiple-Scattering Method

Hiroaki Takahashi, Pelin Suealp, and Erich Schlaffer

Abstract—This paper presents an ana-
Iytical study of a quasi-coaxial via imple-
mented in an IC substrate using the
multiple-scattering method. The plate-via
impedance matrix is derived using addition
theorems for cylindrical inward and out-
ward waves around the vias. This matrix is
then utilized to determine the loop induc-
tance, taking into account the via-barrel
radius. The derived equations facilitate
the investigation of loop inductance, which
serves as a figure of merit for the quasi-co-
axial configuration. Additionally, the paper
includes a statistical analysis that accounts
for design parameter uncertainties from via
manufacturing point of view.

Index Terms—Via modeling, quasi-coax-
ial via, multiple-scattering method, loop
inductance

I. INTRODUCTION

ireless communication with

high data rates is the indis-

pensable infrastructure for
cutting-edge technologies such as artifi-
cial intelligence, machine learning (ML),
virtual reality, quantum communication,
quantum ML, blockchain, THz-sensing,
and edge computing [1]. To fulfill the
increasing demand for fast and low-
latency communication, millimeter-wave
bands are available with the launch of

Research & Development, AT & S Austria
Technologie & Systemtechnik Leoben, Austria
{h.takahashi, E.Schlaffer}@ats.net

the 5G New Radio based on advanced
semiconductor  technologies.  Further
enhancement in network infrastructure
with the concept beyond 5G/6G seeks for
the possible use of communication using
frequencies above 100 GHz as D-band
(110-170 GHz) shows great potential and
is being investigated for emerging future
wireless communication technologies [2].

Advanced packaging technologies
play a crucial role in the next generation
of wireless communications. In the early
stages of the chip and antenna design
phases, packaging systems have to be
co-developed and tested as it is critical
due to the challenges of system integration
[3]. To increase the degree of integration
density for electrical interconnections,
embedding technologies have been pro-
posed and demonstrated. For instance,
the so-called center core embedding pre-
sented in [4] uses organic IC-substrates
or printed-circuit boards (PCBs) to place
active and passive components inside
the structures. The embedding of multi-
ple components can be realized through
panel-level technologies with chip-first
embedding or chip-last assembly. This
contributes to the further small footprint,
high mechanical stability, and reliable
copper interconnections without solder-
ing as shown in Figure 1.

Regarding electrical ~performance,
ohmic losses derived from lossy dielec-
tric material and conductor material with
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Thermal Via

Mechanical/Laser
Through hole

IC

micro via

Fig. 1. Stack-up of a center core embedding with
different via interconnections: microvia, thermal
via, and mechanical/laser through hole.

finite conductivity increase at higher fre-
quencies. On the other hand, inductive
and capacitive parasitic effects signifi-
cantly impact signal integrity at higher
frequencies. These parasitic effects are
introduced at discontinuities, which are
common in complex IC packages. Such
discontinuities occur at curves, bends,
and, most notably, vertical interconnec-
tions involving via structures. Vias enable
vertical interconnections across IC sub-
strates, from embedded chips to PCBs.
However, without careful design, it can
lead to significant degradation of electri-
cal performance.

The electrical behavior of via struc-
tures has been investigated from an elec-
tromagnetic compatibility perspective
through both theoretical and experimen-
tal approaches. A vast amount of hybrid
field-circuit via modeling has been pre-
viously presented [S]-[11]. A via located
within a parallel conductor plate can be
seen as equivalent to a radial waveguide
with transverse magnetic modes to prop-
agation direction z, denoted as TM?, [10].
Moreover, the currents flowing at the
surface of a via barrel cause the no-cut-
off parallel plate propagation wave and
evanescent waves between the via and
the plate contributing to the increase of
the reactance [7]. The excitations can
result in additional loss, reflection, and
unwanted coupling to other signal lines.
To improve signal integrity at the verti-
cal interconnection, multiple ground vias

d
> |
=
i |
h L |
o
|
: |
ground via Isignal via
(a)
ground via
P )
. "

Fig. 2. Cross-section of quasi-coaxial via: (a)
xz-plane; (b) xy-plane.

surrounding the signal via can be utilized
to suppress spurious emissions and unde-
sired reflections [12], which is named
quasi-coaxial via. The authors in [13] and
[14] demonstrated the analysis of the loop
inductance derived from the quasi-coax-
ial via based on an analytical inductance
formula or physics-based via modeling
approach. The loop inductance should be
a figure of merit to clarify the frequen-
cy-dependent performance of quasi-co-
axial via. In this study, we exploited the
multiple-scattering method presented
in [5] and [6] for the loop inductance
analysis to take the via barrel radius into
account, which is ignored in the previous
studies. Furthermore, statistical analysis
of the loop inductance based on the man-
ufacturing capability of vias implemented
in a typical IC substrate is also presented.
The structure of the paper is as follows:
Section II briefly explains the theory
behind the study, the extraction of loop
inductance of via, and the calculation
of via plate impedance matrix using the
multiple-scattering method. Section III
demonstrates the loop inductance analy-
sis based on several cases of quasi-coax-
ial via as well as statistical analysis from
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the manufacturing point of view, which is
followed by the conclusion in Section IV.

II. THEORY

In this section, the structure to be ana-
lyzed is introduced, and the procedure for
the extraction of loop inductance and the
derivation of plate via impedance matrix
using the multiple-scattering approach are
introduced. The structure to be analyzed
is shown in Figure 2. Quasi-coaxial via
consists of a signal via and surrounding
ground vias. Design parameter is the fol-
lowing: the via barrel radius r, the via pad
I the distance to the edges s, total pitch
d, and the height of the dielectric layer
h. Due to the ease of theoretical deriva-
tion, the dielectric layer is assumed to be
homogeneous over the domain of interest
with identical relative dielectric constant,
€ or Dk, and loss tangent, tanA or Df.

For signal integrity analysis of the qua-
si-coaxial via structure, the concept of the
plate via impedance matrix denoted as
pr is used, which is formulated in

V = ZWI, (1)

where V=1[V,V,..., VP]T, and I =
.1, ..., IP]T . P is the number of vias
including signal via and ground vias. This
P x P matrix relates the voltage of a via
to the current of the via and the others.
Ground vias are defined as the via shorted
to the ground plate, i.e., V.= 0. According
to [13] and [14], the plate via impedance
matrix Z,, can be converted into the
loop inductance matrix denoted as LLOop
depending on the number of signals and
ground vias.

A. Extraction of Loop Inductance

Although the conversion method is
detailed in [13] and [14], the mathematical
procedure is briefly explained as follows: To

determine the loop inductance matrix LL R
00p

we exploit the imaginary part of the via-
plate impedance matrix, Z,, = R + joL,, as

V = joL L )

To derive the loop inductance, the plate
via inductance matrix is decomposed into
blocks, namely signal inductance matrix
LSS, ground inductance matrix LGG, and
signal-ground matrix L, and L as
shown below.

o e
VG LGS LGG IG

s VS]T, and V=
Ve Vi oo VG]T , as well as I and
I.. Taking the inverse of the inductance
matrix L' =B, and considering the rela-
tion between signal and ground vias, i.e.,
I = —Zlel ;, the dimension of the
matrix can be reduced fromPxPto (S+1)
X (S + 1) as follows:

B Bges [ Vsl . |
’ r = jo
e;B e;Bgses ||V I,

G GS

where e is the G x 1 column vector
whose entries are all ones. Taking inverse
of eqn (3), we can obtain the equivalent
inductance matrix Le, from which the
loop inductance matrix LLOOP is calculated,

A\ L), L I
- ft ]
VG LGS LGG IG

_ T T
- Lss - LSGeG - esLGS + LGGeGeS

“

where VS =[V,V,...

L

Loop

where e is the § x 1 column vector
whose entries are all ones.

B. Multiple-Scattering Method

As formulated, the loop inductance
of quasi-coaxial vias is extracted from
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the via-plate impedance matrix Z,,. This
indicates that the accuracy of the analy-
sis depends on that of the calculation for
Z,, There have been several methods
proposed to determine Z,, such as phys-
ics-based via modeling [7], intrinsic via
modeling [9], and multiple-scattering
method [5], [6]. The multiple-scattering
method enforces the boundary conditions
at the surfaces of via barrels and takes
the electromagnetic field interactions
between vias in the parallel plate propa-
gation mode and evanescent modes into
account. A quasi-coaxial via is supposed
to have electrical characteristics depen-
dent on their geometry and relative loca-
tion between signal via and ground vias.
Thus, the multiple-scattering method is
employed for rigorous analysis. In the
original multiple-scattering method, one
needs to solve the Foldy—Lax equation
including complicated Green’s functions.
The theory is reformulated by Zhang
et al. in [6] to a simplified form and the
mathematical procedure for Z,, is briefly
explained as follows:

The method considers the wave dis-
tributed around an ith via and the parallel
plate decomposed into an infinite summa-
tion of modes as below

DN LAGRION
+a 0 (p'0'.2)

m=—con=0 mn" mn
“)

(i —
E," =

where p, ¢, z are cylindrical local
coordinates of an ith via, and b,ff,l and ay;?l
are the mode expansion coefficients of
outward and inward cylindrical harmon-
ics, respectively. It is worth mentioning
that the dielectric layer thickness should
be enough small that TE? modes can be
ignored. The cylindrical harmonics H"
and J¥ are respectively described as

JOP,0,2) = J, (k,pHye™ cos(%z)

)

HY(p',0',2) = H? (k p')e cos(%z}
(6)

where k_is the effective wavenumber,

gk, — (ﬂ)z, and J (-) and

ie., k = 7
H® () are the mth-order Bessel function
of the first kind and mth-order Hankel
function of the second kind, respectively.
As detailed in [9], the accuracy of the
analysis depends on the truncated number
M for the azimuthal component and N
for the axial component. When n equals
to zero, the no-cutoff parallel plate prop-
agating wave can be taken as the wave
scattered at each via, whereas evanescent
waves are considered with n > 1. In this
study, m is always zero because the dis-
tance between vias is so large due to the
constraint by the laser via the manufactur-
ing process that higher-order azimuthal
components can be ignored. Considering
the mathematical assumptions above, one
can reformulate the equation of E and
based on Maxwell’s equations, H . (p’, o',
z) can be also derived as

. (i) gy () i
H;i) _ i]kﬁlbonl‘ll (kﬂp )}COS(%Z).
n=0

o |+ (k,p')
@)

Therefore, the total magnetic field
around quasi-coaxial via is described as

P
H,(r,0,2) = ;H;i)(p[,d)i,z)- ®)

The inward mode expansion coeffi-
cients of each via, a{ are included in the
mode expansion coefficient vectors a, =
la).a; . ....af ]as well as bY. According
to [9], the mode expansion coefficient
vectors can be determined by addition
theorems of cylindrical waves, including
both the zero-order propagating and the
higher-order evanescent modes as

a,, = (I - SﬁPF)il (aen + Sspben) ©
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b,, = Ta,, (10)

On

where a, and b, represent the expan-
sion coefficients of the initial inward and
outward cylindrical waves derived from the
excited TEM (Transverse Electromagnetic
mode) at the excitation ports as

jTCV COS("M )
b, (VO’Z ) hlnr! /r0 1+39,,
[70(k,72) = 9 (1,1
(11)
0, (V2') = jmv, cos(")

hlnr, /r 1+9,,

[ ) - 1 (1,7}

(12)

and H, = diag {Héz)(kri )h}, J, = diag

{J(kr)h}, H, = dlag{z k’H(z)(k )}
Jjou

J, = dlag{2 &, J, (kr, )} = diag
JOU

J.(k r!
[—%] and the element of Sf
(k r,
can be calculated as

Sep (1) = (1= 8, )H (k). (13)

where r, means the distance between
vias. Using the matrices above, the via
plate impedance matrix derived from
Multiple scattering method can be also
formulated as

-1

ng = (Ho - Jlslgp) :
(14)

+ J,Sh ) (H,

ITII. ANALYSIS

In this section, using the derived ana-
Iytical equations in Sections II-A and

II-B, the loop inductance of quasi-coaxial
via dependent on the via geometry, the
distance between vias, and the number of
ground vias is investigated after the veri-
fication of analysis by comparison to the
numerical simulation.

A. Verification of the Analytical
Magnetic Fields

For verification of the analysis pre-
sented in the last section, the total mag-
netic field distribution |H (75 0, 2)| at 100
GHz around a quasi-coaxial via imple-
mented in a homogeneous dielectric layer
is calculated in Python/Julia environment
and compared to the result of full-wave
simulation. The dielectric material is
assumed to be one of the typical mate-
rials for high-frequency IC-substrate,
Panasonic LEXCMGX R-G545L, with
Dk/Df of 3.6/0.002. Table 1 describes the
parameters used for the analysis. Figure 3
shows the comparison in the normalized
magnitude of magnetic fields between
the equation and numerical simulation
by CST Microwave Studio. Plot settings
such as xy-range, scale, and contour lev-
els are identical. The comparison shows
a good agreement between the analysis
and numerical simulation especially the
H-fields with interaction between the sig-
nal via and ground vias by taking bound-
ary conditions at via barrels rigorously
into account.

B. Extraction of Loop Inductance of
Quasi-Coaxial Via

As mentioned earlier, the loop induc-
tance of signal via and ground vias is a

TABLE 1
MATERIAL AND GEOMETRICAL PARAMETER OF
QUASI-COAXIAL VIA

Dk Df
3.6 0.02

h, um
100.0

t,tum W, mm L, mm

12.0 2.0 2.0
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Fig. 3. Contour plot of the magnitude of magnetic
fields around a signal via and four ground vias at
100 GHz (a). Analytical calculation by eqn (7) and
(8) with N = 3 (b) full-wave simulation (CST).

function of the via alignment. This is
due to the variation of H-fields to the via
locations. Previous studies in [9] and [14]
showed the fact that the loop inductance
can be decreased by making the dis-
tance of vias small so that the magnetic
field can be confined within the domain
of quasi-coaxial structure. For example,
suppose a signal via as vial located at the
center of the same plate used in Section
III-A surrounded by two ground vias,
via2 and via3, with identical dimensions.
The location of via2 is fixed above vial on
the same y-axis at a distance of 250 pum.
The loop inductance LLOOPB, in this case,
depends on the location of via3. Figure 4
shows the contour plot of the loop induc-
tance as a function of the location of via3,
which is normalized to the case only

g
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©

©
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o
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0.4
0.3 0.2
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0.2 0.4 0.6 0.8
X{Woiate

Fig. 4. Contour plot of normalized loop induc-
tance of a quasi-coaxial via with three ground vias
dependent on the location of the third ground via.

with vial and via2 denoted as Lo The
results suggest that the loop inductance
varies with the position of via3 and can
be reduced by positioning via3 closer
to vial and farther from via2. Similarly,
Figure 5 illustrates the variation in loop
inductance: (a) when the angle 6 between
two ground vias is varied at different dis-
tances from the signal via, and (b) when
the distance from the signal via changes
with different radii of the ground vias.

They implied that the loop inductance
may be minimized when the distance
between a signal via and ground vias
is minimized and the distance between
ground vias is maximized as well as the
diameter of the ground vias.

C. Statistical Analysis of Quasi-
Coaxial Via

The analysis of quasi-coaxial via so
far clarified how the design parameters
affect the loop inductance of the struc-
tures. Moreover, from a practical man-
ufacturing point of view, there are some
considerations to improve the manu-
facturing reliability that constrains the
design parameters as listed below:

1. The area of the via pad with radius
r, should be sufficiently large due to
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Fig. 5. The calculated loop inductance with a sin-
gle via and two ground vias with different design
parameters: (a) the angle 6 between two ground vias
as shown in Figure 2(b) is varied between [0, 27]
with different distances to the signal via; (b) the dis-
tance to the signal via is varied with different radius
of the ground vias.

the misalignment during the drilling
and lamination process.

2. Misalignment of via hole depends
on the drilling process mainly by
laser drilling or mechanical drilling.

3. Laser via hole diameter needs to be
enlarged as the dielectric layer thick-
ness increases.

4. Despite the better fabrication accu-
racy of laser drilling compared to
mechanical drilling, it still suffers
from misalignment and fabrication
uncertainty of via radius due to the
factors such as mechanical prop-
erty of a substrate material, plating

Loop industance, pH
= = =
o N B
o o o

]
o

o
o

250 300 350 400 450 500
Via distance |rg, — rs|, um

Fig. 6. The mean value of the loop inductance to
the distance between a signal via and ground vias
with different numbers of ground vias and their
95%- confidence interval of 2o, calculated from
1000 random Gaussian sampling based on input
parameter variation 60 = 5 pim and 6, =5 um

technology, lamination misalign-
ment, laser focus adjustment, and
pulse stability.

Therefore, statistical analysis that con-
siders parameter uncertainties is essential
for mass production. As mentioned ear-
lier, the practical values of uncertainty
parameters are highly dependent on the
manufacturing process, drilling/plating
technology, and dielectric material. In
this study, the parameters with uncer-
tainty include the via radius Ty assumed
to have a typical uncertainty of £10 um
(20,,) as well as the via distance d with
10 um (26,). Figure 6 illustrates the
loop inductance relative to the distance
between a signal via and ground vias,
incorporating various numbers of ground
vias and including a 95% confidence
interval calculated from 1000 Gaussian
samples. As established in the previous
section, the alignment of ground vias is
symmetrical regardless of the number of
ground vias present. The standard devia-
tions of the loop inductance, G,, are 5.04
pH, 4.76 pH, 4.68 pH, and 4.69 pH when
the number of ground vias is 2, 4, 6, and
8, respectively.
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IV. CONCLUSION

This paper presented the analysis of
quasi-coaxial via using the multiple-scat-
tering method. The use of full-wave the-
ory considering the inward and outward
waves distributed via barrels by addi-
tion theorem enabled the rigorous cal-
culation of plate-via impedance matrix.
Afterwards, the derived equations were
used for the study on the loop induc-
tance of quasi-coaxial via dependent on
the design parameters such as via radius,
the distance between vias, and the their
locations. Practical consideration in via
manufacturing methods has been pointed
out and, accordingly, statistical analysis
was performed to figure out how the fab-
rication uncertainties can affect the loop
inductance.
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Abstract—The 130-175 GHz frequency
spectrum, identified as D-band, will be
the key-enabler for next-generation back-
hauling point-to-point wireless links.
Since capacity requirements for mobile
networks will increase according to 5G/
BSG deployment needs, a new paradigm
for radio equipment needs to be devel-
oped. Integrated technologies based on sili-
con-germanium, exhibiting sub-THz cut-off
frequency, are going to be adopted to design
and implement the key building blocks for
fully integrated transceivers. D-band radio
frequency integrated circuits and antenna
concepts are presented, tailoring phased
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array allowing electronic beamsteering and
beamforming features.

Index  Terms—5G, antenna array,
backhaul, BiCMOS, D-band, low-noise
amplifier, phased array, power amplifier,
mmWave

I. INTRODUCTION

HE current backhauling systems

for mobile telecommunications

allow for interconnection of dis-
tributed access stations to the core of the
network. Wireless backhauling is still
a competitive option over fiber optics,
especially as multi 10 Gbps capabilities
become available. Its share should indeed
be maintained with the deployment of
5GNR and 6G, while the overall market
will grow thanks to the increased demand
for denser networks.

The developments of the technologies
and systems carried out with this work
aim to overcome the existing limita-
tions and to facilitate the introduction
of millimeter-wave (mmWave) telecom-
munications for the backhauling of tele-
communications, replacing the current
wireless links. This system is based on
the antenna in module (AiM) solution,
shown in Figure la and 1b, that provide
alternative approaches with respect to
the standard one (radio frequency inte-
grated circuits (RFICs) and external
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Scenario of a D-band link

Antenna-in-Module (AiM)
Basic building block: System in
Package (SiP) with antenna

v~
Wireless
backhaul
D-band SiGe RFIC
a b
@ D-band link demonstrator @
D-band radio \ Dbandraa / D-band radio

(Panel of D-band AiMs)
C

Fig. 1. Scenario of a D-band radio link (a),
antenna in module (AiM) basic building blocks
(antenna, package, and RFICs) (b), mockup of the
D-band radio unit with integrated phased array
antenna (PAA) (c).

antenna). Moreover, the AiM as part of
a phased array antenna (PAA) increases
the total output power through beam-
forming also allowing the possibility of
steering functionality. The D-band AiM
concept requires several challenges to
be solved, and in particular, (i) at design
level, high output power, and low-noise
figure at D-bands can be reached, and a
very high-integration of the RF front-
end is required due to very limited area
available for the dies in the PAA, (ii)
at the package level, the AiM needs a
launcher in the package (LiP) that is
necessary for connection to the wave-
guide antenna.

The advantages of the AiM solutions
are (i) the low-cost of the basic com-
ponent, (ii) the plug and play on other
wireless systems (off-the-shelf), and (iii)
the reduced design time than any ad-hoc
D-band solution.

This paper is organized as follows. In
Section II, the D-band system architecture
is explained. In Section I11, the design of the

D-band antenna of the AiM is described,
and in Section IV the silicon-germanium
(SiGe) RFICs, and in particular the key
building blocks of the TX and RX D-band
system are described. Finally, in Section V,
the conclusions are drawn.

II. D-BAND SYSTEM
ARCHITECTURE

The D-band panel of AiM, due to its
small size, is expected to be replicated 4
or 8 times on the case of a practical equip-
ment, such that 4 independent beams can
be obtained. These can be exploited to
offer multibeam equipment or a 2 x 2
MIMO (Multiple-input Multiple-Output)
in dual polarization, thus allowing even
more capacity and flexibility.

The AiM system will therefore enable
the transition of backhauling/midhaul-
ing/fronthauling wireless links for 5G
and future evolutions. The envisioned
system architectures for communication
systems involving the AiM are shown in
Figure lc. The relevant aspects of such
architectures with the AiM components
are: (i) the system designer should only
be concerned with the core aspects of its
application, such as data gathering, pro-
cessing, user interaction, and can ideally
effortlessly place the AiM components
without dealing with mmWave RFICs
design, (ii) the circuit designer should
not be concerned by critical RF inter-
connections, which may often require a
longstanding experience in the field (all
connections needed are baseband ones),
(iii) the device will not need an exter-
nal antenna, as it is included into AiM
components, and (iv) the application can
rely on very-high-speed communications
allowed by the usage of mmWaves and
transparently handled by the AiM.

The AiM fully integrated module
includes four TX/RX mmWave chains,
designed in SiGe BiCMOS process,
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Fig. 2. First design of D-band AiM assembly.

together with biasing and control sec-
tions. For each chain, an LiP is required
to feed the antenna located on the top of
the structure. The aim of this architecture
is to reach a very high level of integration
that permits to reduce interconnection
losses and to increase the system effi-
ciency. Moreover, the module described
exhibits all the characteristics of an active
phase array since a proper tuning of the
input signal can be performed. The phase
and amplitude can be changed inde-
pendently by the four mmWave chains
to implement beamforming and beam-
steering features. The first design of AiM
assembly, shown in Figure 2, presents all
the building blocks necessary to imple-
ment the D-band module.

Looking at the architecture, two main
areas can be highlighted; the active com-
ponents, i.e., the RFICs, and the antenna,
whose characteristics and performance
are described in the next sections.

III. ANTENNA-IN-MODULE
DESIGN

The radiating structure and its integra-
tion in the AiM are important to limit the
signal loss and to permit the scan of the
beam, reducing the drawbacks tied to this
approach (gain loss, grating lobes, etc.).
In addition, a critical aspect to face in the
antenna design is the size that cannot be
excessive to keep the module replicable in
more complex systems such as a MIMO
configuration.

Fig. 3.
structure.

D-band antenna

Slotted  waveguide

After a first analysis of several solu-
tions presented in literature [1] and by
converting the requirements described in
an antenna typology, four in-line antenna
arrays with a planar dimension limited
to 8 x 16 mm? have been identified.
The feeding points are positioned far
away from each other to accommodate
the RFICs. In terms of electrical perfor-
mance, the antenna works in the D-band
and has a minimum operating bandwidth
of 10 GHz, which allows to address the
maximum D-band channels bandwidth
of 5 GHz and 20 dBi of minimum over-
all gain.

Among the different designs that meet
those constraints, the most suitable one to
guarantee good performance is based on
the hollow metallic waveguide technol-
ogy. An example that was developed and
that can be used as an antenna reference
for this system is the slotted waveguide
antenna array shown in Figure 3. The
structure consists of four blocks of eight
radiating elements, which are linear slots
etched in the waveguide top metal layer.
The number of slots chosen allows reach-
ing a gain high enough while keeping the
tight dimensions but with the disadvan-
tage of a narrow operating bandwidth.
The position of the radiating elements was
studied to achieve broadside linear polar-
ized radiation at 145 GHz. Furthermore,
the slots on the top layer together with
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Fig. 4. Antenna radiation pattern for different
steering angles.

the matching section in the feeding wave-
guide were optimized to guarantee an
input return loss better than 15 dB.

The antenna array was simulated excit-
ing the four input waveguides (standard
WR6) in-phase. A 15 dB return loss is
obtained over a bandwidth of 12 GHz (8%
relative bandwidth). The input matching
behavior is similar for all the ports show-
ing that the impact of mutual couplings
between the slots is negligible. At center
frequency of 145 GHz, the antenna gain is
21.38 dBi. The simulation results confirm
that the design presented is in line with
the application requirements and it can
be used as a reference for other structures
that aim to improve its limitations. A
wider bandwidth, for example, would be
an added value also to have a margin for
the manufacturing mechanical tolerances.

The presented structure has also
beamsteering capability, which can be
exploited to compensate for the misalign-
ment and to simplify the deployment of
the link. To verify the performance of
the antenna for a displacement of a few
degrees of the main lobe direction, a pro-
gressive phase on the consecutive ports
was applied for different phase values. In
Figure 4, the resulting E-plane radiation
pattern is shown. Applying a phase shift
of 10° between the four antennas, the
main lobe is steered by 1.6° with a scan
loss of 0.015 dB.
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Fig. 5. Mockup of the package and the simplified
building block scheme of the SiGe BiCMOS TRX
RFIC.

IV. D-BAND SIGE RFICS

This section presents the technol-
ogy process selected for this project
and some key active components of the
D-band AiM: the power amplifier (PA),
D-band mixers, the low-noise amplifier
(LNA) and the low-phase-noise local
oscillator (LO). A mockup of the pack-
age and the simplified building block
scheme of the TRX RFIC are shown in
Figure 5.

A. Improved SiGe:BiCMOS HBT and
Back-End Process

The SiGe:BiCMOS technology has
been proven as a viable and enabling tech-
nology for beyond 100 GHz mmWave
front-end modules, by fully exploiting the
flexibility and the integration capabilities
envisioned by mixing digital and ana-
log functionalities. SiGe Heterojunction
Bipolar Transistor (HBT) architecture
evolved significantly over the years with
the objective of always improving (shrink-
ing) the vertical profile (driving f;) and
reducing the parasitics (base resistance R,
and collector—base capacitance C,. being
critical for f,,,.). The exploitation of the
radio spectrum in D-band (130-174.8
GHz), by relying on power-efficient RFIC
chipset for an active phased antenna array
system with beamsteering functionality,
has been made feasible by an advanced
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SiGe:BiCMOS process, based on a nine-
metal stack back-end option and HBT
structure having f and f;,, > 400GHz.
The main concept behind the new pro-
cess recipe is the use of a mono-crystalline
base link between intrinsic SiGe base and
the external base electrode to minimize
the base resistance of the SiGe HBTs.
Developments at STMicroelectronics
started from the 55 nm BiCMOS plat-
form currently in production, in which the
high-speed SiGe HBT features 320 GHz
f, and 370 GHz f,, . The final objective
is to offer a 400 GHz f . and 500 GHz f,
HBT on the same CMOS node. Three
major process changes are implemented

to reach this objective [2]:

e The first one is the modification of
the process thermal budget with
the reduction of the spike anneal-
ing temperature and the addition of
a millisecond annealing. It allows
to increase the f of the SiGe HBT
thanks to a reduction of dopants
diffusion and a better activation
of these dopants. Process condi-
tions have also been defined to not
degrade the performances of the
CMOS transistors.

e The second change applies to the
extrinsic collector module with the
replacement of the buried layer by an
implanted collector, which reduces
both the cost and the cycle time of
the technology. Super Shallow Trench
Isolation (SSTI) is implemented to
reduce the base—collector capacitance.

e Finally, a STMicroelectronics pro-
prietary SiGe HBT architecture,
called EXBIC (for Epitaxial eXtrin-
sic Base Isolated from the Collector),
is being developed to address the
f,ax Challenge. The key feature of
this architecture is a boron in-situ
doped epitaxial base link used to
reduce the extrinsic base resistance.

600

T
—a—f CBEBC 0.2 x 5um’*
500 L Max

—o—1,

400 ] /-\\
P
I ﬂ{

%

Frequency (GHz)

0.1 1 10

00
Collector current density J. (mA/un?)

Fig. 6. Measured RF-performance (dots) versus
SPICE model simulation (solid lines).

Measured RF-performances (f, and
Juax-Vs. collector current density) are
shown in Figure 6.

Besides the high-speed performances
of the HBT, the nine-metal back-end of
line (BEOL) has been adjusted to increase
the Q-factor of inductors and reduce the
attenuation constant of transmission lines
(TLINEs). This is achieved by imple-
menting two thick Cu layers for the vias
(2.7 pm wide) and for the lines (2.3 um
wide) available in 300 mm wafers.

B. Heterodyne D-Band TX Front-End

The building block scheme of the trans-
mission section of the D-band SiGe RFIC
is shown in Figure 5. The two building
blocks, i.e., the PA and the up-conversion
mixer, were developed and validated in
the STMicroelectronics 55 nm BiCMOS
process and then redesigned in the new
process with enhanced HBT transistor
(i.e., the B55X process).

The D-band PA, whose circuit sche-
matic is shown in Figure 7a, comprises
HBTSs in common base (CB) and a cas-
code input stage to rise the overall gain
[3]. The CB configuration is selected,
in most of the stages, giving its higher
power and efficiency compared to the
common emitter one. The HBTs area
is scaled progressively along the chain,
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starting from the output stage that is sized
to deliver a saturated power P_ > 17 dBm.
To improve the efficiency in back-off, the
quiescent current is set low, such that the
average current expands with the signal
leveraging the current clamping mech-
anism, enabled by the CB stages with a
DC-feed inductance from the emitter ter-
minals to ground [4]. The matching net-
works are realized with TLINEs, allowing
simpler and more reliable modeling of the
return signal paths than spiral inductors,
a critical issue in D-band. The TLINEs
are shielded microstrips, with the signal
in the topmost copper metal layer. The
geometrical parameters (widths and spac-
ings) are optimized to minimizing the
TLINES insertion loss.

Looking at the schematic of the up-con-
version mixer in Figure 7b, [5], the trans-
former T, provides input matching for
the IF cascode amplifier (Q1 ,—Q, 2 The
LO input is buffered with a smgle ended
cascode (Q,,) and made differential by
T,. The sw1tch1ng quad (Q78 Q9 o) 18
fully balanced for LO suppression. It
is found that a major limitation to the
mixer output power stems from the low
output resistance of the switching quad,
reduced in D-band by the feedback of the
HBTs Miller capacitors and the extrin-
sic base resistors. le are thus stacked
to the switching quad to raise the output

Double Balanced!
Switching Quad |

(b)

Fig. 7.
erodyne up-conversion mixer (b).

Schematics of the D-band PA (a) and het-

impedance and increase P_ . T, combines
the output currents into a single-ended
D-band signal. The HBTs in the switch-
ing quad, with emitters grounded by the
secondary inductance of T, operate in CB
for the IF signal. Thus, in the same way as
in the PA, current clamping is exploited
to expand the average current with the
signal and maintain good efficiency in
power back-off. The transformers T -T,
are realized as coplanar windings in the
topmost metal layer.

Photographs of PA and mixer in the
BiCMOS-55 nm technology are shown in
Figures 8 and 9, together with a measure-
ment summary. The PA demonstrated 17.6
dBm P_ with 2.2 V supply at 135 GHz.
The small-signal gain is 24 dB with P at
1dB gain compression is P, .= 16.8 dBm,
~1dB below P_ . The DC current rises from
30 mA at the quiescent point to 130 mA
at P, .. The peak power-added efficiency
(PAE) is 17.5% and still 8.5% at 6 dB
power back-off. The mixer, with an IF sig-
nal at 40 GHz and =3 dBm LO at 100 GHz,
achieved 15 dB conversion gain with RF
and IF bandwidths of 38 and 15 GHz,
respectively. The measured P_ = 6.3 dBm
and P, , = 4.5 dBm are remarkably high.
The DC current rises from 34 mA at the
quiescent point to 66 mA at P,

260pm

BiCMOS-55 chip photo
BiCMOS 55X layout

BIiCMOS - 55X
(Simulations)

BiCMOS - 55nm

(measurements)

Supply [V] 22 2

-3dB BW [GHz] [125-159] [110-175)
Gain [dB] 24 19
Pssr [dBm] 17.6 [16.8-19.8]
Pyee [dBm] 16.8 [16.0-19.5]
PAE [%)] 17.5 [10.5-15.5)

PAE @ 6dB BO [%] 85 7

Fig. 8. D-band PA. Chip photograph in 55 nm

BiCMOS, layout view in the new B55X process and
performance summary and comparison.
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BiCMOS-55X layout

BICMOS - 55X
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BiCMOS - 55nm

(measurements)

Supply [V] 2 2
-3dB RF-BW [GHz] 112 -150] (126 -175]
-3dB IF-BW [GHz] 32-47] [54-88]

LO power [dBm] e £
Conv-Gain [dB] 15 18.5
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Fig. 9. D-band up-conversion mixer. Chip photo-
graph in 55 nm BiCMOS layout view in the new
B55X process and performance summary and
comparison.

The PA and mixer have been redesigned
with performances adjusted to the target
application, taking benefit of the advanced
B55X process. The layout of the chips and
the performance summary from post-lay-
out simulations are reported in Figures 8
and 9. The layout of the PA was optimized
with 25% reduced footprint. The gain is
purposely reduced to 19 dB, considering
the high P available from the mixer.
Thanks to the higher HBTs f/f , the
bandwidth is extended to 110-175 GHz,
allowing to cover the full D-band with a
single component. The expected P is
comparable or slightly better than in the
55 nm BiCMOS design. The IF of the
mixer is shifted to E-band and the oper-
ation bandwidth (both at RF and IF) is
remarkably increased. The higher HBTs
gain is exploited to raise the conversion
gain with nearly the same P_ but remark-
ably higher expected efficiency.

C. Heterodyne D-Band RX Front-End

The receiving section of the D-band
RFIC includes two  D-to-E-band
down-converters (D/C): a low-band
(130-150 GHz) D/C and a high-band
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Fig. 10. Simplified schematic of the LNA core (a)
and of the D/C mixer core (b).

(150-165 GHz that can be extended to
175 GHz), which allow covering the
overall D-band. The full D-band receiver
will be obtained by cascading the D-band
D/C stage to an E-band receiver already
designed in 55 nm BiCMOS technology
[6] and presently under design in the new
B55X process.

The two RFICs implementing the two
D/C blocks have been designed in B55X
technology. They share the same architec-
ture and circuital topology: they are com-
posed of two building blocks, a two-stage
D-band LNA and a single-balanced D/C
mixer based on an active two-quadrant
analog multiplier. The two above-men-
tioned building blocks have been also
taped-out as stand-alone RFICs in the two
sub-bands for testing purpose.

The core of the single-stage LNA has
been designed exploiting a cascode topol-
ogy, as shown in the simplified circuit
schematic of Figure 10a: the load inductor
is implemented with a minimum-width
microstrip line, provided by the Process
Design Kit (PDK). The cascode stage
bias current has been chosen in order to
guarantee a low-noise Figure (< 8 dB)
over the whole bandwidth, but without
sacrificing the linearity performance (out-
put P_ . approaching 0 dBm), according
to the state-of the-art of D-band BiCMOS
LNAs [7].

Two versions of the LNA have been
designed, the second one with the goal to
increase the gain up to at least 20 dB.
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TABLE 1.
SIMULATED PERFORMANCE OF D-BAND BLOCKsS.
Gain  NF opP

1dB

[dB] [dB] [dBm]

Low-band LNA 1 17.5 6.6 -1.0
Low-band LNA 2 21.6 6.6 34
High-band LNA 1 14.9 74 =20
High-band LNA 2 20.0 74 =35
Low-band mixer =32 18.0 4.2
High-band mixer =55 23.0 -133
Low-band 140 76 -121
down-converter
High-band

Fig. 11. Layout of the fabricated D-band to down-converter 19 92 -130

E-band D/Cs.

The core of the down-conversion mix- -
ers, shown in Figure 10b, is a differential b
g I m .

pair with a tuned R-L-C load. The tuned
load is composed of a minimum-width
microstrip line and a metal-oxide-metal
(MOM) RF capacitor. For both the LNA
and the mixer building block, the match-
ing networks have been designed exploit-
ing a single-stub topology: a microstrip
line allows matching to 50 € of the real
part. The remaining reactive part is can-
celled by means of a grounded MOM
capacitor or inductor (again implemented
by using a minimum-width microstrip
line). Finally, baluns have been used at
the LO input and at the E-band IF output.
Electro-magnetic post-layout simulations
have been performed by Cadence EMX
CAD tool to tune loads and matching
networks, and also to evaluate effects of
interconnections.

In Figure 11, the layout of the test chip
containing the two D/C blocks is shown.
The total area is 1.4 x 1.2 mm?.

In Table I, post-layout simulation
results are presented at the center of the
bandwidth, i.e., 140 GHz for the low-
band blocks and 157.5 GHz for high-band
blocks. Simulated S-parameters and noise
figure of the high-band LNA are shown in
Figure 12.

Fig. 12.  Simulated S-parameters and noise figure
of the high-band LNA.

D. Low-Phase-Noise LO Generator

The LO generator is intended to pro-
vide the LO signal to the D-band receiver.
Considering the low-band D/C block with
an input frequency in the 130-150 GHz
range, an LO frequency spanning from
60 to 80 GHz allows to down-convert
the signal to an IF frequency of 70 GHz.
Frequency generation at mmWave is par-
ticularly challenging when low phase
noise and wide tuning range (TR) are tar-
geted. The straightforward way to gener-
ate a LO would be the direct frequency
synthesis from a reference crystal oscil-
lator by means of a phase-locked loop
(PLL). However, the relatively low-qual-
ity factor of tunable resonators integrated
on silicon substrates makes this solution
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Fig. 13. Direct LO synthesis approach: block
diagram of the LO generator and plot of the phase
noise at 1 MHz offset from the carrier (normalized
at 80 GHz) versus the VCO resonance frequency.

impractical. This is evident looking at the
state-of-the-art of PLL-based frequency
synthesizers, whose phase noise presents a
worsening trend as the voltage-controlled
oscillator (VCO) resonance frequency f,,
increases, as described by the plot of the
PLL phase noise at 1 MHz offset from the
carrier (normalized at a carrier frequency
of 80 GHz) as a function of f,, ,, in Figure
13. The outlier is the work in [8], which
achieves excellent phase-noise perfor-
mances at an extremely narrow TR that
would be impractical.

Therefore, an indirect frequency syn-
thesis approach is typically preferred at
mmWave, in which a PLL is followed by
a frequency multiplier. The impact of the
frequency multiplication stage on the out-
put phase noise is simply an increase of
the PLL phase noise level by . The adop-
tion of frequency multipliers introduces
other challenges related to their power
consumption and harmonic rejection. In
fact, the output of the multipliers contains
the sub-harmonics of the output sinusoid.
In this work, a good compromise is found
by adopting a fractional-N PLL with an
output frequency in the 10-13.33 GHz
range and a 250 MHz reference signal
(so that the PLL frequency division is
limited to a factor comprised between
40 and 53.33), followed by a sextupler
(performing a sixfold frequency multi-
plication) to get a local oscillation in the
60—-80 GHz range. As shown in the block
diagram in Figure 14, the PLL adopts a
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Fig. 14. Indirect LO synthesis approach through a

DPLL (with series-resonance VCO) followed by a
frequency multiplier, and simulated PLL spectrum.

digital PLL (DPLL) architecture based on
a time-to-digital converter (TDC) used as
a phase detector to convert the time error
between the reference signal and the one
coming from the frequency divider into a
digital word that is fed to a digital loop
filter. The output of the filter is then con-
verted to a voltage by means of a digi-
tal-to-analog converter (DAC) driving the
VCO tuning voltage. DPLLs offer the big
advantage of replacing the analog loop
filter with a digital one, with great bene-
fit in terms of area occupation (especially
at narrow PLL bandwidths) and configu-
rability [9].

Conventional VCOs based on paral-
lel LC resonators have a voltage swing
limited by transistor’s breakdown. So,
reaching ultra-low phase noise requires
increasing power consumption by reduc-
ing the resonator impedance or, in other
words, by decreasing the inductance
L and increasing the capacitance C.
However, this strategy has a limit that is
reached when L is so small that becomes
comparable with the parasitic inductance
connecting the varactors. To overcome
this limitation, the VCO adopts a config-
uration based on an integrated LC series
resonator and HBT transistors, which has
been recently introduced in [10]. This
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Fig. 15.

Block diagram of the frequency sextupler.

solution allows to raise the power deliv-
ered to the resonator by increasing the
current swing, with no need to scale down
L. The VCO, designed in BiICMOS-55X
process, has a 10-11.5 GHz (14%) TR,
and reaches a simulated phase noise of
—136 dBc/Hz at 1 MHz offset, with a DC
power of 380 mW. A second VCO will be
alternatively used to cover the remaining
TR. Figure 2 shows the simulated output
spectrum of the overall PLL, including
the phase noise of reference buffer, TDC,
DAC, and frequency divider. The PLL
bandwidth f, =~ of about 250 kHz is cho-
sen to minimize the integrated rms phase
noise, which is of about —63 dBc (equiv-
alent to an absolute jitter of 16 fs rms),
while the phase noise at 1 MHz offset at
the PLL output is of — 133 dBc/Hz.

The sextupler is implemented in B55X
as the cascade of a tripler and a doubler, as
shown in Figure 15. The two blocks adopt
the circuit topology disclosed in [11]. The
sextupler achieves, from post-layout sim-
ulations, a harmonic rejection better than
29 dB across the output frequency range
from 60 to 78 GHz. It has a DC power
consumption of 67.3 mW and an area
occupation of 0.32 mm?. The simulated
phase noise at the output of the cascade of
the PLL and the sextupler is about —117
dBc/Hz at 1 MHz offset.

V. CONCLUSION

The advancement on the development
of the basic element of the D-band (130-
174.8 GHz) PAA system, called AiM,
has been presented. The system architec-
ture, the mockup of the module and the
package, the D-band antenna concept,
and the RFICs developed by using the

cutting-edge STMicroelectronics 55 nm
and 55X SiGe BiCMOS technologies
have been described and the first results
have been shown.

The D-band antenna has been designed
to achieve broadside linear polarized radi-
ation at 145 GHz, 15 dB return loss over a
bandwidth of 12 GHz, and a gain greater
than 20 dBi. Regarding the transmitter
section, simulations (in SiGe B55X pro-
cess) and measurement (in 55 nm SiGe
BiCMOS process) results have shown
that the D-band PA can achieve power
gain > 19 dB, Py, > 17 dBm and PAE
between 10.5% and 17.5%. The D-band
up-conversion mixer can achieve conver-
sion gain > 15 dB, P> 4.5 dB, and an
operating bandwidth covering the whole
D-band. Regarding the receiver section,
simulation results (in SiGe B55X process)
have shown that the D-band LNA can
achieve power gain > 15 dB, noise figure
better than 7.4 dB and OP1dB > -4 dBm.
The D-band down-conversion mixer can
achieve conversion gain > 12 dB, noise
figure < 9.2 dB and OP1dB > —-13 dBm.
The LO generator designed in BICMOS-
55X process includes a PLL and a sex-
tupler: the VCO reaches a 10-11.5 GHz
TR and a simulated phase noise of
—136 dBc/Hz at 1 MHz offset with a DC
power of 380 mW, while the sextupler has
a bandwidth from 60 to 78 GHz with a
DC power of 67 mW.
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Abstract—This  paper outlines the
design considerations necessary to real-
ize an innovative transceiver prototype
for future-generation mobile communi-
cation, adeptly harnessing the spectrum
beyond 100 GHz. The primary innova-
tions and challenges reside in maximiz-
ing the efficacy of BiCMOS and indium
phosphide technologies, advanced radio
frequency (RF) packaging, and the design
of high-performance D-band RF front-
ends. The selection of RF-chip technolo-
gies and the integration of densely packed
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RF packaging are thoroughly defined and
justified. Specifications for both transmit-
ter and receiver systems are derived from
a meticulous link budget analysis. These
preliminary studies and decisions inform
the forthcoming tape-outs in this project.
The focus remains on developing key trans-
ceiver technologies to drive the next genera-
tion of mobile communications, surpassing
the capabilities of 5G. This includes enhanc-
ing data rates, power efficiency, integration
density, and minimizing footprint.

Index Terms—6G mobile communication,
antenna-in-package, BiMOS integrated
circuits, InP, integrated circuit packag-
ing, millimeter wave integrated, mobile
communication, phased arrays, receivers,
transmitters

I. INTRODUCTION

CCORDING to market analysts, the

proliferation of smart devices

is expected to continue, contin-
gent upon technological advancements.
Devices like augmented reality glasses
require high bandwidth connectivity, effi-
cient operation, and dense integration.
Utilizing higher frequency bands above
100 GHz holds significant potential to
meet these emerging system requirements
and also presents severe technical chal-
lenges. Within the SHIFT (Sustainable
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technologies enabling Future Telecom
applications) project, a Chips JU initiative
focused on advancing sustainable tech-
nologies to enable future telecom appli-
cations, we are developing a “Future-G
transceiver” prototype. This prototype
leverages the D-band radio spectrum to
achieve the demanding requirements of
speed and bandwidth.

Currently, such operating frequencies
are restricted to wireline communication,
while long-range wireless links beyond
100 GHz are only established for static
applications (i.e. back/front-hauling) rather
than for mobile applications. At these fre-
quencies, hardware validation necessitates
most advanced measurement and lab infra-
structure. Most developed demonstrators
are still using horn antennas, which are
neither integrated nor compact.

In addition to high frequency, technol-
ogy must also support efficiency. Recent
advancements in BICMOS systems, for
instance, demonstrate data rates of tens
of Gb/s in the frequency bands above
100 GHz [1][2][3]. However, the limited
output power of this technology restricts
the link distance to a few centimeters.
Conversely, III-V technologies, such as
indium phosphide (InP) from III-V Lab,
allow for efficient and high radio fre-
quency (RF) performance beyond 100
GHz [4][5].

We address efficiency by combining
(i) ST BiCMOS B55X technology [6],
known for its state-of-the-art perfor-
mance in RF and mixed signal on sili-
con, with (ii) III-V-Lab’s InP technology,
which provides superior amplification
efficiency and power delivery beyond
100 GHz. A system study illustrating the
benefits of combining silicon transmitters
(TXs) with InP power amplifiers (PA) is
shown in Figure 1 [7]. This study demon-
strates that for an N-path phased-array
TX with a total equivalent isotropic radi-
ated power (EIRP) of 40 dBm, the combi-
nation of a silicon-based system with InP

. Pry vs N — 40dBm EIRP

PA CMOS

PA SiGe

TX POWER CONSUMPTION [W]
® ® 3 &

* PA InP

C. Desset et al., GlobeCom 2021.

0 10 20 30 40 50 80 70 80

NUMBER OF TX ANTENNAS

Fig. 1. Study in [7]: benefit of combining InP
PAs with Silicon-based phased-array sub-THz
transmitter.
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Fig. 2. Array size versus chip size, after [8].

PAs reduces both power consumption and
the optimal number (N) of antennas.

Beyond high operating frequency and
efficiency, RF packaging poses signifi-
cant challenges in terms of signal losses
and size. At frequencies beyond 100 GHz,
antenna gain decreases while the connec-
tivity loss between on-chip amplifiers and
antennas increases. Moreover, the size of
the phased-array becomes comparable to
the chip size, as shown in Figure 2, after
the study in [8].

Our work addresses key innova-
tions and challenges in developing inte-
grated solutions for future high-speed
mobile communication. These include



KEY ENABLING TECHNOLOGIES FOR FUTURE TELECOM APPLICATIONS 117

TABLE 1.
SCENARIO KEY PERFORMANCE INDICATORS.

Demonstrator KPI

Scenario‘s targets

Demonstrator‘s targets

Data rate 2 channels — 60 Gsps 1 channels — 30 Gsps
Bandwidth 2 x 5GHz in dual polarization 5 GHz in single polarization
Range 100 m Sm
Tx EIRP 24dBm 24dBm
Form factor 12 antennas 4 antennas
Frequency of operation ~140 GHz ~140 GHz
Modulation order 64 QAM 16 QAM
18 dBm OCP1 dB 16 dBm OCP1dB

Transmit power and efficiency 20% PAE max
‘0

10% PAE max

the optimal selection and utilization of
chip technologies such as BICMOS and
InP, the design of high-performance and
efficient D-band (140 GHz, wideband)
TX and receiver (RX) front-ends, and
advanced RF packaging. Starting with
a high-data-rate link budget scenario in
Section II, initial specifications for the
TX and RX front-ends are derived in
Section III. Various aspects of the imple-
mentation are detailed in Section IV, and
conclusions are presented in Section V.

II. SCENARIO OF HIGH DATA-
RATE LINK

The scenario considered in this demon-
strator involves establishing a high-data-
rate communication link between a base
station (BS) and user equipment (UE) in
environments such as airports or shopping
malls. Table I outlines the key perfor-
mance indicators (KPIs) for the proposed
scenario. Note that while the system is
designed to meet the scenario’s targets,
the requirements have been moderated
for the final demonstrator. This approach
is intentionally adopted to mitigate risks
and ensure a functional demonstrator
within the project SHIFT’s timeframe.

The link budget assumes a line-of-
sight (LoS) link between a BS and a
mobile UE, aiming to cover distances up

to 100 m. The system aims to achieve a
raw data rate of up to 60 Gbit/s with dual
polarization and 30 Gbit/s with single
polarization (maximized in downstream,
can be smaller in upstream). Given a sin-
gle stream of 30 Gbit/s and a raw spectral
efficiency of 6 bit/s/Hz using 64 quadra-
ture-amplitude modulation (QAM), the
required channel bandwidth is 5 GHz.
The EIRP and the total radiated power
(TRP), crucial specifications for the link
budget, are drawn from the ETSI 5G FR2
standard [9]. That because D-band com-
munication is not yet standardized. In
our scenario, the baseband TX is referred
to the power class 1, imposing limits of
55 dBm for EIRP and 35 dBm for TRP.
Conversely, the handheld UE TX falls
under power class 3, with EIRP and TRP
limited to 43 and 23 dBm, respectively.
The link budgets for the downstream
reception at the user equipment (UE RX)
and upstream transmission from the user
equipment (UE TX) are illustrated in
Figures 3 and 4. In these figures, we utilize
the modulation-and-coding scheme (MCS)
of the WiGiG 60-GHz standard [10] cho-
sen for its ability to accommodate a much
wider bandwidth compared to current 5G
FR2 standards. The TX output 1-dB com-
pression point (OP1dB) is deliberately
specified, and the number of antennas on
the TX and RX sides is carefully adjusted
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MCS (derived from WiGig) 0 9 13 | 17 | ST BiCMOS 1II-V lab InP ST BiCMOS
Constellation D-BPSK| QPSK | 16QAM |[64QAM i i
DRC o = [ 436 13/1—|_|_6 e AT&S RF |nterpOSEf AT&S RF interposer
'Spreading/repetition 2. 1 | %
raw data rate 5000 | 10000 | 20000 | 30000 [Mbps 5 -
Frequency 2 L Y| 5bana
Carrier frequency 140000 MHz § =

(lambda) 0.0021 m H 3

i 5000 Mz E R e,

roll-off 0 2w
TX (basestation)
| Tx power per PA (output P_1dB) 12.00 [dBm
Number of antennas per sub-array (TX) 100 | 1.00 | 1.00 | 1.00
Number of sub-arrays (TX) 128.00 |128.00 | 128.00 | 128.00 . . . . .
Lens gain 000 | 0.00 [ 0.00 | 0.00 [dB Fig. 5. Transmitter front-end integrating BiCMOS
Antenna element gain 5.00 5.00 | 5.00 | 5.00 |dBi . . .
[Total array gain (20log(NbX) +..) 4714 (4714 [ 47144 [ 4714 [dB and InP chips within an advanced RF packaging
|TX interconnect loss (<0 dB) -4.00 | -4 g i . . .
[Bacicoff from P_1dB (>= 0 0 (on the left) and receiver front-end integrating a

otal EIRP

Channel
LOS loss -141.35 [-121.71]-114.79]-105.88[dB
Atmospheric attenuation factor (LOS) 0.000 dB/m
Atmospheric attenuation (with range) 0.00 0.00 | 0.00 | 0.00 [dB
RX (UE)
lumber of antennas per sub-arrays (RX) 1.00
lumber of sub-arrays (RX) 12.00
Lens gain 0.00
Antenna element gain 5.00
Total array gain (10log(N) + ...) 15.79
[RX interconnect loss (<0dB) -4.00
Received power including array gain 7442 g
 Thermal noise -77.01 d
Noise figure 9.00 X
Implementation loss (Analog and Digital) -3.00 .
EVM from non-additive effects (phase noise, ...) | -23.00 | -
Link margin =
[Input referred noise (including EVM) -63.01 | -62.
SNR, Range, Bit rate
Required SNR_(coded BER = 3e-7) -11.40 | 8.10 | 0.00 | 0.00 [dB
Achieved SNR -11.41 | 8.09 | 14.50 | 20.49 [dB
SNR difference - link margin -0.01 | -0.01 | 14.50 | 20.49 [dB
Max range 1992.73|207.71 | 93.59 | 33.55 |m

Fig. 3. Link budget for UE RX downstream.
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140000 MI
wavelength (lambda) 0.0021 m
bandwidth 5000 MI
roll-off 0
TX (UE)
Tx power per PA (output P_1dB)
Number of antennas per sub-array (TX)
|Number of sub-arrays (TX)

Lens gain
Antenna element gain

Total array gain (20log(Ntx) + ...)

TX il loss (<0 dB)

Back-off from P_1dB (>= 0 )

Total EIRP

TRP.

Channel

LOS loss (Friis)

Atmospheric attenuation factor (LOS)
Atmospheric attenuation (with range)

RX (basestation)

Number of antennas per sub-arrays (RX)
Number of sub-arrays (RX)

Lens gain
Antenna element gain
Total array gain (10log(Nrx) + ...) .

RX i loss (<0dB) -
Received power including array gain -74.
Thermal noise

Noise figure
Implementation loss (Anals

Frequency
Carrier frequency

0.00 0.00 [ 0.00 | 0.00 |dB
11.41 | 8.09 | 14.50 | 20.49 |dB
-11.41 | 8.09 | 14.50 | 20.49 |dB
1024.03| 106.74 | 48.10 | 13.70 |m

Fig. 4. Link budget for UE TX upstream.

to achieve a 100-m link distance without
exceeding the EIRP or TRP limits. For the
UE RX downstream, a distance of 100 m
is only achievable for modulation schemes

BiCMOS chip within an advanced RF packaging
(on the right).

up to 16 QAM, with a raw data rate up to
20 Gb/s, but not for 64 QAM, which offers
a raw data rate of 30 Gb/s. Similarly, for
the UE TX upstream, a distance of 100 m
is only feasible for modulation schemes
up to QPSK (Quadrature Phase Shift
Keying), providing a raw data rate up to
10 Gb/s. It is important to note that these
specifications are intended for the system
(and subcircuits) design purposes, and the
requirements for the final demonstrator
will be relaxed to mitigate risks.

1. SPECIFICATIONS

The integration concept of TX and
RX envisioned in this project is shown in
Figure 5. The RX front-end has a chip in
ST BiCMOS B55X technology, embed-
ded within an advanced RF packaging by
AT&S [11]. The TX front-end comprises
a chip in B55X and last stages of PAs in
III-V-Lab InP technology. To showcase
beamforming, both TX and RX imple-
ment phase-shifting array on chip.

Two 5-GHz channel bandwidths are
targeted: from 143.5 to 148.5 GHz and
from 151.5 to 156.5 GHz. These are a part
of the four bandwidths recommended by
[12], as shown in Figure 6. Accordingly,
the TX and the RX front-ends are spec-
ified to work from 143.5 to 156.5 GHz.

A. Transmitter

The primary specifications for the trans-
mitter (TX) front-end, as determined from
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130-134

Fig. 6. Channel bandwidths recommended by
[12], and targets for this project: 143.5-148.5 GHz
and 151.5-156.5 GHz.

the link budget (Figure 4), include output
power, bandwidth, and signal-to-noise
ratio (SNR). Additionally, a key focus is
placed on achieving the overall efficiency.
The output power is currently set at a 1-dB
compression point of 18 dBm. However,
ongoing studies are exploring the trade-off
between this high power requirement and
the efficiency of InP, which may result in
a potential downgrade of this specification
to 15 dBm. Ensuring an SNR well above
23 dB for a coded 64-QAM modulation
scheme is crucial. To achieve this, we
have opted for an up-conversion transmit-
ter (TX) topology based on a wideband
intermediate frequency (IF) instead of a
zero-IF one. This decision helps mitigate
SNR degradation caused by baseband
direct current (DC) offset and in-phase/
quadrature (I/Q) imbalance.

B. Receiver

We propose a four-path RX architec-
ture, shown in Figure 7, as a trade-off
between ease of integration in phased
arrays, silicon area, power consumption,
and heat dissipation. The considered
application requires four RX antenna
paths, synchronized by their common fre-
quency reference input. The noise figure
of the RX is reduced by the shrinking of
the antenna interconnection length due to
3D packaging, and innovative LO phase
shifting, instead of lossy RF phase shift-
ing (vector modulator, switched delay
cells, etc.). We expect to save power
consumption and area while improving

Qgsre lgsry

ILO(O,)

ILO(O,)

_q
S
®g)
1550
K&

_______________________________

Fig. 7. Proposed receiver architecture.

TABLE II
MAIN RECEIVER SPECIFICATIONS.

Gain: 10-57 dB, NF: 9 dB,

Receiver BW: 142.5-157.5 GHz
Gain: 18/10 dB, NF: 7.5 dB,
LNA 1IP3: —15/-7 dBm
Gain: 3/-9 dB, NF: 20 dB,
I/Q mixer 1IP3: 3/11 dBm,
3° phase imbalance
Frequency: 36.5/38.5 GHz,
LOin Phase noise: —107 dBc/Hz@1
MHz & —137dBc/Hz noise floor
Phase . .
shifters 2 + 4 bits resolution

performance. Here we consider zero-IF
direct conversion mixing over a wide
bandwidth (2 x 2.5 GHz).

From the lowest sensitivity level to the
maximum input power, the RX shall cope
with a power dynamic range of 47 dB,
from —67 to —20 dBm. Part of it (30 dB)
shall be handled by the base band vari-
able gain amplifier (VGA). Moreover,
low gain modes shall be considered for
low-noise amplifier (LNA) and mixer to
de-saturate the RX. A summary of speci-
fications is shown in Table II.

IV. IMPLEMENTATION
A. Transmitter Front-End in BiCMOS

The TX architecture proposed in
the SHIFT project, shown in Figure 5,
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incorporates a wideband IF system, fol-
lowed by a BiCMOS phased-array TX
front-end, used to drive InP PAs. An
RF interposer will be used to host the
BiCMOS/InP chips and to integrate
antennas and interconnections.

In the BiCMOS TX front-end, the IF
signal is up-converted to the D-band
frequencies using a mixer. The local-
oscillator (LO) signal is generated at a
lower frequency and then a frequency
multiplier is used to drive the mixer LO
port. To avoid the severe losses of pas-
sive mixers, the TX up-conversion mixer
topology is Gilbert cell-based. The output
1-dB compression point of the Gilbert
cell block must be carefully designed to
make sure that the mixer does not intro-
duce severe compression to the chain
under the large input power level required
to saturate the PAs. A wideband matching
at the IF port is achieved by either using a
resistive-feedback inverter or by adding a
resistive termination at the gate of the IF
transistors to reduce the input impedance.
The LO power level required to achieve
acceptable linearity and gain is deter-
mined so that saturated LO drivers deliver
this power level to the LO transistors with
reasonable efficiency.

Following the mixer, power dividers
are used to drive the phase shifters. For
power splitters, the Wilkinson topol-
ogy offers scalable power splitting with
good isolation between the array ele-
ments. Wilkinson power splitters can
be implemented based on transmission
lines, lumped components, or transform-
ers. Although transmission-line-based
Wilkinson dividers generally have low
loss, wide bandwidth, and are simple to
implement, they are usually not adopted
on chip at lower RE/mmWave frequen-
cies (e.g., 30 GHz) due to the large area
they require (/4 ~ 2.5 mm at 30 GHz).
However, at 150 GHz, A/4 drops to

500 um or even lower length; therefore,
transmission-line-based Wilkinson power
splitters can be feasible at D-band with
reasonable area. With such a transmis-
sion-line-based  Wilkinson topology,
matching and isolation > 12 dB can be
expected and an insertion loss of around
0.5 dB (on top of the 3 dB fundamen-
tal loss) is expected across the whole
D-band.

Finally, phase shifters precede the InP
PAs. Phase shifters typically build active
vector modulators or passive implemen-
tations. The latter mainly include reflec-
tive-type phase shifters, switched-type
phase shifters, or switchable transmis-
sion lines. Reflective-type phase shifters
require high-order loads (e.g., CLC loads)
and/or cascading multiple units to achieve
the 360° phase range. However, in the
D-band, on-chip varactors often exhibit
significant losses and offer limited capac-
itance tuning range. As a result, these
limitations can lead to increased insertion
loss or a reduction in the achievable phase
range. Similarly, utilizing switched-type
phase shifters or switchable transmis-
sion lines may necessitate a cascade of
multiple stages with numerous switches,
thereby increasing the insertion loss of the
phase shifter to over 10 dB at D-band. To
circumvent the insertion loss associated
with passive implementations, the trans-
mitter (TX) phase shifters will be based
on a vector modulator architecture. VGAs
using multiple cells of common-source
stages should be implemented with dif-
ferent gain weights, connected in par-
allel. The power combination of the 1I/Q
components by summing the outputs
of the VGAs in the current domain, and
the 0°/180° phase flipping is achieved
by switching the terminals of the dif-
ferential output. The phase shifters are
planned with 4-bit accuracy (22.5° phase
resolution) accordingly. Such a BICMOS
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front-end will drive high-power InP PAs
on the same interposer.

B. Power Amplifiers in InP

The InP DHBT (Double Heterojunction
Bipolar Transistor) technology of III-V
Lab [4] is natively optimized for high-
speed analogue—digital electro-optical
interfaces (for optical fiber applications):
transistor’s figures of merit are optimized
for fast current switching, high voltage
drive, and wideband operation. The first
run of D-band PA in SHIFT is therefore
essentially an evaluation of the achievable
performance with respect to the state-of-the
art, which will serve as a guideline for (i)
improving transistor design and (ii) select-
ing circuit design options and techniques
(power cell topology, matching methods,
power combining options, etc.). The used
0.5-um InP DHBT technology has an fT/
fMAX ~ 380/520 GHz for a 0.5 x 5-um2
device at Vce = 1.6V and Jc = 7 mA/um?2.
Besides T and fMAX, the breakdown volt-
age (BVceo =4.2 V) and knee-voltage (Vk
~ 0.8 V) are also important metrics for PAs
that are directly impacting output power
(P_) and power-added efficiency (PAE).
To estimate realistic expectations, an ide-
alized parallel-tuned prototype PA has
been initially considered, which showed
an advantage for the class-AB operation
in terms of PAE and P, (compression
point). Based on this, the common-base PA
topology is shown in Figure 8.

The layout is based on thin-film
microstrip lines for compactness and over-
all lowest interconnect loss. The design
exploits two-finger 0.5 x 5-um2 devices
for the power stage and single-finger 0.5
x 7-um2 device for the driver. The chosen
topology draws inspiration from [5].

Initial simulation results indicate a gain
G, =8.5dB,P ,=12.2dBmand PAE

1dB max

= 13.4% at 140 GHz. These findings
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Fig. 8. Simplified schematic and layout of two-
way combined power amplifier using common-base
power stage with base capacitance and com-
mon-emitter driver.

underscore the necessity of employing
0.4 pm emitter width devices and opti-
mized multi-finger DHBTs to enhance
performance further. Currently, this
endeavor is underway in preparation
for the upcoming fabrication run. As
anticipated, this initial design serves
as a valuable reference point for future
enhancements and aids in the selection of
viable technology optimization strategies.

C. Wideband Intermediate Frequency

Generating a 5-GHz bandwidth sig-
nal at 150 GHz introduces a major chal-
lenge in designing both the baseband
and the RF sections of the TX in a direct
up-conversion architecture, especially
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if the error-vector-magnitude (EVM)
layer must meet 64-QAM modulation
requirements.

A preferable choice is to create a wide-
band IF signal, based on a multi-carrier
approach, which alleviates baseband
complexity and ensures accurate LO
quadrature generation with moderate
power consumption.

The TX is tested with a 5-GHz band-
width signal having IF placed between 4
and 5 GHz, which combines 4—-8 chan-
nels together, each with maximum band-
width of 100 MHz, EVM and quadrature
accuracy commensurate with 64QAM
modulation.

This solution adds flexibility for sig-
nal allocation within the bandwidth: in a
non-contiguous scenario, the 4-8 chan-
nels can be distributed between 2 and
7 GHz, while in a contiguous scenario,
the 400- to 800-MHz bandwidth supports
multi-carrier performance evaluation.

D. Receiver Front-End in BICMOS

In this paragraph, we will provide a
brief overview of the implementation of
the key blocks of the RX. The first critical
building block is the LNA, with its most
challenging specification being the noise
figure. The schematic selected for the
LNA is depicted in Figure 9. It features
a classical two-stage cascode topology
with input, inter-stage, and output match-
ing networks based on transmission lines.
Due to the limited maximum gain of
bipolar transistors at 150 GHz, the LNA
requires two cascode stages to achieve the
specified overall gain.

Fig. 9. LNA schematic.

The matching network topology
ensures DC biasing through parallel
stubs, and DC isolation between stages
using link capacitors. Stubs are alter-
nating current (AC) short-ended using
custom decoupling capacitors. Matching
networks are EM-simulated including
capacitors to obtain reliable results.

Our first analysis of the topology
shows that we can reach more than 20 dB
of gain in the targeted bandwidth with a
noise factor of 6.5 dB, leaving some room
for the interconnection losses. Further
investigations are ongoing to improve
even more performance.

To generate the four quadrature phase-
shifted LOs, we utilize the architecture
depicted in Figure 10. Every path is fed by
the same frequency reference that oper-
ates at one-fourth of the carrier frequency
(36.5 and 38.5 GHz). The signal is mul-
tiplied by 2 in frequency, before rough
phase shifting on 2 bits (0/45/90/135°) at
73 or 77 GHz. The signal is then again
multiplied by 2 before the fine phase
shifting, operated at the carrier frequency
by an injection-locked phase shifter
(ILPS). From Adler’s theory [13], the
output injection-locked-oscillator (ILO)
phase shift varies between +/-90° within
the locking range. We propose to use

146GHz

154GHz o

146GHz
154GHz

CW signal reference @

Fig.10. Multi-LO frequency synthesis architecture.
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only part of this range (+/-45°) for fine
phase shifting, in order to guarantee lock-
ing margin and linear behavior close to
zero. The phase shift can be obtained by
playing on its natural pulsation through
the variation of the ILO tank capacitance
(switched capacitance and/or varactor
tuning). It is also possible to adjust phase
shift and locking range though the varia-
tion of the injection level [14]. The phase
shifts to apply on the LOs are coded over
2 + 4 bits: 2 bits for the rough phase
shifter, and 4 bits for the fine ILPS phase
shifter. A 5-bit quantization is enough to
generate beams with 3° angle steps and
0.25-dB inter-beam loss. However, 6 bits
are intended for the calibration process.

The ILO implementation is based on
a Colpitts oscillator, enhanced by incor-
porating a locking mechanism through
an injected signal, as shown in Figure 11.
This structure enables the oscillator to
lock onto an external frequency source,
thereby reducing phase noise and enhanc-
ing spectral purity.

The ILPS system utilizes the inherent
characteristics of the Colpitts oscillator,
such as its feedback network consisting

ILPS out

ILPS out

Fig. 11. Colpitt-based ILPS schematic.

of a combination of capacitors (Cl,
Cvar, and input Balun TR1), to estab-
lish a resonant circuit that determines
the oscillation frequency, coupled with
inductive degeneration (L deg) to achieve
higher frequencies. By adjusting the
feedback components, the oscillator can
be finely tuned to the desired frequency
(Figure 12), which is then locked by the
injection of a stable reference signal.

The second critical block of the fre-
quency synthesizer is a 2-bit 0/45/90/135°
broadband phase shifter centered at 75
GHz to address the two usual frequencies
(73 and 77 GHz). This 2-bit phase shifter
using switched transmission line tech-
nique is shown in Figure 13. It is based
on four transmission lines controlled by
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Fig. 12.  Tuning of the locking bandwidth.
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two quarter-wave shunt SP4T high-speed
bipolar switches to take advantage of the
benefits of the B55X technology. Each
switched transmission line is sized to pro-
vide up to 135° of phase delay in 45° steps
(with a maximum phase error of +£3.8° in
the bandwidth). This passive architecture
(SLPS: switched line phase shifter) was
chosen to minimize insertion loss in our
specific case (2 bits with a phase shift up
to 135°). It is a trade-off between a clas-
sic usual passive topology such as SFPS
(switched filter phase shifter [15]) that
presents high RF losses and a more com-
plex active vector modulator phase shifter
type dedicated to 360° phase shift [16].
The power consumption is 7.4 mW. In
terms of performance, the phase shifter
cell can operate in 73—77 GHz bandwidth
and the insertion loss is limited to 3.0 dB
with higher than 17-dB return loss.

E. Advanced RF Packaging

The integration of chips and anten-
nas poses a challenge owing to the high
operating frequency and wide chan-
nel bandwidth. However, realizing the
full potential of SiGe BiCMOS and InP
advanced technologies demands the uti-
lization of cutting-edge integration con-
cepts. Furthermore, advanced simulation
of heat dissipation within the package is
imperative.

The Center Core Embedding [11] is
developed by AT&S and uses an organic
laminate substrate to place monolithic
components (e.g., RF chips) within an
RF-performant multi-layer printed-circuit
board (PCB). As depicted in Figure 14,
the monolithic components are first
embedded within a core dielectric layer.
After this, a stackup of metal and dielec-
tric layers is added on the top and bottom
of the core layer.

The monolithic integrated components
are connected to the first conductive

ECP® Technology
Center Core Embedding

14. AT&S Center Core

Fig.
technology.

Embedding

layers by copper plated micro-vias.
Micro-vias have a better conductivity
compared to solder bonds or aluminum
wire bonds, and introduce smaller induc-
tive and capacitive effects, resulting in
lower insertion losses for the high-fre-
quency signals.

The enforcement to integrate chips
fabricated using different technologies
(BiCMOS and InP) within the same
Center Core Embedding presents sev-
eral challenges. Notably, their thickness
must align with the same core layer, and
the back-end-of-line (BEOL) finishing
of all chips must be compatible with
the same micro-via fabrication option.
Additionally, the dimensions of the chips
are comparable to those of the D-band
antenna, posing challenges for floor plan-
ning and routing within the RF package
itself. These challenges, which are still
under study, are pivotal for achieving the
functional integrated D-band transceiver
envisioned in this project.

F. Antennas in Packaging

The advanced RF packaging tech-
nology is essential to ensure a tight
and low-loss integration of millime-
ter-wave integrated circuits (MMICs)
and high-efficiency off-chip anten-
nas, as well as an accurate and repeat-
able manufacturing of the TX and RX
module at D-band. The constraints of
standard PCB technology, such as the
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minimum conductor width (~75 wm)
and diameter of the vias (~100 pum),
and the related tolerances severely limit
the design flexibility and the achievable
antenna performance beyond 100 GHz.
Among the D-band modules reported in
the literature, only the one described in
[17] uses a standard PCB technology.
The MMIC was flip-chipped using sol-
der bumps on the bottom of the PCB and
excited a 2 x 2 cavity-backed microstrip
patch array on the top side. A moder-
ate sensitivity of the input impedance
of the antenna to the assembly process
and relatively high interconnect losses
(~1.5 dB) were observed. Similar designs
with an external MMIC connected to an
antenna-in-package (AiP) were realized
using High-density interconnect (HDI)
PCB technology [18] and semi-additive
processing [19], enabling design features
down to 40 and 15 um, respectively. The
matching and gain bandwidth of these
antennas are generally less than 15% [19].
With respect to these works, the MMICs
will be embedded in the core substrate of
TX and RX modules, leveraging on the
proposed packaging solution, and directly
connected to the antennas, reducing the
overall occupied area and the intercon-
nect loss. The radiating elements and part
of their feeding structures will be man-
ufactured with several stacked pre-preg
layers, each with a thickness of 20 um,
enabling the realization of micro-vias
with a 20-um diameter and a minimum
conductor width of 15 um. A main
objective is to limit the number of pre-
preg layers, to enhance the robustness
and viability of the modules, achiev-
ing at the same time a fractional band-
width of 10% or greater. To this end,
several antenna designs are being devel-
oped and compared. Different solutions
could be optimized for the TX and RX
modules, considering the specific inte-
gration and performance requirements
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Fig. 15.
a) top-view of HFSS model, b) cross-section of the
antenna stack-up (prepreg layers on top of the core).
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of each system, as well as the manufac-
turing capabilities available for the final
demonstrators.

Regarding the TX array, a probe-fed
patch antenna element has been designed,
as part of the initial system-level study. It
comprises a single coplanar parasitic radi-
ator to widen the bandwidth. Figure 15a
shows the top-view of the simulation
model of the design and Figure 15b illus-
trates the related cross-section, includ-
ing six 20-um thick Ajinomoto build-up
films, modeled as dielectrics with a rela-
tive permittivity of 3.2 and a loss tangent
of 0.01. The simulated input reflection
coefficient and gain of the stand-alone
antenna are plotted in Figure 16 as func-
tions of frequency. The current —10 dB
matching bandwidth of the antenna
ranges from 140 to 160 GHz with a gain
higher than 6 dBi.

In parallel to standard patch anten-
nas, a more complex radiating element,



126 SUB-THZ TRANSCEIVER DESIGN FOR FUTURE GENERATION MOBILE COMMUNICATIONS

a magnetoelectric (ME) dipole [20], is
under development for the RX system.
This antenna generally attains a higher
gain and a wider bandwidth with respect
to patches, for a given electrical distance
between the radiator and ground plane.
The technological feasibility of a prelim-
inary ME dipole has been validated. The
distance between the printed dipole and
the ground plane is 120 um (six pre-preg
layers). The ME dipole is fed by a sub-
strate-integrated waveguide in the core
substrate. The simulated peak gain is 8.7
dBi at 156 GHz and the —3 dB gain band-
width spans from 137.5 to 165 GHz.

An additional design iteration is antic-
ipated for both proposed antennas to
enhance the performance of the trans-
mitter (TX) and receiver (RX) antenna
arrays, as they are influenced by mutual
coupling among the elements and finite-
size effects. Furthermore, the RF inter-
connects from the MMIC through the
core substrate, require thorough consider-
ation. Particularly critical is the optimiza-
tion of these transitions, especially for the
InP PAs of the transmitter.

Finally, a second design of the
antenna-in-package (AiP) is envisioned
to co-optimize the impedance of each
antenna element with the impedance of
the corresponding input (output) of the
RX (TX). This co-design may be greatly
beneficial, with respect to standard conju-
gate matching approaches, to enhance the
SNR of the RX module and the scanning
range and EIRP of the TX array.

V. CONCLUSION AND OUTLOOK

This work focuses on the development
of an innovative transceiver prototype
suitable of future generation mobile com-
munication. Leveraging the broad spectral
bandwidth beyond 100 GHz, this trans-
ceiver targets to utilize two 5-GHz RF
channels at D-band, namely 143.5-148.5

GHz and 151.5-156.5 GHz. We aim to
demonstrate wireless beamformed links
between a TX phased-array front-end and
a RX phased-array front-end.

An initial study of the link budget is
presented, envisioning LoS communi-
cation between a BS and a UE, achiev-
ing data rates of up to 30 Gb/s over a
distance of 100 m. The specifications
derived for the upstream transmission
from the UE and downstream reception at
the UE guide the circuit design process.
Howeyver, the final demonstrator aims for
a less demanding wireless link scenario.
This approach is adopted to mitigate risks
and allows us to concentrate on address-
ing the critical technical challenges asso-
ciated with technology integration.

The RX uses ST BiCMOS B55X tech-
nology while the TX combines chips in
ST B55X and III-V-Lab InP technologies.
The B55X technology boasts top-of-the-
line performance for RF and mixed sig-
nal applications on silicon, whereas the
InP technology excels in efficient ampli-
fication and power delivery beyond 100
GHz. Integration of both TX and RX
front-ends will be accomplished within
an advanced multi-layer RF packaging,
featuring antennas that promise low-loss
RF performance at D-band. The proposed
circuit topologies for the B55X RX and
TX front-ends, as well as for the InP PAs,
prioritize RF functionality and efficiency.
The antennas are designed on one side of
the RF advanced packaging stack-up. The
TX RF packaging, integrating both B55X
and InP chips with distinct BEOL finish-
ing, demands extra attention.

All these preliminary studies and
choices guide the continued chip designs
and fabrications. Firstly, the tape-out of
critical test structures is planned, includ-
ing test vehicles for the RF packaging.
Subsequently, the design of chips and
packaging for the final wireless demon-
strator will be executed.
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Abstract—This work presents a trans-
mitter-only phased antenna array archi-
tecture for Ka-band satellite applications,
specifically from 25.5 to 27 GHz. The design
targets an optimum design point among the
number of elements, the output power from
each transmitter, the antenna EIRP, and its
steering capabilities. The core of the system
relies on a custom designed power ampli-
fier based on AlIGaN/GaN epitaxy grown
on 4-inch SiC substrate featuring 20 dB
of gain and 28 dBm of saturated power.
The antenna array front-end is envisaged
as a lattice of 64 hollow metallic horns,
spaced by 16 mm from each other. The
amplifiers paired with the antenna array
targets 70 dBm of EIRP, even considering
the maximum beamsteering configuration
of +20°. The proposed concept highlights
the flexibility in targeting different power
levels, antenna gain, and steering capabil-
ities to finally address a large number of
use-cases.
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I. INTRODUCTION

MONG the characteristics of

a transmitting phased antenna

array (PAA), the effective isotro-
pic radiated power (EIRP) is one of the
most important. In fact, the received sig-
nal-to-noise ratio is mostly affected by the
EIRP at the transmitter side of the link.
However, the maximization of both the
amount of radiated power and the antenna
gain implies trade-offs, which can limit
the applicability of the array system
itself. For example, an enhancement of
the antenna gain leads to a cumbersome
reflector or a large array footprint, which
can be an issue for both terrestrial and fly-
ing transceivers.

The millimeter wave (mmWave) front-
end for transmitters on-board to satellites
and spacecrafts is generally demanded to
a travelling wave tube amplifier paired
with a low gain antenna element. The
aforementioned amplification stage has
excellent performance in terms of power
handling, linearity, efficiency, and reli-
ability, proven since decades. However,
motors and actuators are generally
exploited to allow a fine compensation of
the beam direction with disadvantages in
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terms of on-board mechanical hindrances,
weight, reliability, and costs.

Phased antenna array (PAA) is proven
to be the solution since it is fully custom-
izable [1-4], scalable in EIRP and fre-
quency, and can be even flat, overcoming
the adoption of standard parabolas or iso-
flux antennas. Basic elements can be fed
or clustered, balancing EIRP and steering
capabilities [5].

However, PAAs exhibit a main draw-
back in use-cases where high EIRP is
required and the available power supply is
limited. The adoption of a large number of
radio frequency (RF)-integrated circuits
leads to a significant amount of power
drawn from the system. The main respon-
sible is clearly the final amplification
stage where the power added efficiency
(PAE) is the main feature to be taken into
account in PAA systems. Not less import-
ant, PAE tends to drop for higher frequen-
cies, but in modern systems, the trend is
to push the connectivity in the mmWave
range to exploit wider channels and, in
turn, higher data throughput at a given
constellation scheme [6-8].

Power amplification stages based on
GaN on SiC have been proved to be the
perfect candidate when the power effi-
ciency is paramount, even above the stan-
dard microwave frequency bands [9]. The
envisaged architecture of PAA perfectly
suits the adoption of power amplification
stages based on GaN since it opens the
possibility to keep high the output power
level without an exponential growth of the
overall power consumption of the system.

The concept introduced with this man-
uscript is named ESKaA, which stands
for “Electronically Steerable Ka-band
Antenna.” ESKaA exploits a custom-
designed GaN-on-SiC PA and a uniform
lattice of 64 horns as radiating elements
where the main features are reported in
Table I. This manuscript is organized in
five sections: Section II introduces the

TABLE 1.
SPECIFICATIONS BASED ON THE IDENTIFIED
Use-CASE.
Specification
Operational net bandwidth 25.5-27 GHz
Polarization Circular
EIRP (guaranteed at max scan ~70 dBm
angle)
Scan angle (free from grating +20°
lobes)
DC power consumption <120 W
Dimensions (max footprint) 200 x 200 mm?

most important trade-off in the phased
array design, Section III describes the
design of the PA, and Sections IV and
V show the system architecture and
the antenna performance, respectively.
Section VI concludes the paper.

II. TRADE-OFF IN THE PHASED
ANTENNA ARRAY DESIGN

This section describes an effective way
to preliminarily estimate the array order
N and the recommended output power
P, on each amplifier. The method con-
siders, as input, the required EIRP and the
gain of the basic radiating element. To do
so, the starting point is the definition of
EIRP in dBm, which can be calculated by
the following equation:

EIRP =10 log, (N) + G + 10 log, (N) + P,

where G is the gain of the base-block
element in decibel and P_, is expressed in
dBm. Here it is assumed that each base-
block antenna is fed by a single active
component. Another assumption is that
the base antenna is a circularly polarized
horn with 12 dBi of gain. Considering the
above-mentioned assumptions, Figure 1
shows a trade-off between P, N, and
EIRP. The more EIRP is needed, the
greater the array order or output power



KEY ENABLING TECHNOLOGIES FOR FUTURE TELECOM APPLICATIONS 135

e EIRP: 70 4B
e EIRP: 71 0B
1200 EIRP: 7248 | |
e EIRP: 73 4B

EIRP: 74 dB

No. active elements (N)

20 22 24 26 28 30
Ptx per active element (dBm)

Fig. 1. EIRP, N, Py trade-offs in the considered
phased array antenna architecture.

TABLE 2.

TrRADE-OFF IN TARGET EIRP (G = 12).
EIRP (dBm) = 70 71 72 73 74
P forN=7x7 24 25 26 27 28
P forN=8x38 22 23 24 25 26
P, forN=9x9 20 21 22 23 24

P, forN=10x 10 18 19 20 21 22

required, as expected. Considering a
square array (N), the data extrapolation
from the graphs in Figure 1 can be carried
out and it is reported in Table II.

The minimum 70 dBm of EIRP must
be guaranteed even when the beam is
steered at +20°. Since a maximum scan
loss is expected in the order of 2 dB of
steering, the minimum EIRP must be
updated to 72 dBm.

In order to have some margin, the combi-
nation with EIRP =74 dBm, with N=8 x 8
elements and P, = 26 dBm is chosen for
the PAA design. The choice was also moti-
vated considering the achievable average
output power P of the designed GaN-on-
SiC power amplifier (with the hypothesis
of 2.5 dB of back-off for a 64-APSK mod-
ulation scheme). More details of the ampli-
fier are given in the following section. This
preliminary analysis serves to initially size
the complexity of the design. The final
parameters may change depending on the

challenges encountered during the actual
design of the amplification stages, as well
as the antenna system.

III. GAN-ON-SIC POWER
AMPLIFIER

The GaN on SiC power amplifier is
designed using UMS foundry’s GHI15
process, based on AlGaN/GaN epitaxy
grown on 4-inch SiC substrate. The tran-
sistor features a T gate of 150 nm length,
whose shape and fabrication processes
have been optimized for ensuring good
reliability properties. A source-terminated
field-plate is added to reduce the feed-
back capacitance for a higher gain at RF
frequencies. The technology shows a DC
saturated drain current around 1.2 A/mm
and a DC maximum transconductance
(g,) close to 400 mS/mm.

The substrate is thinned to 70 um by
means of a back-side process that ensures
the compatibility with both soldering and
gluing-based assembly processes. Other
figures of merit of the technology are
power density at 30 GHz around 3.5 W/mm
and a maximum oscillation frequency
(f,) above 80 GHz. These figures
demonstrate the technology is well-suited
for Ka-band applications. More process
details are found in [10] and [11].

The PA design targets, in the 25.5-27.0
GHz band, are 20 dB gain, an output
power higher than +25.5 dBm and 30%
PAE, to be maximized within the technol-
ogy limitations.

The first step in PA design is to size the
total periphery of the final stage transis-
tor. This step is performed considering
the required output power (>25.5 dBm)
and considering approximately 1 dB
resistive loss of the output matching
network (OMN). This leads to approx-
imately 27 dBm at device level (i.e.,
500-600 mW). The selected technology
can provide a power density of 3.5 W/mm
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VDD,=20 V
VGG=-2.5V

VGG,=2.5V VDD=20 V

DRIVER
2x50 um

Fig. 2. Simplified PA block diagram.

at +25 V drain voltage. However, we
selected to operate the device at a more
conservative 3.0 W/mm and +20 V drain
voltage to apply space derating condi-
tions, therefore improving reliability. As a
result, the total periphery of the final stage
is 0.2 mm. A four-finger by 50 um device
is selected to balance the competing
requirements of output power, efficiency,
and gain. The gain of the final stage is
computed to be 10 dB and a two-stage
topology is required to achieve a gain
greater than 20 dB, sketched in Figure 2.

Another reason for lowering the drain
voltage to +20 V is to improve efficiency.
Furthermore, the PAE of the single device
is approximately 40%; so realistically it is
only possible to achieve 30% of PAE in a
two-stage PA.

The OMN (Figure 2) is designed to
exhibit a purely resistive load at the intrin-
sic voltage-controlled current source
of the final stage transistor. Likewise,
to improve efficiency, short circuits are
imposed on the higher order harmonics at
the same section of the circuit.

The size of the driver (first stage) Field
Effect Transistor (FET) is half that of the
final stage, as a compromise of linearity,
gain, and efficiency at amplifier level.
The small-signal gain of active devices is
approximately 17 dB while the cumula-
tive loss of passive structures is 3 dB.

Stability networks (STAB NET in
Figure 2) are inserted in the HPA to guar-
antee device unconditional stability over
a very wide range of frequencies, practi-
cally from 100 MHz to f, .

9626_URM2_ELEKID

Fig. 3. PA layout. Chip size is 3.0 mm x 2.0 mm.
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Fig. 4. PA simulated S-parameters. The dashed
vertical lines define the operating bandwidth.

Finally, the input matching network
and Inter-stage Matching Network (IMN)
are designed to provide gain/power termi-
nations at the considered active device’s
terminals in the operating bandwidth.

The PA’s layout is provided in Figure 3.
The size is 6 mm? and is essentially fixed
by the foundry’s multi-project wafer run
constraints. A smaller chip footprint could
have been obtained in a dedicated wafer
run. The simulated PA linear performance
is shown in Figure 4. The blue traces rep-
resent simulations using the benzocyclon-
bute (BCB) option, while the red traces
indicate when the nominal (qualified)
manufacturing process is applied. For
this manufacturing iteration, we opted
for BCB protection, to improve chip rug-
gedness in harsh operating environments.
The DC gate voltage is adjusted around
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Fig. 5. PA simulated gain and PAE as a function
of output power. Three traces are provided for each
parameter at 25.5, 26.25, and 27.0 GHz.

—2.4 V to obtain an overall DC drain cur-
rent, in linear operating mode, of 60 mA
(20 mA on the driver and 40 mA on the
final stage). The DC drain voltage is set at
+20 V as per design choice.

The gain is well above 20 dB in the
range of 25.5-27.0 GHz. As shown in
Figure 4, and the input matching is better
than 15 dB, while the output matching is
between 7 and 10 dB depending on the
selected production process.

The PA’s simulated nonlinear perfor-
mance is provided in Figure 5. The sat-
urated output power reaches +28 dBm,
therefore fulfilling the >25.5 dBm
requirement. For this high output power
level, the PAE reaches 30% while requir-
ing more than +10 dBm input power. If
the PA is operated in back-off, around
+25.5 dBm output power, then the PAE
is reduced to 23%. The advantage is that
a significantly lower RF input power
is required, which is only +5 dBm. The
overall DC drain current reaches 80 mA
at +26 dBm output power and 100 mA at
saturated output power (+28 dBm).

Lastly, the final stage HEMT junction
temperature (Tj) is plotted in Figure 6.
This parameter is critical to ensure ade-
quate device reliability. Recent indica-
tions by the European Space Agency
(ESA) reported in [12] recommend this
value should remain below +160°C to

150

Tj, final stage (°C)
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Fig. 6. PA final stage HEMT junction temperature
as a function of output power and base-plate tem-
perature 25/50/75 °C. Three traces are provided for
each set of data at 25.5, 26.25, and 27.0 GHz.

ensure adequate reliability in components
employed in spaceborne payloads. This
channel temperature operation is obtained
by design, applying the synthesis meth-
odology reported in [13] where the clas-
sical power amplifier design paradigm is
reconsidered shifting to a thermal-aware
design approach. The MMIC has com-
pleted the manufacturing process and is
currently being tested to verify the com-
pliance with design targets and simulated
data.

IV. ESKAA SYSTEM
ARCHITECTURE

The proposed concept is envisaged as a
64-element transmitting only PAA oper-
ating in the lower portion of the Ka-band.
Table I summarizes the most important
features of the intended antenna system,
but this section deals with the foreseen
architecture of the overall printed circuit
board (PCB) and antenna assemblies,
sketched as a simplified block diagram in
Figure 7.

The phased array is based on a com-
plex electronic system designed onto
a 12-metal layer 200 mm x 200 mm
PCB. The copper clads and layers are
mixed per type and thickness to accom-
plish different tasks. The top layer is
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Fig. 7. System block diagram of the phased array.
RF paths (green), digital and monitoring functional-
ities (yellow), and power tree (red) have been high-
lighted in this sketch.

principally devoted to route the Ka-band
signal. A 4-mil Rogers 4350B LoPro
has been chosen as premium RF mate-
rial with a 17 wm copper foil featuring
a very low surface roughness. Down to
the fifth copper layer, the chosen dielec-
trics are larger in thickness but very
similar to the top one per electrical pro-
prieties. This choice guarantees optimal
performance in the microstrip-to-wave-
guide launcher, exploited as feeding
system for each horn antenna. From
fifth to the bottom layer, the dielec-
trics are FR4-like since no RF signal is
routed. The copper clads of inner layers
have been chosen accordingly to their
main functionalities: layers 3 and 6 are
35 um thick to route the +5 V supply
up to 20 A, layers 9 and 11 are 70 um
thick to supply the beamformer ICs with
the +1.8 V and +2.2 V high-current rails,
and the remaining layers are 17 um thick
to mainly support digital signals and
medium-to-low power supplies.

The RF architecture relies on single
feeding point, designed as a 2.92 mm
end-launch connector. Then, a planar
splitter tree based on a cascade of cus-
tom-designed Wilkinson divider and the
series of two gain block feeds with 16

ICs. Each chip has two common input
ports and is foreseen to be connected
to the final PA stage and serves a sub-
array of 2 x 2 horns. The overall network
embeds 31 splitters loaded with 0201
commercial 100 Ohm resistors, rated up
to 50 GHz. Given the top-layer physical
and electrical features, the calculated loss
per unit length of the 50 Ohm microstrip
has been computed as 24 dB/m with an
overall routing of 200 mm. The analog
front-end finally exploits the GaN-based
PA, described in the previous section,
which directly feeds the antenna through
ad-hoc launchers.

The PAA design also includes digital
features. A microcontroller unit (MCU)
is exploited to manage Serial Peripheral
Interface (SPI) connection with the
beamformer ICs. Digitally controlled
multi-channel digital-to-analog convertors
are also embedded to finely adjust the ana-
log PA gate biasing and to partition each
drain supply for a programmable start-up
sequence. Analog-to-digital convertors are
used to read current sensors placed along
the main supply rails. Standard USB con-
nectors enable the MCU programming
through an external device.

A single power supply of +50 V is cho-
sen to fully bias the system. A three-polar
connector is mounted directly onto the
PCB and connected to the main DC/DC
isolated power converters through a capac-
itor filtering scheme, a fuse in case of short
circuit, and a circuit to prevent reverse
polarization biasing. The down-conver-
sion drops the supply to +5 and to +20 V.
The main +5 V rail is then routed to five
non-isolated DC/DC point of load con-
verters. One is devoted to down-convert
the +5 to +1.8 V up to 12 A, whereas the
other four convert the main rail to +2.2
V up to 8 A each. The main supplies +5
and +20 V directly bias the drains of the
RF gain blocks and the final PA stages,
respectively. An Low-Dropout regulator
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(LDO) is also present to generate the neg-
ative supply voltage of —2.5 V, needed for
the gate biasing of the power amplifiers.

The arrangement of the components
on the circuit board needs to be properly
taken into account. The split of PCB lay-
out into different functional areas (RF,
digital, and power) is one golden rule in
electronic design, especially in a complex
system like a PAA. Additionally, the over-
all assembly needs to accommodate also
waveguide structures to feed the matrix of
64 circular horn antennas.

Each microstrip-to-circular waveguide
launcher is designed on the top layer of
the PCB where the lowest RF losses are
expected and where the whole RF circuit
is foreseen. However, the launcher needs
a circular backshort; then the stack-up
thickness has been designed to match
exactly the quarter-wavelength dimension
needed by the transition. To diminish the
losses, lower FR4-like layers are milled in
correspondence of each waveguide feed.
Contrarily, the upper low-loss dielectric
layers fully cover the circular section
allowing the penetration of the microstrip
launchers inside the waveguide footprint
and reinforce the membrane beneath the
antenna structure.

The whole PCB is supported by a flat
metallic carrier, made by aluminum. A sil-
ver finishing is foreseen since each wave-
guide backshort is sealed by the metallic
surface. The carrier is then machined to
allow a perfect matching with the com-
ponents placed on the bottom side of the
stack-up. The overall assembly is then
closed by a cover, fully machined from
a single aluminum block. The cover has
multiple functions: it acts as antenna since
all the 64 circular horns are engraved into
this top part, but it also serves as heatsink
for the beamformer ICs and the main DC/
DC converter. The overall weight of the
bottom and top mechanical parts is in the
order of 1.2 kg.

Gain (dBi)
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phi =90°
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Fig. 8. Directivity cuts for @ = 0°/90° and 3D
view of the basic radiating element.

V. UNIFORM GRID ANTENNA
SIMULATIONS

The first implementation of ESKaA is
envisioned as a uniform grid of 8 x 8 cir-
cular horns.

The design of the basic antenna has
been addressed considering the trade-
off in the phased array design. A larger
antenna element will result in a larger
pitch between each radiator than a higher
gain but lower steering capabilities. On
the contrary, a matrix of smaller horns
can address wider steering angles at the
cost of an overall lower array factor gain.
The balance has been found considering
the regular lattice of 64 horns delivering
12.2 dBi of gain.

The preliminary antenna design follows
general rules of circular horn synthesis,
well described in [14]. The input wave-
guide is 8 mm in diameter, whereas the
aperture diameter is 15.2 mm. The horn’s
flare is set as 10 mm, an optimal trade-off
between aperture efficiency, input match-
ing and thickness of the foreseen metal-
lic cover, which has to accommodate the
antennas. Figure 8 shows the directivity
of the basic element estimated through an
antenna synthesis. The slight differences
in the Half Power Beamwidth (HPBW)
between the 0° and 90° cuts are aligned
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Fig. 9. Lattice of 64-horn antenna elements. Dark
gray dotted circles show the footprints of the input
circular waveguides, whereas the larger gray circles
mimic the 15.2 mm horn apertures.

with the fact that the formulas refer to a
linear polarized feeding. A preliminary
3D view of the antenna is also shown in
Figure 8 to highlight the involved aspect
ratio between input waveguide diameter,
the horn’s aperture, and the flare length.

The array is the composition of the
basic radiators in a uniform square lat-
tice of 8 x 8 elements, as sketched in
Figure 9. The normalized radiation pat-
tern of the array is shown in Figure 10.
The maximum gain is however lower
with respect to the target since it stops to
26.9 dBi. The overall EIRP of the system
is then 71 dBm when combined with the
total output power of 26 dBm from the 64
antennas. The graphs in Figure 10 also
show the theoretical beamsteering perfor-
mance of the PAA. The evaluated tilted
angle is up to 20°, which is the maximum
allowed to be free from grating lobes in
the observation range of +20°. Thanks to
the normalization, the scan loss is high-
lighted and evaluated in 0.11 dB/°. First
secondary lobes appear to be —13 dB
from the peak gain, without applying any
amplitude tapering.

The center-to-center distance of 16 mm,
equal to 0.71-A calculated at 26.25 GHz,
makes the square footprint of the array of

Normalized gain (dB)

Theta angle (°)

Fig. 10. Array directivity versus theta angle for
@ = (° in different steering configurations, from
boresight direction to 20° tilt.

128 mm?. The compactness of the array
perfectly fits the designed square PCB of
200 mm?. The remaining areas surround-
ing the antenna-only footprint are devoted
to accommodate the power supply ele-
ments and the digital architecture.
Preliminary antenna synthesis did not
take into account any full-wave simula-
tions. However, the foreseen real imple-
mentation of the horn antenna array will
be based on CNC machining to guaran-
tee extremely tight accuracy and smooth
surface finishing. The horn’s flare will be
approximated with a 1 mm stepped pro-
file in place of an ideal smooth one. This
method allows to significantly reduce the
manufacturing complexity and speed up the
machining time. Silver plating is also fore-
seen on top of aluminum to lower ohmic
losses involved in the waveguide feeding
system and into each hollow antenna.

VI. CONCLUSION

This paper introduces the ESKaA
concept, a transmitting only PAA for
Ka-band applications. The manuscript
gives details in terms of system sizing,
envisaged PCBA architecture, and overall
performance. Core of the PAA is the GaN
PA, specifically designed to match the
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requirements in terms of output power and
PAE, expected to be as high as 28 dBm
and 30%, respectively. Simulations of the
64-element antenna array show a max-
imum boresight gain of 26.9 dB and an
addressable steering angle up to 20°.
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To achieve transmission speeds exceed-
ing 1 Tb/s per channel at low cost/
bit, it is essential to generate electrical
multi-level pulse-amplitude modulated
signals (PAM-4/8) at extremely high sym-
bol-rates (>100 GBaud) [1]. Current dig-
ital systems heavily rely on silicon-based
digital-to-analog  converters (DACs),
which analog bandwidth typically caps
around 30-40 GHz [2]. Consequently,
their signal-to-noise ratio (SNR) is often
sacrificed to digitally enhance their band-
width. This necessitates a DAC with a
high effective number of bits at half the
Nyquist frequency (>3-4 typically),
leading to increased footprint and power
consumption of the DAC IC. Along with
the silicon CMOS data converters, silicon
germanium (SiGe) linear amplifiers are
often used to drive the optical modulators.
However, these SiGe drivers suffer from
a restricted bandwidth x output swing
of less than 180 GHz.Vpp [3]-[4]. As a
consequence, optical transmitter front-
ends are either based on (i) sub-driven

high-bandwidth ~ modulators,  which
restrict the link reach and/or symbol-rate
due to the subsequent optical SNR pen-
alties, or (ii) low-Vpi modulators, com-
promising the overall bandwidth and/or
footprint depending on which technology
is used. Furthermore, power hungry digi-
tal signal processing (DSP) is frequently
used to address various impairments,
including bandwidth limitations, which
significantly  increases  transceivers’
power consumption, the link latency, and
the analog signal peak-to-average power
ratio (PAPR). Higher PAPR demands
higher linearity in the analog front-end,
thereby affecting its power consumption.
Moreover, for next-generation optical
systems operating beyond 200 GBaud,
severe bandwidth degradations are caused
by chip-to-chip interconnections and
packaging [4], requiring extra DSP for
compensation.

However, InP DHBT technologies have
shown a high potential to bridge this per-
formance gap, leveraging their very-high
cutoff frequencies and large output power
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capabilities [5], [6]. Indeed, in [7], using
InP DHBTSs, the monolithic integration
of an analog multiplexer (AMUX) and
a linear modulator driver has demon-
strated record gain-bandwidth product
and output swing. This integrated circuit
(IC) can aggregate two DACs bandwidth
and double their sampling-rate to gener-
ate extremely high symbol-rate arbitrary
signals, while directly driving the mod-
ulator. Moreover, leveraging the same
technology, an electro-optical bandwidth
surpassing 85 GHz has been achieved in
[8], in employing an InP AMUX-driver
and a thin film lithium niobate modula-
tor. This assembly has shown 100-GBaud
PAM-4 optical signals without any sup-
port of DSP. Additionally, InP DHBTSs
have enabled the realization of modulator
driver ICs with performances exceeding
300 GHz.Vpp [9], [10]. Nonetheless,
their integration onto silicon remains a
challenge, to date, posing limitations on
their widespread industrial adoption.

Within the Move2THz project, several
paths are being explored to achieve seam-
less integration of InP technologies onto
Si, within commercially viable frame-
works. This is expected to substantially
expand the opportunities for InP devices
to serve as the backbone of future com-
munication systems’ analog front-ends.

During our presentation, we discuss
the challenges related to the design
of large-swing, high-efficiency, and
extreme-high-symbol-rate analog elec-
tronics for next-generation optical com-
munication systems offering more than
1.6 Tb/s, as well as for 6G mobile systems.
Additionally, we illuminate the potential
of InP-on-Si technologies to enhance sig-
nal integrity, as well as to improve ther-
mal management and packaging.

KEYWORDS

Indium phosphide (InP), InP on silicon
(InPoSi), analog multiplexer (AMUX),
linear modulator driver, Tb/s optical com-
munications, 6G, digital analog converter
(DAC), digital signal processing (DSP)
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In recent years, gallium nitride (GaN)
transistors have become a key enabling
technology for cellular communication
networks, greatly contributing to the
increase in energy efficiency and data
rates of 5G new radio (SGNR) and future
6G. While LDMOS was the principal
high power technology up until the 4G
network, the very stringent constraints
of modern telecommunications, as well
as the opening to new frequency bands
— mid-band (FR3) and millimeter waves
(FR2) — are pushing operators to transi-
tion toward GaN.

As a company, United Monolithic
Semiconductor (UMS) has been com-
mercializing different GaN technologies
on silicon carbide (SiC) substrates for the
past decade, with gate lengths ranging
from 500 down to 100 nm. With power
densities reaching 4.5 W/mm at 30 GHz,

associated with a drain efficiency above
50%, the 150 nm technological node
GHI5 is an optimal candidate for SGNR,
for all its frequency ranges.

Our presentation starts with discussing
the main characteristics and options of
GHI15, along with some simulation and
measurement data at key frequencies
for SGNR applications. The design and
simulation results of a packaged 80 W
Doherty power amplifier, offering more
than 40% PAE at 9 dB back-off, is pre-
sented. This design was co-developed
between UMS and STMicroelectronics
within the SHIFT project. This design is
currently under manufacturing — testing
has been scheduled to start in September
2024. During the second part of our pre-
sentation, we focus on millimeter-wave
FR2 power amplifiers. Some medium-
and high-power UMS products compati-
ble with 5G specifications are presented
together with their challenges associated
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for 5GNR design, including linearity
simulations and measurements. Then we
conclude with presenting the latest tech-
nologies developed by UMS as well as a
roadmap for the upcoming years, paving
the way for future 6G networks.
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The issue of the interaction of free charge
carriers in the substrate with RF signals
propagating through passive and active
devices is well known [1]. This causes
signal and efficiency losses, harmonic
or intermodulation distortion, and cross-
talk between devices. High-porosity,
micro-porous silicon has been proposed
as a potential solution to this problem
[2], because the lateral dimensions of
the remaining inter-pore silicon can be
made small enough to induce a complete
depletion, resulting in some cases in an
effective resistivity above 100 kOhm.
cm. Therefore, porous silicon is a prom-
ising technology for applications like
low-noise amplifiers or RF switches. For
higher power density devices (such as
power amplifiers), the thermal conductiv-
ity of porous silicon may be too low to
dissipate the power of the losses.

Typically, porous silicon is formed by
an electro-chemical method prior to

the fabrication of the CMOS circuitry.
However, porous silicon is mechani-
cally much more fragile than bulk silicon
and it has a melting point of only 800°C.
Moreover, its sponge-like 3D structure eas-
ily traps contaminants and modifies the wet-
ting properties, leading to poor cleanability.
This makes the integration with various fab
processes extremely challenging.

Instead, we have already proposed a novel
approach to fabricate porous silicon in a
post-CMOS-process approach [3]. This
low temperature process only interacts
with the backside of the wafers and is thus
completely independent of the front-side
layout and allows for local porosification.
Excellent RF performance [4], includ-
ing at high temperature up to 175°C
has been demonstrated [5]. The same
technique was applied “post-epitaxy” to
GaN-on-Si epitaxial wafers intended for
RF applications [6], achieving RF losses
under 0.1 dB/mm at 5 GHz and low sec-
ond harmonic distortion H2 = —140 dBm
atP  =15dBm.
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These results were obtained on highly
p-doped Si substrates with resistivity
below 20 mOhm.cm. Such low resistiv-
ity facilitates the porosification process,
as the latter is essentially governed by
hole exchange at the semiconductor-
electrolyte interface: low resistivity sub-
strates allow for a more uniform hole
current and as a consequence a more uni-
form porous silicon layer. Unfortunately,
the high boron doping in these sub-
strates causes a concern for cross-con-
tamination and therefore such substrates
are not favored for introduction into
RF-CMOS fabs.

In this work, we present a wafer-level,
localized post-process porosification
approach on semi-standard p-type sil-
icon substrates with resistivity levels
between 1 and 20 Ohm.cm. We will
describe a number of modifications to
the substrate layer stack and the electrode
configuration that allow for the creation
of homogenous porous silicon pock-
ets on semi-standard substrates with an
industry-relevant diameter. Small- and
large-signal RF characterization data of
effective resistivity, harmonic distortion,
intermodulation distortion, and cross-talk
will be presented.
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Bandpass XA modulation is a very pow-
er-efficient technique to realize RF ana-
log-to-digital converters (ADCs) [1]. To
cover a wide frequency range, BP XA
ADCs with tunable center frequencies
have been proposed [2]. One important
challenge in designing a tunable BP XA
ADC relies in varying the modulator’s
feedback DAC coefficients to maintain
the same signal transfer function (STF)
and noise transfer function (NTF) for
each center frequency, f0, in the complete
tuning range, fO, of the ADC. The fact
that the BP ZA feedback DAC coefficients
must be tuned for each center frequency
has considerably complicated the modu-
lator architecture. This resulted in a very
large power consumption of 750 mW for
a 1 GHz tuning range in [2], a rather low
SNR of 40 dB with a bandwidth of 1 MHz
for a 1.2 GHz tuning range in [3] or a very
limited tuning range of 40 MHz in [4].

In a conventional BP XA architecture,
the sampling frequency, fs, is fixed; so

any variation in the center frequency,
f0, leads to a variation in the normalized
center frequency, fO/fs, and subsequently
in the overall STF and NTF of the SD
modulator. In this case, all the XA feed-
back DAC coefficients must be tuned to
compensate for this fO/fs variation and
maintain the same STF and NTF for all
center frequencies. In this presentation,
we present a tunable BP XA architecture,
where the normalized center frequency,
fO/fs, is fixed. In this case, any variation
in the center frequency, f0, is tied to a
variation in the sampling frequency, fs,
to keep the normalized center frequency,
fO/fs, equal to 1/4. Ideally in this case, all
the XA feedback DAC coefficients can be
fixed because fO/fs is fixed. Practically,
varying the sampling frequency, fs = 1/
Ts, changes the normalized loop delay,
td/Ts, which leads to a modification of
the modulator’s NTF. To maintain the
same NTF without tuning the feedback
DAC coefficients, we propose to modify
the loop delay, td, to compensate for any
variation in the normalized loop delay
td/Ts [5].
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The proposed architecture is validated
through the implementation of a sec-
ond-order LC BP XA modulator in a
65 nm CMOS process. For an OSR of 64,
the modulator achieves an Signal to Noise
and Distortion Ratio (SNDR) of 37 dB
over the entire tuning range, f0 = 1.5 GHz.
This SNDR is achieved for a bandwidth
BW =47 MHz at fO = 1.5 GHz and for a
bandwidth BW =93 MHz at f0 = 3.0 GHz.
The fabricated chip consumes 13 mW
and achieves the highest reported tuning
range, fO, and the highest reported center
frequency, f0, for a CMOS BP XA ADC.

In order to compare this circuit with the
state of the art, we use not only the conven-
tional ADC figure of merit, but we also use
a figure of merit dedicated to RF circuits.
In this case, the measured chip center fre-
quency, noise figure, and non-linearity are
also taken into account in the comparison.
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The D-band (110-170 GHz) could offer
unprecedented data rates to mobile
devices thanks to the use of huge non-
contiguous frequency bands. Indeed up to
32 GHz band can be aggregated, allowing
> 100 Gbps wireless data rate, for many
short- or medium-range applications.
Moreover, the most advanced BiCMOS
technology (B55x) is pushing forward
its maximum operating frequencies (ft/
fmax), bridging the gap between pure
SiGe and III-V technologies.

This mirage tends to vanish when trying
to design transceivers and antennas at
such frequencies, tackling big propaga-
tion (e.g. 96 dB at 10 m at 150 GHz) and
implementation losses. If antenna array
and beamforming scheme are suitable to
provide antenna directivity, system gain
and agility to transceiver at millimeter

waves (mmWaves), the approach faces
major issues when the frequency is so
high. First the half-wavelength antenna
pitch (~1 mm) imposes difficult con-
strains on the transceiver chip size, pack-
age assembly, antenna feeding routing,
scalability, and heat dissipation. Next, the
design of the RF phase shifters at D-band
and over such wide bandwidth leads to
awkward RF impairments, important
losses, and huge power consumption.

In this context, this work focuses on the
system definition and circuit specification
on the “Future-G transceiver” demonstra-
tor of the SHIFT project. After an analysis
of the system requirement, we explore the
architectural and technological options
for the design of D-band transceivers
and propose few key-enabling technolo-
gies for wireless access and backhauling,
focusing on scalable and reconfigurable
antenna schemes.
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Channel aggregation and multi-tone fre-
quency synthesis are first proposed to
tackle the disseminated bands and band-
width issues. Next, at the transmitter side,
we describe a heterogeneous integra-
tion of a BICMOS transmitter chip with
III-V power amplifiers, and the beam-
forming antennas onto an RF interposer
package to increase the radiation power.
At the receiver side, a BiCMOS chip
is optimized to reduce its noise figure
and implementation losses, by the use
of “in-local oscillators” phase shifters.
Indeed, the transceiver local oscillators
(Los) embed frequency multipliers (from
a common frequency reference), raw
delay-line phase shifters, and fine phase
shifters based on an innovative injection
locked oscillator (ILO) architecture. The
ILO varactor is finely tuned to realize the
desired phase shift according the Adler’s
theory. This approach reduces the losses
in the RF path, provides versatility in the
choice of the carrier frequency, and gen-
erates very low phase noise, allowing the
transmission of higher order modulation
schemes.
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Wireless communications have already
moved into the millimeter wave
(mmWave) range to satisfy the needs of
an increasingly data-hungry society. To
assure these speeds for the end-user, the
backhaul, which carries the bulk of the
data to be transmitted, needs to operate
at even higher frequencies: to give the
example of 5G, this happens at the E-band
(71-76 GHz and 81-86 GHz).

Integrated circuit design at mmWaves relies
heavily on the technology employed, both
for active and passive devices. Nowadays,
RF-oriented CMOS or BiCMOS tech-
nologies offer solutions to enable inte-
grated circuit design at mmWaves, such
as high-performance transistors and back-
ends with thick upper metal layers for low
loss passive devices. mmWave circuits are

greatly impacted by interconnection para-
sitics, which oftentimes demands innova-
tive solutions to enable a design or mitigate
performance degradations. In the case of
mmWave Voltage Controlled Oscillator
(VCO) design accumulation, MOS varac-
tors are the bottleneck of the tank perfor-
mance, since their Q-factor is much lower
than that of inductive resonators. However,
varactor is the only passive device that is
continuously variable and remains essen-
tial in VCO design. Moreover, MOS varac-
tor losses are directly related to the channel
area; so larger varactors, necessary for
wide frequency tuning ranges (FTR), are
more lossy than smaller varactors, thus
evidencing an intrinsic design compromise
between wide FTR and resonator quality
factor.

A way to improve the tank performance
consists in using distributed resonators
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based on slow-wave coplanar strip
(S-CPS). Localized and periodically
loaded with varactors topologies can be
used. In order to accelerate the design,
the electrical model and design meth-
odology for such a resonator have to
be developed, as well as how to size a
MOSFET cross-coupled pair to realize
loss compensation using a global opti-
mization procedure on the loaded S-CPS
resonator.
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ABSTRACT

Heterogeneous integration is a must for
future mmWave, sub-THz communica-
tion systems: there is fierce competition
to develop components and systems with
high data communication bandwidth.
Combining III-V high speed/low-noise
technologies with ultra-dense smart
CMOS/BiCMOS technologies is a prom-
ising and exciting approach to investi-
gate. Many technical challenges need to
be addressed in different areas of phys-
ics: mechanical, electromagnetic, ther-
mal. The solutions to these multi-physics
problems must be cost-effective with a
reasonable environmental impact in order
to have a chance to be in pockets, cars,
communication infrastructures, and oth-
ers in a few years. CEA-Leti is investi-
gating different 3D integration solutions
that have been mastered in-house for tens
of years, from the most mature one to
the most advanced: chiplet copper pillar
assembly and die to wafer direct hybrid
bonding. This presentation focuses on

Fig. 1.

3D assembled demonstrators: (a) cop-
per pillar assemblies; (b) direct hybrid bonding
assemblies.

different issues raised by mmW/sub-THz
heterogeneous integrated systems and is
illustrated by concrete examples.

A passive silicon radio frequency (RF)
interposer was designed and manufac-
tured. It is the basis of many different
passive and active RF-3D objects and
demonstrators as shown in Figure 1.
Top dies of different technologies can be
reported on different bottom footprints,
dedicated to RF measurements and char-
acterizations, using different CEA-Leti 3D
assembly techniques. Some passive struc-
tures, such as transmission lines in 2D and
3D contexts and their RF performances,
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Fig. 2. Transmission line propagation in 2D and
3D contexts.
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Fig. 3. DC and RF measurements of 2D vs. 3D
GaN-High Electron Mobility Transistor (HEMT).

have been investigated (Figure 2). Several
III-V devices were also assembled on the
passive RF interposer: a GaN-RF HEMT,
on which some electrical measurements
are shown in Figure 3, and other indium
phosphide (InP) Double Hetero-junction
Bipolar Transistor (DHBT) using a sim-
ilar 3D copper pillar assembly strategy
will be presented. These different dem-
onstrators allow evaluation of issues and
optimizations to address to reach the
electrical performances needed for future
heterogeneous RF systems. The envi-
ronmental impacts of the evaluated 3D
assembly technologies are also studied
and compared (Figure 4).

If the chiplet copper pillar assembly
shows interesting results for short- and

-y R&D - indu oo R&D = Copp tria

Fig. 4. Impact assessment comparison of hybrid
bonding and CuPi.

medium-term 3D RF applications, opti-
mizations and enhancements will allow
the direct hybrid bonding process to
open up new fields of possibilities for
3D RF systems in the medium and long
terms.
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The rapid developments in the field of
monolithic microwave integrated circuits
(MMICs) have been driven in the recent
years by the increased demand for high-
speed data rates for communications and
sensing applications, in the optical, as
well as in the wireless domain. Although
Si-based technologies offer an extremely
mature platform for the realization of
complex systems, they lack key perfor-
mance metrics such as high efficiency
and output powers due to intrinsic mate-
rial limitations.

III-V based semiconductors can deliver
higher output powers with higher effi-
ciencies; however, they lack the technol-
ogy readiness levels of their silicon-based
counterparts.

In the light of this conundrum, heteroin-
tegration emerged as a viable solution to

maintain the advantages of both technol-
ogy fields.

The proposed heterointegration approach
relies on realizing the main functional-
ity of the system using a more “mature”
Si-based technology (that being CMOS or
even BiCMOS), whilst replacing specific
building blocks with III-V technology
(in this case indium phosphide hetero-
junction bipolar transistors (InP-HBTs)
MMIC process).

The system design through heteroin-
tegration adds one degree of complex-
ity through the compatibility of the two
technologies, but offers higher degrees of
freedom for realizing significantly more
efficient and compact RF systems.

The heterointegration technology that
will be shown in this work is based upon
a low-temperature bumping process,
which uses indium as a bonding metal.
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In contrast to the usual bumping pro-
cess found in the backend-of-line pro-
cesses, this process realizes the bumps
in the frontend-of-line process of the InP
MMIC process.

This gives a better edge in resolution and
packing density, which in turn increases
the heterointegration density.

The paper details results on the
RF-interconnect properties of this tech-
nology and will show preliminary results
of heterointegrated power amplifiers in
InP on BiCMOS carriers.

Long-term stability as well as thermal
cyclic tests have also been conducted to
show the stability of this technology.
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Above 100 GHz packaging for millime-
ter-wave (mmWave) radars and phased
arrays presents four fundamental packag-
ing challenges:

e Reduction of antenna array pitch
(e.g. 1 mm at 150 GHz), which
requires the dense placement of
antenna elements and electronics

e Increase in the size and types of
chips needed: CMOS (beamform-
ing) needs to be complemented with
III-V (GaN, InP, GaAs) for final
high-power low-noise stage

* Increase in metal and dielectric
losses with frequency

e Thermal management as higher DC
losses are generated in smaller areas
leading to higher thermal densities

The packaging activities in imec’s
advanced-RF department aim to address

these challenges and consist of two
tracks.

The first track is a wafer-level packag-
ing RF-interposer technology developed
on 300 mm silicon substrates. This tech-
nology uses standard resistivity silicon
substrates to reduce costs while achiev-
ing excellent mmWave and mixed-signal
performance as the silicon substrate is
shielded from the RF signals by using a
ground plane. The main features of this
technology are as follows:

 First, we incorporate a standard Cu
damascene multi-layer backend pro-
cess for digital interconnects for pro-
viding multiple parallel digital links
in the low GHz range (1-3 GHz) but
with high density (1um trace/space).
e Second, on top of the Cu damascene,
we spin-coat two low RF-loss thick
layers of polymer and semi-additive
thick Cu Redistribution Layer (RDL)
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layers. This provides an impedance
matched mmWave link, which can
provide broadband mmWave perfor-
mance (DC - 200 GHz) at moderate
densities (5 um trace/space, 30 um
pitch).

e Third, high aspect ratio Through
Silicon Via (TSV) (10:1), wafer
thinning down to 50-100 um and
TSV transitions through the silicon
substrate to transfer mmWave sig-
nals to the backside of the interposer
for 3D stacking and mounting.

e Fourth, we have also incorporated
high performance and small footprint
passives (MIMCAP up to 50 fF/um?,
high Q inductors, and TaN resis-
tors) in the Cu damascene backend
for supply decoupling at mmWave
frequencies for GaN/InP/GaAs
chiplets to be mounted on the

interposer.
e Fifth, we have also demonstrated
flip-chip interconnects for both

CMOS (Cu backend) and II-V
(GaN/InP/GaAs with Au backend)
chiplets on our interposer with 40 um
micro-bump pitch with broadband
RF performance up to 110 GHz (to
be extended further in frequency).
Demonstrators for phased arrays
and radars using this technology are
being developed at imec-Florida,
USA under a US National Science
Foundation Engines grant.

The second track on panel-level packag-
ing focuses on two activities:

e First, die embedding of mmWave
chipsets in an organic core pack-
age and development of anten-
na-in-package technology.
Die-embedding offers two bene-
fits over flip-chip interconnect: (1)
the connections to the antenna are
shorter as the mmWave signal needs
to traverse only the top half of the

build-up and (2) the bottom half of
the build-up can be used for thermal
management.

e The second activity involves the
development of air-filled substrate
integrated waveguide (AFSIW)
technology for mmWave applica-
tions where we have demonstrated
an AFSIW with loss of 0.07 dB/mm
at 140 GHz with solid sidewalls and
broadband launcher with insertion
loss of 1.1 dB.

Both activities are being continued fur-
ther with partners of the advanced-RF
program.
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To address consumer needs for more
ubiquitous mobility, integration has been
driving the wireless business to achieve
the appropriate cost and form factors.
This led to the progressive replacement of
historical III-V MMIC technology (such
as GaAs) by Si-based ones (RF CMOS,
RF-SOI, and BICMOS). Moving to a more
aggressive CMOS technology (in terms
of gate length) enabled to either reduce
the die size or embed more features for
the same size in a system-on-chip. This
approach led to current highly integrated
5G RF transceivers, which are now inte-
grated in 12 nm FinFET technologies.

But aggressive gate length scaling is not
the only advantage of Si technologies,
and derivative Si technologies also play
a key role. It is especially true for the
RF-SOI technology that has replaced
the GaAs technology to achieve RF
switches integrated in most RF front-end

modules. However, Si-based technol-
ogies are still used in a support role in
RF front-end, which remains served by
an assortment of technologies such as
GaAs HBT, acoustic filters, integrated
passive devices, surface mount devices,
and Si-based technologies (all those
technologies being integrated using a
system-in-package approach).

Moving to 6G future wireless standard,
next-generation RF Front End Module
(FEM) will require a breakthrough in
terms of performance and integration
(while operating on wider band higher in
frequency). To do so, cost-effective SiGe
BiCMOS technology can once again take
advantage of heterogeneous integration
with III-V technologies to achieve the best
performance/cost tradeoff. In this perspec-
tive, compound semiconductors such as
GaN High Electron Mobility Transistor
(HEMT) and InP Heterojunction bipolar
transistor (HBT)/HEMTs are attracting a
lot of attention. GaN HEMTs may address
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future challenges to integrate efficient
power amplifiers and low-loss RF switch at
millimeter-wave (mmW). Additionally, InP
HBTSs and HEMTs exhibit excellent linear-
ity and noise performance up to mmW.

However, GaN and InP technologies have
a relatively slow transition from labora-
tory to qualified process and associated
manufacturing cost is way higher than
Si-based technologies one. Consequently,
the main strategy consists today in lim-
iting the GaN and InP content to small
chiplets containing only transistors, while
the other features (for example, passive
devices) are achieved using lower cost
technologies. Dedicating the III-V wafer
to transistors enables more efficient area
usage, and, thus, yields more than 10,000
chiplets even on a 4” wafer.

This approach requires to disaggregate the
circuit into an active compound semicon-
ductor chiplet and a low-cost interposer.
This paper will review different integra-
tion strategies that can be considered to
support proposed heterogeneous integra-
tion schemes leveraging existing Si-based
or advanced packaging technologies. It
will allow us to identify the current tech-
nical challenges and limiting factors to be
addressed in the coming years to enable
proposed disaggregated heterogeneous
integration to become a reality.

KEYWORDS

6G mobile communication, heterogeneous
integration, SiGe BiCMOS, GaN HEMT,
InP HBT, InP HEMT, system in package.

ACKNOWLEDGMENT

This work is related to the SHIFT and
Move2THz projects supported by the
Chips Joint Undertaking (Chips JU) under
grant agreement number 101096256 and
number 101139842. The Chips JU receives
support from the European Union’s
Horizon Europe research and innovation
program and the National Authorities.

BIOGRAPHY

Fred Gianesello received the B.S. and
M.S. degrees in electronics engineering
from Institut National Polytechnique de
Grenoble, Grenoble, France, in 2003, and
the Ph.D. degree in electrical engineer-
ing from the Joseph Fourier University,
Grenoble, France, in 2006.

Dr. Gianesello has authored and co-au-
thored more than 200 refereed journals
and conference technical articles. He has
served the TPC of IEEE International SOI
Conference, IEEE International Solid-State
Circuits Conference, IEEE International
Electron Device Meeting Conference, and
IEEE EuMIC Conference and is currently
serving the TPC of IEEE RFIC.

Dr. Gianesello has been working for ST
on the development of silicon-based RF
and mmW technologies for the past 20
years targeting RF and mmW transceivers
and front-end module products. He is cur-
rently working for STMicroelectronics in
Crolles, France, as technical expert pro-
viding support to customer and perform-
ing business prospection for RE, mmW,
and optical products.



Speaker name:
Organization:
Country:
Speaker picture:

Presentation title:

Tanja Braun
Fraunhofer 1ZM
Germany

Advanced Packaging Solutions for

mmWave Applications

SHORT ABSTRACT OF
PRESENTATION

With the end of Moore’s law, advanced
packaging and heterogeneous system
integration is gaining more importance.
At the same time in the last years, the
increasing demand for ever higher data
rates in wireless communication has
exposed the limits of current sub-6 GHz
communication systems and pushed the
technology toward the exploration of the
millimeter-wave (mmWave) frequency
spectrum. In particular, three frequency
bands have been licensed at 26, 28, and
39 GHz for the new generation of mobile
communication (5G), each exhibiting
as much as 3 GHz of operational band-
width. However, systems operating at
mmWave must cope with much higher
free space losses than in the sub-6 GHz
frequency range. Moreover, the physi-
cal size of interconnects (chip-to-chip,
chip-to-antenna) becomes comparable
to the operating wavelength. Therefore,
new packaging technologies are required,

which allow implementing large antenna
arrays for massive MIMO and short inter-
connects to minimize package losses.
Radar systems working at 77 GHz for,
e.g., autonomous driving have also
entered the market. All these new appli-
cations also require new packaging solu-
tions allowing higher manufacturing
volume and lower cost.

Advanced packaging solutions suitable
for RF and mmWave applications are,
e.g., flip chip and interposer solutions,
fan-out wafer level packaging (FOWLP),
or chiplet approaches. This also addresses
topics such as antenna-in-package solu-
tions, shielding on package level, passive
component integration, or heterogeneous
integration of III/V semiconductors with
Si or SiGe in one package.

From the above-mentioned technologies,
FOWLP is currently one of the stron-
gest trends in microelectronics pack-
aging. FOWLP has a high potential in
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significant package miniaturization con-
cerning package volume but also in thick-
ness reduction. The main advantages of
FOWLP are the substrate-less package,
low thermal resistance, and high RF per-
formance due to shorter interconnects.
Especially inductance of FOWLP is much
lower compared to FC-BGA (Flip Chip
Ball Grid Array) packages. In addition,
the redistribution layer can also integrate
embedded passives (R, L, and C) as well
as antenna structures using a multi-layer
structure. It can be used for multi-chip
packages for system in package, package
stacking, and heterogeneous integration.
Hence, technology is well suited for RF
applications.

FOWLP is applied for volume produc-
tion for mobile and wireless applica-
tions (mainly wireless baseband) and has
meanwhile been introduced in automo-
tive applications. Infineon started with a
77 GHz Radar IC Chip Set being the first
77 GHz solution based on FOWLP eWLB
(embedded Wafer Level Ball Grid Array)
instead of a bare die. As the technology
offers a lot of opportunities for RF pack-
aging with shortest interconnect lengths
and the possibility of integrating passive
components and even antenna structures,

more applications will enter the market,
especially with the advent of 5G and 6G
applications.
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This talk will start with a short overview
of different monolithic microwave inte-
grated circuit (MMIC) technologies for
millimeter-wave (mmW) and THz oper-
ation followed by the design of MMIC
phased array circuits. We will discuss
packaging techniques for efficient phased
array scaling and demonstrate a 3D mod-
ular packaging concept for heterogeneous
integration of different MMIC technol-
ogies. The 3D modular packaging con-
cept is based on an active transmit array
antenna and is scalable in size due to qua-
si-optical feeding and stackable printed
circuit board design. We also show the
progress of VTT’s wafer-level packag-
ing platform integrating antennas, filters,
and active MMIC chips on a single sil-
icon carrier. The technology is based on
micromachined waveguides in silicon,

Au-Au wafer bonding, and flip-chip
technologies. The process includes only
standard fabrication steps that can be
automated and allows integration of indi-
vidual MMICs of different technologies
into the same Si module. The process is
scalable and cost efficient for future sub-
THz and THz communication and sens-
ing applications.
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SHORT ABSTRACT OF
PRESENTATION

The SHIFT project develops sustain-
able technologies for future telecom
applications by seeding an innovative
European ecosystem. This part of this
ecosystem is dedicated to establishing
new manufacturing chains of intelligent
microelectronics packaging building on
innovative active mold packaging (AMP)
technology.

In the SHIFT project, S2P-Smart Plastic
Products is positioned on the manufac-
turing of the advanced packaging of
components using the AMP technology,
for antenna-in package (AiP) and anten-
na-in-module (AiM) solutions. The use of
AMP technology has several advantages,
including: (i) integration of antennas and
interconnections in small volume, (ii)
innovative radio frequency (RF) con-
cepts, and (iii) carbon footprint reduction

using recyclable packaging materials, and
reduction of precious metals.

The AMP process is based on three main
steps:

e the molding of thermoplastics or
thermo-set epoxy mold compound;
 the laser activation to structure the
artwork directly from the computer
onto the plastic component;

e the chemical electroless plating to
create the track.

The KMC9220 resin from Shin-Etsu was
chosen due to its preliminary adoption by
the packaging ecosystem. The material
has been supplied as pellets and deliv-
ered to STMicroelectronics, Grenoble,
France, which performed preliminary
transfer molding trials. Using molded
samples, we made first activation and
metallization trials with a fiber 1064 nm
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infrared pulsed laser (3D-Microline 1601),
to build the design rules for electronics
and antennas designers using this equip-
ment. On the other hand, we also tested
a UV laser at 355 nm (Picoline 3000 Ci),
which enables tracks and interspaces of
25 um and lower roughness to address
high-frequency applications.

In parallel with the mentioned AMP
tests, the electrical material charac-
terization was achieved by the IEMN
Laboratory, Lille, France, by provid-
ing them some LDS resin samples. The
obtained results show that the dielectric
constant DK and the dissipation factor
DF are about 3.8-3.9 and 0.005-0.01,
respectively, in the frequency range of
100-600 GHz.

The material characterization will be val-
idated by designing, manufacturing, and
measuring some RF functions such as
50 Q microstrip line and coplanar wave-
guide, before proceeding to the targeted
AiP demonstrators in the project.
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The availability of a wide usable band-
width above 100 GHz makes the use of
these frequencies highly appealing for 6G
wireless communication and high-resolu-
tion millimeter-wave (mmWave) radars.
However, despite significant advance-
ments in semiconductor technologies
enabling monolithic microwave inte-
grated circuits (MMICs) operating above
100 GHz, their utilization has largely
remained limited to laboratory experi-
ments and low-volume applications. This
limitation is primarily due to challenges
related to limited transmission power
and higher path loss, which have been
widely acknowledged. To fully unlock the
potential of these frequencies, there is an
urgent need to develop broadband, high-
efficiency antennas, and low-loss inter-
connects between antennas and MMICs.
Moreover, factors such as heat dissipa-
tion, cost, and size further complicate

the implementation of high-performance
mmWave and terahertz (THz) systems.
One critical aspect that demands atten-
tion is the dilemma between off-chip and
on-chip solutions for systems operating
above 100 GHz, each having its own
advantages and challenges. Therefore,
this talk focuses on two key research
areas: (1) the development of off-chip
antenna and package concepts in the
WR6 band (110-170 GHz) using mature
and novel packaging technologies, and
(2) the advancement of high-gain and
high-efficiency on-chip antennas in the
WR3 (220-325 GHz) and WR2.2 (325-
500 GHz) bands, utilizing innovative
techniques in combination with different
semiconductor technologies. In summary,
this talk sheds light on the advancements
made in mmWave and THz antenna and
package technologies while highlighting
the remaining challenges that must be
overcome to accelerate the adoption of
higher frequency bands in future radar



176

and wireless communication systems. By
addressing these obstacles, we can pave
the way for realizing the full potential
offered by frequencies beyond 100 GHz.
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