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Glossary

1G = First generation of mobile communications
2G = Second generation of mobile communications
3G = Third generation of mobile communications
4G = Fourth generation of mobile communications
3GPP = 3G partnership project

5G = Fifth mobile communication generation
AMPS = Advanced mobile phone system

AP = Access point

BB = Base band

BC = Body Contact

BEOL = Back end of line

BOX = Buried Oxide

BSIMSOI = Berkley short-channel IGFET model SOI
CAGR = Compound annual growth rate

CAPEX = Capital expenditure

CDMA-One = Code division multiple access one

CG = Common gate

CMOS = Complementary metal oxide semiconductor
CRAN = Cloud radio access network

DAC = Digital to analog converter

D-AMPS = Digital — advanced mobile phone system
DCS = Digital cellular system

DIBL = Drain-induced barrier lowering

DMBA = Digital multi-beam antenna

EDGE = Enhanced data rates for GSM evolution
eMBB = Enhanced mobile broadband

ESAR = Electronically steered array radar

ETSI = European telecommunication standards institute

E-UTRAN = Evolved universal terrestrial radio access network

5G 28 GHz High Efficiency Integrated Phased Array Transceivers

Glossary

13



EVM = Error vector magnitude

FB = Floating body

FD = Fully depleted

FDD = Frequency division duplex

FDMA = Frequency division multiple access
FEM = Front-end module

FET = Field effect transistor

FoM = Figure of merit

FSPL = Free space path loss

GND = Ground

GPRS = General packet radio service

GSG = Ground-signal-ground

GSM = Groupe speciale mobile

HBT = Heterojunction bipolar transistor
HLC = Home location register

HR = High resistivity

HSDPA = High-speed downlink packet access
HSPA = High-speed packet access

HSUPA = High-speed uplink packet access
IC = Integrated circuit

IF = Intermediate frequency

IGFET = Insulated gate FET

IL = Insertion loss

IMS = IP multimedia system

loT = Internet of things

IP = Internet protocol

IS-95 = Interim standard 95

IMT = International mobile telecommunications
ISD = Inter site distance

ITU = International telecommunication union
ITU-R = ITU radio-communication sector

KPI = Key performance indicator
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LNA = Low noise amplifier

LO = Local oscillator

LOS = Line of sight

LP = Low power

LTE = Long term evolution

LTE-A = Long term evolution — advanced
MBA = Multi-beam antenna

MBPAA = Multi-beam phased array antenna
MCS = Modulation and coding scheme
MEMS = Micro electro-mechanical systems
MHC = Measurement to hardware correlation
MIMO = Multiple-input multiple-output
mMTC = Massive machine type communications
MOM = Metal-oxide-metal

NF = Noise figure

NLOS = Non-line of sight

NMT = Nordic mobile telephone

NYU = New York university

02| = Outdoor to indoor

OFDMA = Orthogonal frequency division multiple access
OPEX = Operational expenditure

OS = Open-short

PA = Power amplifier

PAE = Power added efficiency

PAPR = Peak to average power ratio

PBO = Power back-off

PD = Partially depleted

QAM = quadrature amplitude modulation
QoS = Quality of service

QPSK = Quadrature phase shift keying

RFFE = Radio frequency front-end

RTPS = Reflection-type phase shifter
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RX = Reception / Receiver

SDMA = Spatial division multiple access

SMS = Short message service

SNR = Signal to noise ratio

SOl = Substrate on insulator

SOS = Substrate on sapphire

SPDT = Single pole double throw

TACS = Total access communication system

TDD = Time division duplex

TDMA = Time division multiple access

TL = Thru-line

TR = Trap-rich

TRL = Thru-reflect-line

TRx = Transceiver

TX = Transmission / Transmitter

UE = User equipment

ULA = Uniform linear array

UMi = Urban micro

UMTS = Universal mobile communication system
URA = Uniform rectangular array

URLLTC = Ultra-reliable and low latency communications
UTBB = Ultra-thin body and BOX

WCDMA = Wideband code division multiple access
WRC-19 = 2019 world radio conference
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Introduction

Introduction

The limitations of the current mobile communication generation (4G) are being reached. Indeed, the
available bandwidth in the sub 6 GHz spectrum is no longer sufficient to cope with the increasing needs
of higher data rates and more simultaneous users. Thus, a new generation is being developed: 5G. It will
target different use cases from internet of things to high data rate communications, including critical
applications such as autonomous vehicles and remote surgery. To cope with these highly demanding
needs, innovative solutions are being studied. This thesis work focuses on the high data rate use case.
The expected improvements to meet the specifications are the use of the millimeter-wave spectrum,
network densification, and spatial multiplexing. This leads to degraded circuit performances, and to the
need of many more components. Indeed, the number of required front-end modules may be a hundred
times higher due to network densification and up to a thousand times higher due to the implementation
of phased array transceivers. Consequently, this leads to drastic increases of the network deployment
cost and the global power consumption. However, the use of phased arrays enables to relax the system
requirements, and therefore its power consumption. Besides, it also enables to move from IlI-V circuits
to less expensive advanced CMOS technologies. Hence, the aim of this thesis is twofold: determine the
best suitable system architecture, meeting high data rate 5G requirement while minimizing the power
consumption; and design millimeter-wave circuits using an advanced CMOS technology. It is targeted to
implement RF switches and low noise amplifiers for 5G base station front-end modules

The first chapter is dedicated to the system-level study. Firstly, a use case is defined among the different
5G scenarios: high data rate communications in crowded urban environment. Then, a methodology to
derive the system-level specifications from the standard early requirements is implemented. It is applied
to the selected use case. Thus, several base station architectures meeting the specifications have been
identified. Finally, a new methodology has been developed in order to estimate the power consumption
of the different solutions. This enables to determine the best suitable topology in terms of performances
and costs for a defined use case. Finally, it is applied to the selected scenario. However, both developed
methodologies may be extended to other 5G scenarios, since they are easily scalable. The following
chapters detail the design of millimeter-wave switches and low noise amplifiers for 5G front-end
modules. The selected advanced CMOS technology is also presented. Besides, several runs have been
achieved during this thesis work. They are depicted in Figure 0.

ST C65SOIFEM Run n°1: Sirius Run n°2: Vega Run n°®3: Alioth
March 2018 July 2018 December 2018 || July 2019
A I M
Test structures RF switches
[ NewBEOL | RF switches LNA LNA
System-level study Sirius measurement Vega — Alioth measurement
First year (2017) February 2019 November 2019

Figure 0: Overview of the runs achieved during the thesis work
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Introduction

The second chapter presents the circuits implemented in the first two runs (Sirius and Vega). The first
aims are to characterize the new ST C65SOIFEM technology and to validate its suitability for the design
of millimeter-wave front-end modules. Thus, several test structures and series-shunt RF switches are
implemented and measured. A Ka-band low noise amplifier is also designed. These first steps enable to
test the technology model accuracy and to validate the design methodology.

In the third chapter, improved versions of the RF switches and the Ka-band low noise amplifier are
presented. Indeed, several drawbacks of the first designed circuits have been highlighted by accurate
retro-simulations. A new asymmetrical RF switch is therefore designed, offering both low insertion loss
and high power handling. The low noise amplifier is also improved to provide lower noise figure and
higher gain, with consistent power consumption. These circuits are implemented in the third run, known
as Alioth. After the analysis of the measurement results, some co-integration perspectives are discussed.

5G 28 GHz High Efficiency Integrated Phased Array Transceivers 18



Chapter 1: From 5G Expectations to Front-end Module Specifications

Chapter 1: From 5G Expectations to FEM Specifications

Daily life is increasingly a connected life. From the smartphone massive adoption to the rapid emergence
of the internet of things (IoT), people have ever more connected objects, which require ever more data
rate. In [1], Cisco expects 47% compound annual growth rate (CAGR) for mobile data traffic between
2016 and 2021. It is assumed that more than 80% of these data will be spent through smartphones.
Moreover, 23% CAGR is expected for connected wearable devices as shown in Figure 1.

Mobile Data Traffic per month (Exabytes) Connected Wearable Devices (Millions)
50 N 1000
40 w §\ 800
30 600
AN
20 ) % \ \ 400
10 ) w § § x § 200
, NNNNN N
2016 2017 2018 2019 2020 2021 2016 2017 2018 2019 2020 2021

Figure 1: Mobile data traffic per month and global connected wearable devices, from [1]

To cope with the exponential number of connections and the rise of many new applications, an
innovative solution is needed. That’s why the fifth mobile communication generation (5G) is being
developed. As detailed in [2], this new standard is willing to unify the different medium of wireless
communication. From connected health, to virtual reality, through autonomous vehicles, the challenges
are diverse and complex. In order to clearly explain why 5G is a paradigm shift in the telecommunication
world, this chapter starts with an overview of the previous generations from the beginning of mobile
communications to the current long-term evolution advanced (LTE-A) network. Then, the different 5G
key performance indicators (KPI’s) and the main expected solutions are presented and discussed. The
deployment timeline and the main market actors are also introduced.

Secondly, the scope of the thesis is defined choosing practical use cases among prospective scenarios.
The main challenges for system design are highlighted, and the system-level specifications are
determined depending on the chosen use case KPI’s. A new flexible methodology is set up to size and
compare topologies which fill the defined requirements. A key metric is introduced: system power
consumption.

This chapter ends with a state of the art of 5G Ka-band transceivers for high data rate wireless
communications. Then, the system power consumption model is detailed, and the best suitable
architecture for the given scenarios is highlighted. Finally, some perspectives are given as the power
consumption estimation refining, and the Ka-band integrated circuit design.

5G 28 GHz High Efficiency Integrated Phased Array Transceivers 19



Chapter 1: From 5G Expectations to Front-end Module Specifications

I.  On the Road towards the Wireless Communication Paradigm Shift

1. Legacy and Current Telecommunication Networks

a. 1G - The Foundation of Mobile Communications

The first generation of mobile communications (1G) was launched in the early 80’s. It consisted in the
analog modulation of user’s voice, transmitted thanks to base stations, as presented in [3]. The major
innovation was the ability to move while communicating. Even if 1G has disappeared today, the first
mobile communication network laid the foundations for all the next generations.

The main feature in 1G is the emergence of a cellular network. It is composed of base stations which
defines the cells, and the backhaul network which coordinates the communications. The base stations
are spread out over the territory. Each one operates at a defined frequency to avoid interferences
between neighboring cells. The number of different frequencies used to mesh the area is called the
cluster size. It is used to choose a cluster size about 7 to limit the inter-cell interferences with a minor
number of reused frequencies. A cellular network with a cluster size of 7 is presented in Figure 2.
Moreover, a base station usually operates at 3 different frequencies. It enables to cover 3 cells
simultaneously.

Public Switched
Telephone Network

Y
Backhaul Network

Figure 2: Sectorized cellular network with a cluster size of 7 and connection to the backhaul network

In a given cell, the frequency band is divided in 30 kHz sub-channels. Each one could only handle one
mobile communication. As users are accessing the spectrum, at the same time, with different
frequencies, it is frequency division multiple access (FDMA). Moreover, large guard bands are necessary
between sub channels to avoid user interferences. Consequently, the spectrum efficiency is very poor.
Moreover, the mobility is limited due to the difficulty to manage the move from a cell to another, as
known as hard handoff. The lack of security is also a major concern for 1G. Indeed, the analog voice
modulation makes the communications easy to be intercepted and deciphered.

Besides, it is the emergence mobile communication standards. It defines the frequency bands dedicated
to mobile communications, the sub-channel and guard band sizes, and the inter site distances. However,
each world region has set up its rules without any compatibility between them. The best know are the
Nordic mobile telephone (NMT) for Nordic countries, the advanced mobile phone system (AMPS) for
North America and Australia, and the total access communication system (TACS) for the United Kingdom
[3]. Nowadays, this standard has disappeared. It has been replaced by digital mobile technologies.

5G 28 GHz High Efficiency Integrated Phased Array Transceivers 20



Chapter 1: From 5G Expectations to Front-end Module Specifications

b. 2G— The Beginning of Digital Telecommunications

As it was the case for 1G, the second generation of mobile communications (2G) is composed of
different standards, including, digital AMPS (D-AMPS) and groupe speciale mobile (GSM), which are
improvements of AMPS and NMT, respectively. Their working principles are very similar. Both are based
on time division multiple access (TDMA). With this new spectrum access technique, several users could
share a sub-channel using different time slots. As shown in Figure 3, GSM sub-channels are splitin 8 time
slots. It could be shared by 7 different users. The last slot is dedicated to time synchronization, and short
message service (SMS), whereas, D-AMPS slots could only be shared by 3 users. That’s why the GSM
standard, established by the European Telecommunications Standards Institute (ETSI) in 1990, has been
quickly adopted in a great part of the world. Actually, it is made by 3 standards: GSM 900, GSM 1800,
also known as digital cellular system (DCS), and GSM 1900. They respectively operate at 900, 1800, and
1900 MHz.

| D-AMPS Time Slots | GSM Time Slots

Time Time

Figure 3: Sub-channel splitting in time slots for D-AMPS and GSM standards

The main change compared with 1G is the shift from analog to digital modulation. It provides more
security and flexibility. However, the transmitter and receiver architectures are more complex since an
analog to digital conversion stage is needed as shown in Figure 4 for transmitters. It may be highlighted
that 2G is the generation of mass mobile adoption thanks to technology scalability which reduces user
terminal cost.
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Figure 4: (a) Analog transmitter architecture; (b) Digital transmitter architecture

Moreover, up to [4], 2G has been improved twice to enable data transmissions. Firstly, with the general
packet radio service (GPRS). The data rate is only between 9, and 21 kbps per time slot, and is limited to
40 kbps per user. GPRS is also called 2.5G as it is the first step towards the third generation (3G).
Secondly, there is the enhanced data rates for GSM evolution (EDGE) which offers a data rate up to
60 kbps per time slot. This standard, sometimes known as 2.75G, could provide up to 200 kbps per user.
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Figure 5: Transmission and reception of COMA telecommunications
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Finally, 2G laid another foundation for next generations with a less well-known standard: interim
standard 95 (IS-95) also called code division multiple access one (CDMA One). First of all, this option was
left behind due to GSM standardization. Then, its capacity, more than 4 times higher than GSM, makes it
the favorite candidate for 3G. Actually, CDMA enables users to share the same time and spectrum
resource thanks to a code assigned to each user in a sub channel. Consequently, the spectrum efficiency
is considerably improved as shown in [3]. Figure 5 depicts the principle of CDMA standard. First of all,
data for each user are coded independently before the transmission (TX). The signals are transmitted
over a unique sub channel at the same time. Finally, each receiver (RX) deciphers the signal with its
corresponding code. Thus, desired data are received and the others are dissolved in the noise.

¢. 3G - Towards Broadband Mobile Communications

Due to its popularity, 2G quickly reached its limitations. So, a new standard has been launched to cope
with the significant demand: the universal mobile communication system (UMTS). Firstly, 3G has been
standardized by ETSI. Then the IMT-2000 project defined the standard rules. It was led by the 3G
partnership project (3GPP) forum, and the international telecommunication union (ITU). Initially, two
candidates, both inspired by CDMA One, were competing. The most popular is wideband code division
multiple access (WCDMA), which was then replaced by high-speed packet access (HSPA) as mentioned in
[3]. Itis also known as “Release 5”. It is important to notice that 3G is complementary with the previous
generation. The new base stations (known as Node B) are deployed in crowded areas to provide
broadband communications and enhanced internet access. Whereas 2G still covers large part of the
territory with reliable communications. Even if new base stations are deployed, the core network is
shared by the two co-existing standards, as presented in Figure 6. Voice and data from both 2G and 3G
base stations are respectively split towards circuit and packet switching. This kind of network implies the
deployment of an expensive backhaul, based on optical fiber. Finally, the home location register (HLC)
manages mobile authentication on the network, and route signals towards the proper nodes. It is the
emergence of the signal control plane.
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Figure 6: Presentation of the co-existing 2G and 3G networks

HSPA has evolved twice. Firstly, with high speed downlink packet access (HSDPA) to improve data rates
from the base station to the user terminals up to 63 Mbps. Secondly, with high-speed uplink packet
access (HSUPA) to enhance uploading from mobile phones [4]. The merge of these two standards is
known as HSPA+.
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d. 4G - Towards a Unique Mobile Communication Standard

Today, 3G is widely deployed and provides a reliable data rate. However, the use of 5 MHz channels is
mandatory with HSPA+. Consequently, flexibility is limited [5]. Moreover, the theoretical channel
capacity limit, defined by C. Shannon in 1948, has been reached. It is given by Equation (1), where C
(bit/s) is the channel capacity limit, B (Hz) is the available spectrum, and S/N is the signal to noise ratio
before the demodulation, i.e. at the end of the receiving chain.

C = B.log, (1 + %) (1)

The emergence of the fourth generation of mobile communications (4G), also known as Long Term
Evolution (LTE), is therefore motivated by the needs of higher capacity and flexibility. To face these
challenges, several innovations are implemented. Firstly, a new spectrum access technique is used:
orthogonal frequency division multiple access (OFDMA). It consists in splitting the signal over different
sub-carriers, which are orthogonal to avoid interferences. It is combined with carrier aggregation, that is,
several distinct sub-carriers could be used for the same user. Consequently, the sharing of time and
frequency domains is very flexible. Secondly, LTE has introduced the use of several antennas, whereas
previous generations had only one antenna broadcasting the signal for its whole cell. These kinds of
systems are called multiple-input multiple-output (MIMO). It could operate in different modes, providing
higher reliability, or improving the channel capacity. The Shannon’s law is updated as in Equation (2),
with M the number of transmitting antennas [4].

S
C = M.B.log, (1 +N) (2)

Furthermore, LTE introduces major changes in network architectures. As presented in Figure 7, the base
stations (named eNode B) are now connected between them thanks to X2 links. This new radio interface
is called evolved universal terrestrial radio access network (E-UTRAN). The core network has also
evolved. Data and control planes are split in order to highly reduce network latency. Finally, the IP
(internet protocol) multimedia system (IMS) enables to merge voice and data. This unification into a
single communication protocol makes a break, since previous generations started with different
standards. However, LTE and its enhanced version (LTE-A) have to face spectrum congestion [6], as
shown in Figure 8.
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Figure 7: Presentation of the LTE network
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Figure 8: Simplified view of frequency spectrum users in France, from 800 MHz to 5.8 GHz

Finally, LTE-A provides high data rates, and improves network capacity. Network latency is also highly
reduced. However, the mobile communications are still concentrated in the crowded sub-6 GHz
spectrum. Moreover, the current standard is, as for previous generations, cell-phone focused. Thus, it is
no longer appropriated regarding to the emerging applications such as loT. LTE-A is also requiring more
energy than the previous standards. In [7], it is shown that LTE-A power efficiency is 23 times worse than
Wi-Fi, and even worse than 3G. To conclude, reducing the network power consumption while including
the emerging mobile uses will be the major concern of the next mobile communication generations.

2. 5G Overview

a. The Emergence of 3 Standards

The upcoming 5G standard aims to reach unprecedented performance levels, as 20 Gbps peak data rate,
or 10 million connections per km square. These targets have been defined by the radio-communication
sector of international telecommunication union (ITU-R) in [8]. They launched the international mobile
telecommunications (IMT) 2020 project, capitalizing on IMT 2000 (i.e. 3G), and IMT-Advanced (i.e. 4G),
to set up 8 KPI’s for 5G. Figure 9 presents these indicators, and gives a comparison with current levels.
As these targets are too high to be reached simultaneously, 3 usage scenarios are defined.
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Figure 9: 5G KPI for 3 Different Scenarios

e Enhanced mobile broadband (eMBB): This first scenario is focused on high data rate communications
for mobile user terminals. Consequently, high requirements are set on peak data rate, and area
capacity. To reach the targets, spectrum efficiency has to be improved 3 times compared with LTE-A.
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The implementation of a new network architecture is also scheduled. It will improve the user
experience, including at cell edges. Besides, it is expected to severely reduce the global power
consumption and increase the user mobility.

e Ultra-reliable and low latency communications (URLLTC): This second scenario is designed for critical
applications such as health robotics, energy infrastructures, or factory processes. High reliability and

extremely low latency are required. Up to [2], some use cases may also require important mobility
(autonomous cars), or high data rates (collaborative gaming).

e Massive machine type communications (mMTC): Finally, the last case is tailored for large loT
networks, including wearable and e-health devices, or home and factory sensors. Consequently,
massive connection density is needed in addition to good energy efficiency to ensure adequate
operating time.

In a nutshell, 5G is pursuing the telecommunication standard unification as shown in [4]. On the one
hand, it tends to build a whole connected world, but on the other hand, the demanding KPI’s imply a
splitting into three less demanding scenarios, which are closer to the usual mobile standard vision.

b. EMBB Spectrum and Network

This thesis work focuses on the EMBB scenario. Particularly, it is about providing extreme data rates into
highly populated areas, while reducing the network latency, and the global power consumption.
Furthermore, these researches are concentrated around the base station, i.e. on the radio interface
(communications with the user), and on the backhaul (communication between base stations, and the
core network). Consequently, mobility is not an EMBB targeted KPI here.

The first way to obtain higher data rates and network capacity is to use larger frequency bands, as
shown by Equation (2). But, as shown previously in Figure 8, the sub-6 GHz spectrum is very crowded.
Even if a wide frequency band has been booked between 3.4 and 3.8 GHz for 5G, it is not enough to
cope with the demanding requirements. Consequently, it is expected to move towards millimeter-wave
[6]. Several bands, presented in Figure 10, have been identified during the 2019 world radio conference
(WRC-19).

24.25 - 27.5 37-43.5
wfll .
45.5-47.0 66 — 71
47.2 - 48.2

Figure 10: Millimeter-wave frequency bands (in GHz) selected at WRC-19

However, the use of higher frequencies for mobile communications also implies serious challenges.
Firstly, as presented by Equation (3), the wireless channel free space path loss (FSPL) increases with the
signal frequency and the link length. In this equation, also known as Friis formula, FSPL is in dB, and the
propagation distance (R) and signal wave length (A) are both given in meters. The additional FSPL
between usual LTE (f; = 2600 MHz) and 5G (f, = 28 GHz) communications is computed in Equation (4).
Considering the same range for both links, the additional losses are 20.6 dB. It should be noticed that the
path loss given in Equation (3) is a negative value in dB, since it accounts for power attenuation.

!
FSPL = 20.log (ﬁ) (3)
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4
FSPL, — FSPL, = 20. log(

= 20.6dB
%)

Secondly, as shown in Figure 11, the losses due to the atmospheric absorption are also stronger at
higher frequencies. Actually, signal absorption increases with the frequency for the usual materials (air,
water, glass, concrete, and wood) [9]. The additional atmospheric losses are not significant, but they are
much stronger for other materials. For example, glass and concrete penetration losses are respectively
5.1 dB and 101.6 dB higher at 28 GHz compared with LTE (2600 MHz), for a typical building wall. Channel
modeling is also more challenging at higher frequencies.
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Figure 11: Average atmospheric absorption, from everythingrf.com

An accurate model for 5G communication channels is given in [9]. It includes the distinction between line
of sight (LOS) and non-line of sight (NLOS) propagation within different environments. For the urban use
case; the probability to have direct LOS between the access point (AP) and the user equipment (UE) is
about 60% at 50 m, and decreases below 15% from 200 m. The associated NLOS propagation penalties
are respectively 39 dB, and 53 dB. Consequently, it has a major impact on the communication reliability.
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To cope with the limited range of mm-wave communications, and to deal with the significant rise of user
density, a new network architecture is needed. Several expected innovations are introduced in [10]. The
first improvement is the implementation of many mm-wave small cells which provide high data rates in
very crowded areas. This enables to shift from a base station centric to a user-centric network. Actually,
the adaptive cells could change their configuration to fit properly with user density and to offer high
quality of service (QoS) even at cell edges. Secondly, the split between control and user planes is
stronger than previously. It is expected to route mm-wave signals from base stations to the core
network. Consequently, the baseband processing is pushed out of the access point. This reduces both
deployment complexity and network latency. The centralization of processing steps into virtual
baseband unit pools is called cloud radio access network (CRAN). Finally, 5G also expects to benefit from
the existing Wi-Fi network, particularly indoor, to offload outdoor facilities. The expected 5G network is
shown in Figure 12.

To conclude, small cell densification enables to reduce the inter site distance to cope with high path loss
but it also implies higher costs for mobile operators. In fact, more base stations have to be deployed and
connected with the others so the capital expenditure (CAPEX) is increased. However, this cost is reduced
thanks to CRAN and mm-wave backhauling. Actually, it replaces the usual fiber links which are very
expensive. The global power consumption is also more important. Thus, the operational expenditure
(OPEX) rises. Low-power small cell transceivers are required to minimize the operating costs. Finally,
high interoperability with current LTE-A, and Wi-Fi standards is needed to optimize user quality of
experience.

c. Beamforming: a Key Enabler

The use of mm-wave frequencies unlocks vast amounts of bandwidth but it also brings major drawbacks
as propagation issues and lower circuit performances. However, the smaller wavelength is, the smaller
the antennas are. Thus, it is possible to simultaneously use many antennas to improve the transceiver
ranges, and support the network densification. This is the so-called beamforming. As proven in [11] with
Equation (5), the maximum antenna array directivity (D) depends on the signal wave length (A) and
array area (A). Thus, for a given transmitting antenna area, the frequency increase offers more
advantages than drawbacks.
A
(Dinax)ag = 20.log (4. TT. /,1—2> (5)

In addition to a significant directivity increase, beamforming enables to dynamically modify the direction
of the beam. As shown by Figure 13, the signal is divided among several paths. Then, it is delayed, and
emitted through the antennas. Finally, the transmitted signals are combined over the air to form a
focused beam. In uniform linear arrays (ULA), as illustrated in Figure 13, elements are equally spaced.
Thus, the delays vary proportionally, from a line to the nearby one. For a ULA composed of N, half
wavelength spaced elements, the beam steering (9) is given by Equation (6). It depends on the element
spacing (d), the wave speed (c), and the set delay (). Moreover, the 3 dB beam width (3;) is defined in
Equation (7) for this kind of array. Consequently, larger arrays allow establishing more directive
communications. This introduces spatial division multiple access (SDMA), i.e. the ability to spatially
separate different users. Finally, for narrow band signals, i.e. if bandwidth is much lower than the carrier
frequency, the time delay could be approximate by phase shifting (¢) as in Equation (8).
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wave plane

9 =sin™?! (Cd—T) (6)
1.772

3= N, —1 (7)

o9

The beamforming principle is applicable for both the transmitting and receiving arrays. Equations (9) and
(10), respectively from [12] and [13], demonstrate the benefits of these topologies. The received signal
on each antenna is delayed and then combined to increase the signal-to-noise ratio (SNR) and filter
uncorrelated noise. As a result, the receiving array noise figure (NF,) is improved compared with the
noise figure of a single element (NF,)). Likewise, the array effective isotropic radiated power (E/IRPgrqy) is
improved regarding to the elementary antenna radiated power (EIRP,)).

NFarray(dB) = NF¢(dB) — 10.1og(Ne;) (9)
EIRPyyrqy(dB) = EIRP,;(dB) + 20.log(Ne;) (10)

In a nutshell, larger arrays enable to overcome mm-wave communication drawbacks. Also, it introduces
a new spectrum access technique. However, larger systems imply many more circuits. Depending on the
chosen topology, overall power consumption and system complexity may increase in varying degrees.
Indeed, several architectures are able to achieve beamforming. Up to [14], the first ones had been
introduced in the early 1900’s by K. F. Braun, for radar purpose. It consisted in a fixed beam, generated
by a bulky and lossy passive phase shifter network. Then, the beam could be steered mechanically.

Since the 1940’s, the beam could be steered changing the phase shift electronically. But the
beamforming network is always behind the power amplification stage. Consequently, much power is lost
causing power dissipation. A famous example is the electronically steered array radar (ESAR) designed in
1958. It has only been in the 1980’s that phased array technology shifts from passive to active systems,
thanks to circuit scaling. Actually, it was possible to integrate phase shifters or time delays before the
amplifier to design more compact systems with better energy efficiency. This topology is illustrated in
Figure 14 (a). Another consequence on phase shifter integration is the opportunity to move it towards
lower frequencies, i.e. before the transmitter up conversion. It is also possible to operate the phase
shifting in the local oscillator path. By the way, it is the case for the first fully integrated CMOS phased
array receiver and transmitter introduced in [12] and [13], respectively. By now, phased arrays are going
to become more digital thanks to the scaling of silicon technology nodes, significantly increasing the
processing capabilities, as illustrated in Figure 14 (b).
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Figure 14: (a) Modern analog transceiver architecture; (b) Digital phased array transceiver architecture
d. The 5G Standardization Timeline

Following the general mobile standardization trend, 5G is expected to be released around 2020.
Whereas previous generations have led the market, the 5G advent is triggered by the emergence of new
uses. It could explain the large gap between current mobile networks and the next generation
requirements. As shown in Figure 15, the deployment is expected to be very progressive, to cope with
this large step. Since WRC-15, which has set the first 5G requirements, directions for below 6 GHz
standardization, and recommendations for mm-wave frequency bands, many trials have been
conducted. Up to [15], 40% of these trials are performed below 6 GHz, and 31% in the 24 — 29.5 GHz
frequency band.

Olympic 2018

5G Requirements Release 15

5G Study: New Radio Access Technologies

First 5G Trials

Figure 15: 5G Deployment Timeline, based on ARCEP Expectations [2]

As summarized in [10], market players have different targets. For example, Qualcomm’s vision is focused
on enabling new uses and improving user experience, while Samsung is focused on multimedia
experience and loT, and Huawei on massive capacity and network deployment. Moreover, the mobile
terminal market is split between sub 6 GHz, and mm-wave system vendors. There are few actors able to
provide mm-wave circuits. Up to [16], Qualcomm leads the market with the QTM525 radio frequency
front-end (RFFE), and the Snapdragon X55 modem. More recently, Qualcomm have introduced the
Snapdragon X60 [17]. This 5G modem-RF system based on the 5 nm process node enables to aggregate
the sub 6 GHz and mm-wave spectrums. Then, some players are focused on modems, as Samsung with
its Exynos 5100, and Intel with its XMM 8160. Others provide RFFE’s as Qorvo, or SkyWorks.

However, the big 5G challenge is to ensure high network capacity. In this context, Ericsson has presented
the first integrated mm-wave phased array antenna module in [18]. Anokiwave is also an early actor in
mm-wave phased arrays [19]. For now, they exhibit a complete offer including beamforming ICs and
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front-ends, for macro cells and small cells operating in the 28 GHz and 39 GHz frequency bands. They
have developed advanced features such as the zero-cal technology and the kinetic-green functionality
which reduce respectively the system complexity and power consumption [20]. Besides, Movandi has
designed the BeamX module, including amplifiers and frequency converters. It is used with a repeater
(BeamXR) to optimize NLOS communications. Finally, SatixFy has developed the first fully digital
commercial beamformer, which confirms the digitalization of such systems [20]. For now, their 256
element array is only dedicated to satellite communications in the Ku-band (12 — 18 GHz). These first 5G
developments are advertised by major public events, as 2018 Winter Olympics in PyeongChang and 2021
Olympics in Tokyo.

To summarize this overview, 5G is expected to be a paradigm shift in the wireless communication world,
led by the ever more connected society. To fill the demanding requirements, the network will firstly be
deployed in the current sub 6 GHz spectrum. At the same time, mm-wave trials are performed to
prepare the move to higher frequencies.

II.  From 5G EMBB Expectations to System-Level Specifications

1. Thesis Use Case: Definition & Challenges

a. Chosen Scenarios

Since 5G is a broad standard, with a lot of applications and as many frequency bands, it is necessary to
bound the study with clear use cases. This work focuses on mm-wave frequency bands, as the sub 6 GHz
network is currently being deployed. Consequently, the main target is providing high data rates in very
crowded areas. As presented in Figure 9, based on ITU-R recommendations [8], it is expected to provide
a 10 Tbps/km? network capacity. Moreover, the data rate offered to each user has to be at least 10
Mbps, and should reach 20 Gbps in optimum cases. These requirements are consistent with current
population densities. For cities like Paris or West New York, it is about 20 000 people per km? [21].

One of the key principles of 5G radio access network is significant access point densification.
Consequently, it is important to determine how many users will be related to each small cell. The cell
different radiuses are detailed in [22]. Results are reported in Table 1.

Cell Type Radius Number of Users Location

Femto Cell 10to 100 m Up to 30 Indoor
Pico Cell 100 to 200 m From 30 to 100 Indoor &
Micro Cell 0.2 to 2 km 100 to 2000 Outdoor

Table 1: Mobile cell features for different kind of cells

To conduct an accurate study, the following work is limited to pico cells. However, the system sizing
methodology is suitable for other scenarios. Considering an inter site distance (ISD) of 100 m, the cell
density is about 100 cells/km?2. It implies a 100 Gbps/cell capacity, i.e. simultaneously providing 1 Gbps
to 100 users in a single cell. Likewise, cells with ISD of 200 m have to deal with 400 concurrent users.
These use cases are reported in Table 2, considering 6 sectors per access point.
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Inter Sit .
n. er-ite Cell Density Users / Cell User Data Rate User / Sector
Distance

100 m 100 /km? 100 1 Gbps 17

200 m 25 /km? 400 0.3 Gbps 67

Table 2: Identified 5G scenarios

Finally, the chosen operating frequency, among available mm-wave bands, is 28 GHz. This allows taking
benefit from the many recent developments. Based on previous parts, the mm-wave access point is
mainly composed of the phased array transceiver. It both provides data for users, and ensures low-cost
backhaul with fast deployment. Consequently, this work also takes into account AP to AP links.

b. First 5G Standard

The 5G standardization has been started in 2017 by the ETSI, with Release 15 [23]. The aim of this first
release is to meet the crucial market needs thanks to existing technologies. Thus, it includes detailed
guidelines for the sub 6 GHz spectrum and sparse directions for mm-wave frequencies (24.25 — 27.5,
26.5 — 29.5, and 37 — 40 GHz). Indeed, mm-wave system requirements are only given over the air, i.e.
after the transmitting antenna array. These partial guidelines include the maximum channel bandwidth
(400 MHz), the receiver sensitivity (from -86 to -109 dBm), and the maximum error vector magnitude
(EVM) depending on the signal modulation (17.5% for QPSK, 12.5 % for 16-QAM, and 8% for 64-QAM).
But some requirements are missing, as the maximum EIRP for the different kinds of small cells. This lack
of information is expected to be bridged with Releases 16 (June 2020) and 17 (September 2021). They
should target respectively the mm-wave use cases and the mMTC applications.

c. Challenges

The design of mm-wave systems for 5G small cells implies several challenges. Firstly, the requirements
are very demanding, whereas the standardization is only at the beginning. It is therefore necessary to set
up a sizing methodology to determine the system-level specifications. Then, the many studied solutions
have to be compared. It enables to select the best suited solution for 5G small cell deployment. Finally,
the significant densification implies high CAPEX and OPEX which have to be reduced. Thus, the design of
5G systems require a particular care about the overall power consumption.

2. Sizing Methodology for mm-Wave 5G Small Cells

a. Step 1-—Introduction

5G requirements are expected to be as broad as demanding. Thus, a new sizing methodology has been
developed in this work. It enables to derive the system-level specifications from the early requirements.
This methodology is summed up in Figure 16. It starts with the use case definition. Here, the previously
presented use case is chosen. However, the sizing method may be applied to different requirements.
The next steps are detailed in the following sections: the analysis of signal properties (modulation order,
coding rate, and bandwidth) and propagation channels. Then, a link budget is performed. It is based on
the performances of recently reported circuits, and it leads to the array sizing. Finally, the overall power
consumption of the different phased array architectures is estimated to select the best suitable.
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Figure 16: Main steps of the 5G access point sizing methodology
b. Step 2 —Signal Properties

This step consists in determining the optimal modulation and coding scheme (MCS), i.e. the modulation
order, and the coding rate, which are respectively represented by M, and C; in the following equations.
It is important to notice that antenna arrays are supposed to operate in beamforming mode. So, the
network capacity is only increased due to higher SNR. Actually, this kind of transceiver does not bring
diversity as it is the case with previously presented MIMO systems. Consequently, the Shannon’s law is
applied using Equation (1), not Equation (2). It is reminded that these equations are valid for additive
white Gaussian noise channels. Finally, the communication channels are supposed to be independent for
each user, as it is the case in [24] with the use of orthogonal beamforming. Consequently, the maximum
data rate per user, termed Rys, is equivalent to the channel capacity. This is expressed in Equation (11).
Moreover, Equation (12) gives the relation between the signal bandwidth, the data rate, and the MCS.

(11)

S
RUSER =B * logz (1 + N)

R

B=——1-—
Cr * log, (M)

(12)
These equations enable to compute the required signal to noise ratio (S/N) and bandwidth (B) to ensure
the targeted user data rate. The results for different MCS are reported in Table 3. This includes
communications up to 2 Gbps for backhauling. The first remarkable result is that S/N only depends on
the MCS. This could be shown thanks to Equation (13), which is a combination of Equation (11), and
Equation (12). Moreover, a lower coding rate implies a higher reliability but also a higher bandwidth.
Consequently, the S/N requirements are relaxed. It stresses the tradeoff between signal bandwidth and
required S/N, which both impact the system power consumption.
log, (1 + %) = Cr * log, (M) (13)
Based on prior 5G specifications, which expected channel bandwidths about 100, 200, and 400 MHz, the
16-QAM modulation has been chosen for 300 Mbps communications, with 7/8 coding rate. It enables to
minimize the occupied bandwidth, with relaxed EVM requirements regarding to 64-QAM. Likewise,
higher data rates could be reached using the same coding rate, with higher modulation orders. However,
the latest specifications suggest using lower CR to improve reliability [23]. Consequently, the coding rate
is reduced to 3/4 for 300 Mbps communications, using 16-QAM. For higher data rates, i.e. higher
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modulation orders, it is chosen to decrease C; to 2/3. Thus, the maximum throughput per beam is
1.6 Gbps to respect the 400 MHz bandwidth limitation. Based on this knowledge, several beams may be
required for backhaul. As these links should often be in LOS, the coding rate may be increased to reduce
the occupied bandwidth.

Ryser = 300 Mbps QPSK 16-QAM 64-QAM
S/N (dB) 3.75 10.1 15.7
CR = 7/8
B (MHz) 171 85.7 57.1
S/N (dB) 2.62 8.5 13.4
CR = 3/4
B (MHz) 200 100 66.7
S/N (dB) 1.82 7.24 11.8
Ca=2/3
B (MHz) 225 113 75
Ryser = 1 Gbps QPSK 16-QAM 64-QAM
S/N (dB) 3.75 10.1 15.7
CR = 7/8
B (MHz) 570 286 190
S/N (dB) 2.62 8.5 13.4
CR = 3/4
B (MHz) 667 333 222
S/N (dB) 1.82 7.24 11.8
Cr=2/3
B (MHz) 750 375 250
Ryser =2 Gbps QPSK 16-QAM 64-QAM
S/N (dB) 3.75 10.1 15.7
Ck=7/8
B (GHz) 1.14 0.57 0.38
S/N (dB) 2.62 8.5 13.4
Cr=3/4
B (GHz) 1.33 0.67 0.44
S/N (dB) 1.82 7.24 11.8
Ca=2/3
B (GHz) 1.50 0.75 0.50

Table 3: Signal to noise ratio and signal bandwidth for different MCS's and data rates
c. Step 3-— Propagation Channel Modeling

As discussed previously, the selected operating frequency is 28 GHz. This implies many new challenges,
as rain and atmospheric attenuation, specular reflection on buildings, and channel modeling. A lot of
channel modeling studies have been gathered in [9]. This is supported by the New York University (NYU)
Wireless mm-wave channel simulator: NYUSIM 2.01 [25]. It enables accurate modeling for wireless mm-
wave links, as it is based on many field studies.
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Input parameters are divided in 4 sections. The main objective of this part is to determine the channel
path loss, in order to perform the link budget. Thus the channel parameters section is of particular
interest. The simulator may take into account atmospheric features (pressure, humidity, temperature),
environmental constraints (rain, foliage, building penetration), and the transceiver localization.
Moreover, different scenarios could be tested. The chosen use case corresponds to the urban micro
(UMi) environment. Finally, the simulator also includes LOS probability. The other sections are related to
antenna properties, signal consistency, and human blockage. These features are optional for path loss
computing. Thus, they are not considered in this work.

Range (m) Pressure (hPa) Freq. (GHz) Humidity (%) Bandwidth (MHz)
10-500 1013 28 50 400
Temperature (°C) Scenario Polarization TX Power (dBm) Number of RX
20 UMi Co-Polarization 30 1

Table 4: NYUSIM default channel parameters

All the channel parameters reported in Table 4 are set to their default values, and the base station
height is set to 10 m. The Signal consistency and Human blockage sections are disabled. The path loss
has been computed using these settings. The effects of environmental constraints and NLOS scenario
have been highlighted. Results are plotted in Figure 17. It is shown that heavy rains have low impact on
the path loss. The main issues are NLOS scenario and outdoor to indoor (O2l) penetration losses. They
respectively lead to 27 dB and 37 dB penalties. It is reminded that the LOS probability is between 15%
and 60 % in the 50 to 200 m range. Finally, as shown in [9], the base station height also impacts the path
loss from a certain distance. Indeed, it modifies the limit between the LOS and NLOS scenario.
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Figure 17: UMi path loss at 28 GHz, for different scenarios

To conclude the path loss estimation, some relevant values are reported in Table 5.
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Distance (m) 50 100 200
Nominal path loss (dB) 99 106 112
NLOS path loss (dB) 122 133 158
02l path loss (dB) 131 143 172

Table 5: Path loss relevant values at 28 GHz
d. Step 4 — Receiver Characteristics

To establish the link budget of the whole mobile communication system, it is necessary to determine the
receiver (i.e. the user equipment) characteristics. Based on recent state of the art, mobile receivers may
be composed with small antenna arrays. As it is highly integrated, its gain per element is expected to be
about 0 dBi, as shown in [26]. Moreover, circuit performances depend on the chosen technology, the
operating frequency and the integration level. For example, the CMOS integrated receiver designed in
[27] exhibits a noise figure (NF) lower than 4 dB and a maximum output power about 14.5 dBm. For cost
and integration issues, SiGe or CMOS technologies may be preferred to GaAs and GaN. The expected
user equipment characteristics are summed up in Table 6.

Freq. (GHz) NF (dB) Antenna Gain (dBi) | Number of Antenna Technology

28 4 0 4 SiGe / CMOS

Table 6: Expected user equipment features

Finally, the base station receiver will be sized depending on the transmitter properties (front-end
module features and array size). The current methodology may be used, after the base station
transmitter sizing.

e. Step5-—Link Budget

Thanks to the previous parts, transmitted signal, mm-wave channel, and receiver characteristics have
been determined. Thus, the transmitter EIRP could be derived from a link budget. The wireless link is

pictured in Figure 18.
TX EIRP, B SNR N-,-

I_I
Y
4 Antennas
0 dBi Gain (Ggy)
Range=100m  __ RX NF =4 dB
PL =106 dB

Figure 18: Wireless link in the chosen use case

Firstly, the SNR is determined thanks to Equation (14). It gives the relation between the required S/N,
the receiver NF, and the SNR (all expressed in dB). Then, the link budget is completed with Equation (15).
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S
SNR = N+ NF - 10.10og;o(N,p) (14)
EIRP = SNR + PL — Gy + Ny (15)
NT = 10.10g10(kB *T*B) (16)

Finally, Equation (16) enables to compute the thermal noise, Ny. It depends on the Boltzmann constant
ks, which value is 1.3806 * 10”2 J.K™ and the temperature T. It also depends on the signal bandwidth. As
it is much higher than it was for the previous standards, wireless systems are no longer interference
limited, but noise limited. Results for the targeted use cases are reported in Table 7.

Range(m) | PL(dB) | LOS(%) | S/N(dB) | B(MHz) T (K) N; (dB) | EIRP (dBm)
100 106 - 143 40 11.8 250 -119.9 25.9-62.9
298
200 112-172 15 8.5 100 -123.9 24.6 — 84.6

Table 7: Link budget results for the chosen use cases

Up to these results, 021 and NLOS scenarios seem highly demanding due to their high path loss. Actually,
the current specifications for sub 6 GHz pico-cells limit the base station EIRP to 33 or 47 dBm [23].
Fortunately, the expected network densification should increase the LOS probability. The use of signal
repeaters is also expected [20]. It enables to cope with the large path loss penalty. As well, indoor
coverage will be provided thanks to dedicated networks and offloading.

f.  Step 6 — Front-End Module Features for mm-Wave Access Point

This part focuses on the base station front-end module (FEM) performances in the TX mode, i.e. on the
power amplifier (PA) properties and the way it is connected to each antenna. As the EIRP has been
determined, FEM features will enable to size the antenna array. The choice of the FEM topology mainly
depends on the standard requirements, and the chosen technology.

Firstly, 5G PA’s will probably operate at an important power back-off (PBO). This means that the input
power is much lower than the one corresponding to the PA saturation. Actually, the use of the OFDM
modulation implies high peak to average power ratio (PAPR). Thus, the back-off is necessary to ensure
adequate linearity. As discussed in [28], the input PBO is about 9.6 dB. Consequently, the power added
efficiency (PAE) of the reported PA drops from 35.5 to 10 %. It is possible to save efficiency thanks to
dedicated PA architectures [29], [30], or using PAPR reduction techniques, which lower the required
PBO. The technology choice has also a significant impact on the PAE, as shown by the results from [31],
reported in Table 8. It is shown that CMOS may achieve slightly higher PAE than SiGe, but it drops faster
with the increase of Psyr. Moreover, GaAs and GaN exhibit PAE up to 40% for Psar above 30 dBm.

Psar (dBm) PAE;ic. (%) PAEcmos (%)
20 43 47
30 20 10

Table 8: Reported PAE depending on the technology and Ps,;, from [31]
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Then, in order to choose the best suitable technology, several recently designed Ka-band PA’s have been
reported in Table 9. The PAE at PBO is reported with a 6 dB output PBO which is often equivalent to the
required 9.6 dB input PBO [26]. The first remarkable result is that GaAs and GaN technologies enable to
reach high Psar with good PAE performances. However, the use of such technologies leads to high area
penalties and challenging digital integration. Thus, CMOS and SiGe seem to be more suitable for the
design of energy and cost efficient FEM’s. For now, these technologies exhibit comparable features.

Reference [32] [29] [33] [34] [30] [35]
Technology | ot | Cos | se | amos | SN | ems
Freq. (GHz) 28 26 27.5 38 28 28
Psar (dBm) 26 25 17.1 24.8 32 26.5
PAE peai (%) 34.1 31 26.5 24.3 30 42
PAEsgo (%) =10° 24 -27 11.6 10" 30 31
Area (mm?) 0.401 0.63 0.36 0.146 6 2.86

Poc (MW) 1083 " 286" 833" 1035 " 1350 375"

*. graphically estimated; **: graphically estimated with a 6 dB output PBO
Table 9: Ka-band power amplifier state of the art

Moreover, MIMO and beamforming systems require an accurate and complex channel coding. To reduce
the processing cost, time division duplex (TDD) is preferred to frequency division duplex (FDD). Actually,
TDD enables to use the same frequency for both transmitting and receiving operations. Consequently,
the channel coding only has to be realized once. This step may also be completed at the base station to
reduce the constraints on user equipment. TDD implies the use of antenna switches. Several circuits
designed in different technologies are reported in [36]. The comparison highlights the benefits of SOI
CMOS in regards with bulk CMOS and SiGe. Actually, SOI CMOS switches may exhibit insertion losses
lower than 1 dB, high power handling, and high integration level. Bulk CMOS and SiGe circuits have
higher insertion losses, about 1.5 dB. Moreover they are often larger due to the implementation of bulky
improvement techniques.

Finally, multi-beam phased array architectures have two effects on power amplifiers. On the one hand,
the transmitted signal is divided among the antenna elements. Thus the power is divided as many paths.
Consequently, the PA output power specification is relaxed. Moreover, as shown by Equation (10), an N
element array radiates N2 times more power than a single antenna. Thus the PA requirements are
reduced again. On the other hand, the signals for each user are combined before the amplification stage.
So, the PA output power is increased. This contrast is shown by Equation (17). Pssr is expressed
depending on the required power per user Py, the power back-off PBO, and the number of users Nsgz.
The powers are given in dBm, and the PBO is in dB. Then, the power transmitted by a single element Py
is expressed in dBm by Equation (18). It depends on the switch insertion losses /L, and on the antenna
element gain Gyy. Both are in dB. Besides, other losses between the PA and the antenna are neglected.

Psar = Pysgr + PBO + 10.10g,0(Nysgr) (17)

PTX=PSAT_PBO_IL+GTX (18)
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The antenna designed in [37] gives an estimation of the antenna gain. A 64-element array is presented
with about 4 dBi gain per element at 28 GHz. Moreover, the dual-polarized elements show gain higher
than 0 dBi over a large scanning range. More directive antennas could relax the circuit requirements, but
the scanning range would be degraded. Lastly, the relation between the transmitter power capabilities
and the array radiated power requirements will be determined thanks to the array sizing, in the
following part. Then, the receiver characteristics may be derived from the technology features and the
array geometry.

g. Step 7—Array Sizing Issues

Previously, the available FEM output power and the required array EIRP have been determined, thanks
to the technology features, and the system link budget. Replacing EIRP,, in Equation (10) with Py from
Equation (18) enables to relate these results into Equation (19).

EIRParray = Prx +20.log,o(Ney) (19)

Moreover, based on Equation (17), the needed EIRP per user, EIRP,,, is expressed in Equation (20).
Finally, the desired relation is given in Equation (21), from the combination of Equations (18), (19), and
(20). 1t is applied to the two identified use cases, using different FEM technologies. The parameters are
summed up in Table 10. Results are reported in Table 11, considering 4 dBi antenna gain and the
required 6 dB output PBO.

EIRP ser = EIRFyyryqy — 10. log10(Nyser) (20)
EIRPuser = PSAT — PBO — IL + GTX + 20. lOglO(Nel) —10. lOglO(NUSER) (21)
Range Nyser EIRP,., GaAs SOl CMOS / SiGe
Casel 100 m 17 19.9 dBm Psar (dBm) 30 25 20
Case 2 200 m 67 18.6 dBm IL (dB) 0.8 15
Table 10: Use case (left) and technology parameters (right) for array sizing
Array Size (N) GaAs SiGe / CMOS SOl
Case 1 (LOS) 2 7 4
Case 1 (NLOS) 61 209 109
Case 2 (LOS) 4 11 6
Case 2 (NLOS) 742 2541 1319

Table 11: Array sizing, for different LOS and NLOS scenarios

It could be noticed that for the considered use cases and technologies, the required array size is not so
high. Unfortunately, it drastically increases for the NLOS and the 02l scenarios. Then, the use of GaAs
technology enables to reduce the array size thanks to its high-power capabilities. Consequently, there is
a major tradeoff on the system power consumption: increasing N leads to reduced PA requirements, but
also increases the overall complexity. However, the array size not only influences the link budget.
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As shown in Equation (7), the larger the antenna array is, the sharper the beams are. Thus, the SDMA is
more efficient. Besides, it is illustrated in [38] that larger arrays generate more radiation pattern nulls,
providing better spatial filtering.

Based on the 100 m range use case, the array has to form 17 beams. Which corresponds to 4.1 beams in
both azimuth and elevation planes. Considering a uniform rectangular array (URA) covering a 60°-wide
sector, it leads to 14.6° beam width. Likewise, the 200 m range use case leads to beam width about 7.3°.
Using Equation (7), the corresponding array sizes are respectively 8 x 8 and 15 x 15 elements. However,
users are not equally distributed in beam areas. Actually, the further from the access point they are, the
more they are in a sector. Likewise the further the beam target is, the larger the beam area is as shown
in Figure 19 (b), where HPBW is the Half Power Beam Width, i.e. &; in Equation (7). Finally, this
phenomenon mainly depends on the access point height. Thus, it is harder to discriminate users far from
the access point than closer ones. To determine the optimum access point elevation range R; and height
H, Equation (22) is used. It is derived from trigonometry formulas applied to Figure 19 (a).

300 5
%RE ‘mHPBW l ..‘
; 200 N .'.
-{\\ £ ! / g
H ~
\ \\ = 100
\ D
\ \ 5
N
\ N 0 10 20 X1(m) 30 40 50
I:)l‘l‘lln Dmax e HPBW = 6° - e» 3° seseve 10° - e ])°

(b)

Figure 19: (a) Parameters of the whole access point array; (b) Beam spreading of a single beam, with H = 10m
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Typically, the elevation range R; is close to 60° as antenna arrays are square, and the minimum distance
between user and access point, D, is a few meters. The chosen access point heights approximately
correspond to street lights (4m), or 3-floor buildings (10m). Results are reported in Table 12. It could be
noticed that for small heights, D, could be infinite which leads to much energy loss. Consequently, it is
necessary to properly set the access point deployment parameters to efficiently cover the targeted
sectors. Finally, considering a 100 element array, different conformations are available. Several are
reported in Table 13.

Re (%) 55 60
H (m) 10 10
Dpin (M) 2 5 2 5 2 5 2 5
Doy (M) 27 oS 23 67 67 oS 30 167
Table 12: D, for Different access point configurations
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Antennas Antennas per Row | HPBW in Azimuth | Antennas per Column | HPBW in Elevation
100 10 11.3° 10 11.3°
99 9 12.7° 11 10.2°
96 8 14.5° 12 9.2°

Table 13: Possible 100-element array conformations

To conclude about beam spreading, the beam projections on the ground are illustrated in Figure 20, for
the worst case: H = 4 m. Each line represents the limits of a single beam area, i.e. the minus 3 dB
boundaries. It shows that it is harder to discriminate users in areas far from the access point. Moreover,
access points at higher heights have both higher ranges and better spatial filtering.

ZOOM IN

Figure 20: Beam projection on the ground for 10 x 10 (red), and 12 x 8 (blue) arrays

Finally, the array sizing and positioning impacts the link budget and the spatial filtering ability. Obviously,
it also has a significant effect on the overall complexity and power consumption. As these points are as
well related to beamforming topology and chip partitioning, it will be discussed in the following section.
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Figure 21: Main steps of the 5G access point sizing methodology

Figure 21 reminds the different steps achieved in the previous sections. From the early 5G requirements,
the system-level specifications have been determined. In conclusion, a suitable phased array size has
been selected, reflecting the choice of the technology. The last step aims to determine the best optimal
phased array architecture, meeting the defined system-level specifications with low power consumption.
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Indeed, the next section gives an overview of the existing beamforming architectures. Then, recently
reported systems are compared, based on their main advantages and drawbacks. Finally, the last step
will be achieved, introducing a new method to estimate the power consumption of such systems.

h. Preliminary Step 8 — Beamforming Topologies Overview

Previously, beamforming history and operating principle have been introduced. This section details the
different modern phased array architectures able to concurrently transmit and receive several beams.
The consequences on the overall system are also discussed. These architectures are divided in two
distinct families. On the one hand, there are passive multi-beam antennas (MBA'’s) which directly comes
from the historical topology. Such systems could be based on reflectors, lenses, or beamforming feeding
circuits [39]. The different beams are generated in the RF domain, and no additional power consumption
is needed. However, the directions of the beams are often settled by construction. Thus, it is not suitable
for 5G mobile communications. Moreover, in passive beamforming, the signal is amplified before it is
split, as illustrated in Figure 22 (a) from [39]. Thus the PA constrains are higher. It also implies high losses
between the antenna and the FEM. If it could be offset in TX mode by increasing the PA output power,
but it still degrades the overall NF in RX mode.

| oex/s |

[ orx/s ]

[ oex/s |

[ opx/s |

| oPx/s |

Beam N

o1 '
(a) Beam 1 Beam N
Figure 22: (a) System architecture of a passive MBA; (b) System architecture of an active RF MBPAA, from [39]

On the other hand, there are multi-beam phased array antennas (MBPAA’s) which generate the beams
thanks to active circuits. Consequently, it provides higher flexibility. This family is split into 2 sub-families
depending on which circuit generates the beams. The first one is RF MBPAA, compared with passive
MBA in Figure 22 from [39]. The beamforming is performed by phase shifters. These architectures are
very popular. As presented previously, the PA requirements are relaxed, so the overall efficiency is
improved. Besides, there are fewer losses between the antenna and the low noise amplifier. Both
solutions benefit from the array effect, which improves SNR. Finally, the phase shifters may be replaced
by true time delays to avoid beam squinting in wideband systems. The second one gathers architectures
which generate the beams at intermediate frequency (IF), local oscillator (LO) frequency, or at base band
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(BB). As the phase shifting is realized at lower frequency, these systems are more accurate and scalable
[38]. However, the LO distribution is very challenging. Also, wideband beamforming is not supported
because of prohibitive low frequency true time delays. Figure 23 (a) presents a MBPAA receiver with LO
phase shifting. MBPAA’s are more flexible than MBA’s, but implies RF phase shifting or LO distribution
issues. They also have a number of beams settled by construction. So the system adaptability is limited.
Besides, the beams may also be generated in the digital domain. These architectures known as digital
multi-beam antennas (DMBA'’s) are illustrated in Figure 23 (b), from [39]. They provide more flexibility
and accuracy than previously presented systems. But the processing required to simultaneously
generate the beams is very challenging. Finally, RF and digital phase shifting may be combined into
hybrid beamforming. This enables to reduce both processing requirements, and number of circuits.

Different partitioning is possible as discussed in [40].

' DBFN ¢
(a) Beam 1 Beam 2 Beam N (b) Beam1l Beam2 Beam N

Figure 23: System architecture of: (a) an MBPAA receiver with LO phase shifting and (b) a full DMBA, from [39]

Whether beamforming is realized thanks to passive MBA, MBPAA, DMBA, or a hybrid combination of RF
and digital, the design of mm-wave circuit remains challenging. Moreover, a qualitative comparison of
these architectures is not sufficient to determine the best suited system for 5G access points. Thus, a

more accurate analysis based on power consumption will be completed in the next section.
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Figure 24: Undesired beams due to the intermodulation products
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Finally, the transmission of several concurrent beams thanks to a single array implies the generation of
undesired intermodulation products [41]. Two beams simultaneously transmitted at f;, and f,
frequencies, respectively in ¢; and &, azimuths, generate spurious at 2.f; - f5, and 2.f, — f; frequencies,
respectively in 2.8; — 0,, and 2.8, — ¥; azimuths. It is illustrated in Figure 24. Their power depends on PA
features.

lll.  Phased Array Antenna Transmitter Comparison

1. Ka-band 5G Phased Array Transceiver State of the Art

a. RF Phased Arrays

This overview of 5G transceivers starts with the most popular architectures: RF phased arrays. In [42], a
16 dual-polarized element transceiver (TRx) is presented. Each integrated circuit (IC), designed in 130 nm
SiGe BiCMOS technology, is composed of 16 TRx per polarization. As 4 IC’s are used, the system could
handle 2 concurrent beams. Each beam takes advantage from the 64 antenna array. Besides, it could
also operate in multi-beam mode. 8 beams are simultaneously generated, i.e. 2 per 16 antenna array.
Finally, the asymmetrical switch enables to reduce the PA output power requirement, which leads to 20
% power consumption gain. Each IC spends 4.6 W per polarization in TX state, and 3.3 W in RX state. The
IC block level schematic is shown in Figure 25. Another phased array transceiver is introduced in [43]. It
is based on 4-element TRx’s, made in 180 nm SiGe technology. 16 IC’s are gathered, and combined with
a 64 antenna PCB array. This transceiver can only handle a single beam. However, 8 to 12 Gbps
communication has been achieved using one array as TX, and another as RX. The whole system
consumes 11.9 and 7.8 W in TX and RX states. The system block diagram is shown by Figure 25.
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Figure 25: (a) IC architecture, from [42]; (b) Phased array block diagram, from [43]

Finally, a 24 element transceiver is presented in [44]. The generation of 2 concurrent beams is supported
thanks to dual-polarization. It is manufactured with 28 nm CMOS technology, which leads to a significant
power consumption saving. The system consumes only 2.85 W when operating at maximum output
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power. These 3 architectures show that RF beamforming is easy to implement. They exhibit about +50°
scanning range, without any calibration. However, only few concurrent beams may be handled.
Moreover, there is a tradeoff between the number of beam and the array size highlighted in [42]. Finally,
it is shown in [38] that, for now, the number of signal chains per IC does not exceed 64 due to yield
considerations.

b. Other Phased Array Topologies

Even if RF phased arrays are very popular, other architectures may also show interesting features. In
[45], an LO phase shifting transceiver, operating at 39 GHz, is introduced. The 64 element system is
composed of 4-element chips, designed in 65 nm CMOS technology. This architecture provides high
phase and gain accuracy. However, calibration is needed to reach such performances. The power
consumption is also higher than previously presented systems, about 24 W in TX state. As shown in
Figure 26, the calibration circuits are included in the chip.

Besides, beamforming systems tend to become more and more digital. Thus, a reconfigurable front-end
module for hybrid and digital beamformers is presented in [46]. It is able to operate at 28, 37, and 39
GHz. The single 65 nm CMOS chip has a low power consumption, 140 mW for the transmission of 2 QPSK
beams. It could be extrapolated that the power consumption of a 64 element array would be 4.48 W per
beam. Finally, a fully digital 64 element transceiver is illustrated in Figure 26, from [47]. It enables to
generate 8 concurrent beams, which provide up to 50.7 Gbps data rate. Each beam takes benefit from
the whole 64 element array. However, it has significant power consumption, higher than 980 W when
transmitting. It is due to the use of substrate integrated waveguides which lead to higher losses, i.e. PA
requirements. Then, it is not an integrated circuit, but the combination of FPGA, and daughter boards.
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Figure 26: (a) LO phase shifting TRx, from [45]; (b) Block diagram of the mm-wave DBF TRx, from [47]
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c. Phased Array Figure of Merit

In order to compare the different phased array architectures, a Figure of Merit (FOM) has to be defined.
For 5G small cell applications, the most significant parameter is the system power consumption, Ppc.
Then, these systems have to provide high data rates to concurrent users. So the first idea was to base
the FoOM on the previously defined Rysp, and Nysss. However, the data rate depends on many
parameters, and is not often studied. So, it seems better to replace the data rate by the PA output
power Pour (in W), and to add the array size N. This FoM, shown in Equation (23) is dimensionless.
Results for the 6 previously presented systems are reported in the next section. It also sums up the main
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beamformer features. Finally, as most of the reported circuits operate at 28 GHz, frequency is not taken
into account in the FoM. The chip size is not considered either, as it may be increased to optimize chip
partitioning [43].

N * Poyr * Nysgr

FoM = (23)
Ppc

d. Phased Array Comparative Table

Reference [42] [43] [44] [45] [46] (47]
Freq. (GHz) 28 28 28 39 28/37/39 28
130 nm 180 nm 28 nm 65 nm 65 nm
Technology SiGe SiGe CMOS CMOS CMOS FPGA
Phase shift RF RF RF LO Hybrid Digital
Element /IC 2%*16 4 2%12 4 1 4
Number of 8 ) 1 ) 1 ) 8
beams
Number of 64 64 12 64 1 64
antennas
TX OIP1 (dBm) 14.0 10.4 12.0 13.4 14.0 25.0
TX Poc (W) 36.8° 11.9°2 292 {213 24 0.143 9821
RX NF (dB) 6 4.6 3.8-4.4 7 6.2 5.3
/ channel
RX Poc (W) 26.4 7.8 0.84 8 0.038 729
Size (mm?) 661 188 29.0 192 0.48 -
Data Rate
- 8-12 - - 1.5 50.7
(Gbps)
FoM 0.087 0.059 0.13 | 0.18 0.059 0.36 0.17

! atlinear output power, % at maximum output power, *at 6 dB PBO

Table 14: Phased array state of the art

Table 14 gathers several recent works, which try to connect with 5G base station requirements. RF
phased arrays based on SiGe technology seem very popular. Even if it enables to reach high data rate
[43] and have good scalability [42], it is outperformed by 28 nm CMOS for the power consumption [44],
and by digital architectures for the number of antennas / number of users tradeoff [47]. The FoM
highlights that hybrid and digital systems are competitive with RF ones in terms of power consumption.
Moreover, the latest achievements could be more integrated to reduce the power consumption. To
support this assumption, a power consumption estimation method is introduced in the next section.
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2. Transceiver Power Consumption Estimation

a. Power Consumption Model

Up to Table 14, the TX state consumes between 30 and 270 % more power than RX state. Consequently,
the following method is focusing on the transmitter power estimation. But it could be employed for RX.

As illustrated in Figure 22, and Figure 23, the transmitter architecture, so the number of circuits needed,
depends on which beamforming topology is selected. Firstly, high losses between the antenna and the
FEM imply power consumption increase [42]. It also leads to higher NF. To avoid this, the FEM is placed
as close as possible to the antenna. Thus, whatever the chosen topology, it is needed to have as many
PA as antennas. The PA power consumption may be estimated thanks to the definition of its power
added efficiency (PAE), which is given by Equation (24). It is expressed in %, and it depends on the
output power Pgyyr, the power consumption Py, and the PA gain Gp,.

Poyr * (1 - 1/GPA)

Ppc

PAE = (24)

Equation (21) enables to compute the required Pyyr, depending on N and Nysz. The best suited
technology is chosen regarding to this result. This brings to G4 and PAE values, which are reminded in
Table 15. An output PBO of 6 dB is considered, i.e. about 9.6 dB input PBO [26].

References [35] [28] [33] [29]
Technology 150 nm GaAs 28 nm CMOS 250 nm SiGe 45 nm SOI
Psar (dBm) 26.5 15 17.1 25
Gain (dB) 11.8 14 21.7 10
PAEgo (%) 31 11 11.6 25.5
Table 15: PA gain and PAE depending on the technology
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Figure 27: Required output power per PA and global PA power consumption, both depending on the array size
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To simplify this step, switch losses are supposed to be 1 dB whatever the technology. It is also assumed
that there are no other losses between the antenna and the FEM. Finally, the EIRP is set between the
LOS and NLOS requirement, about 40 dBm. The needed Pyyr for each PA and the global power
consumption of PA’s are plotted in Figure 27 for use case 1 (100 m range, 17 users).

The first remarkable result is that PA output power requirement decrease with the increase of the array
size. This leads to a reduction of their power consumption. Moreover, the results for SiGe and CMOS
highlight that PAE has a significant impact on the overall power consumption. Thus, the reported SOI PA
exhibits interesting features for energy savings.

Circuits before the PA depend on the beamforming architecture. For active RF MBPAA’s, shown in Figure
22, each beam is split, phase shifted, and combined. This part also includes gain control. The beams may
also not be combined in the case of sub-array architectures. In both cases, N * Nys»5 variable gain
amplifiers and phase shifters are needed. Their resolution could be relaxed in the case of hybrid
beamforming. But the complexity is reported to the digital part. Finally, it is supposed that splitting and
combining loss are offset by the gain control stage. For full DMBA's, shown in Figure 23, this section is
not necessary. In [27], the power consumption for a highly accurate 6 bit phase shifter and gain control
stage, designed in 65 nm CMOS, is about 48 mW per channel. Another 65 nm CMOS realization is
presented in [48]. As it is based on a passive phase shifter and a variable gain amplifier which
compensates the losses, its power consumption is only 10 mW. Finally, the 45 nm SOI IC presented in
[49] exhibits a 42 mW power consumption, including 12 mW for the LNA which compensate the passive
phase shifter loss. It is assumed that medium phase shifter power consumption is about 20 mW. So, the
global power consumption of this section for an active RF MBPAA is 34 W, in use case 1.

The next component of interest is the mixer, which achieves the up and down frequency conversions.
Their number depends on the beamforming architecture, but also on chip partitioning. For DMBA’s, 1
mixer per antenna is needed, plus LO distribution among all RF chains. While for active RF MBPAA’s, at
least Nyser mixers are required. In this case, high frequency connections are needed between the FEM
and the single frequency conversion circuit. To relax these constraints, several mixers may be used, each
one for a reduced number of antennas Nys:z < Ne < N, as discussed in [38]. The number of mixers is then
N¢ * Nyser. Finally, the power consumption of this section depends on the required conversion gain and
NF. Several IC’s, designed in different technologies, are reported in [50], [51], and [52]. Their power
consumption are respectively 90 mW for 130 nm SiGe, 15 mW for 65 nm CMOS, and 0 mW for resistive
90 nm SOI mixer. It is supposed that the mixer power consumption is about 40 mW, including LO
distribution. As previously, a 100 element array is considered, fulfilling use case 1 requirements. This
leads to power consumption about 40 W for DMBA's, at least 680 mW for RF active MBPAA’s, and up to
2.72 W using N = 4. Even if DMBA’s power consumption is much higher, it does not depend on the
number of users, unlike MBPAA's.

The only major circuit not estimated yet is the first step of TX systems: digital to analog converter (DAC).
Based on the study achieved in [53], the CMOS DAC power consumption Pp,c is given by Equation (25). It
depends on two technological parameters: the supply voltage Vjp, and the minimum transistor channel
length L. It also depends on sampling and signal frequencies, fsmpe and fsgna, and on the effective
number of bits, ENOB. As technology scaling have a significant impact on Py, it supports the use of
more integrated technologies for the other system IC’s. Besides, the significant increase of data rates
implies the use of higher fiampee. It is related to fsign thanks to Shannon’s law, given by Equation (26).
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p _ VDDZ * Lmin * (fsample + fsignal)
bac — 104-838—(0.1525+ENOB) (25)

fsample > 2 x fsignal (26)

Consequently, there is a major tradeoff between fmpe. and ENOB for Ppuc. Besides, DAC requirements
are relaxed in DMBA’s thanks to array effect. And they are increased as each DAC has to handle Nys»z
users. Finally, based on [54], the required ENOB for 5G wireless communications is between 6 and
11 bits. Likewise, the reported figmpe is about 1 GHz. And the analog to digital converter power
consumption is 40 mW. Assuming a medium required ENOB of 8 bits, the power consumption is 20 mW.

Besides, there is additional power consumption in DMBA’s due to digital processing. Up to [55], it
depends on the number of operations needed to form a beam, on the beam bandwidth, and on the
frequency reuse, i.e. the number of users sharing the same frequency channel. Digital processing power
consumption is supposed to be 62.5 mW per antenna for 16 users, divided among two 250 MHz
channels.

b. Phased Array Transmitter Architecture Comparison

To estimate the overall power consumption of MBPAA and DMBA transmitters, the number of circuits
for each architecture is reminded in Table 16. Then, it is combined with the estimated power
consumptions of the previous section. Results are plotted in Figure 28. Moreover, as hybrid topology
may be close to DMBA or MBPAA depending on the way it is realized, its power consumption is
supposed to be comparable.

.. Mixer & Phase & . Antenna
Digital DAC Lo z Gain z PA | Switch & Filter
MBPAA 2 Nussn | 4 *Nusen | U5 | N Nyger N N N N
1toN Nyserto 1
DMBA Nuser N N ] "] ] N N N

Table 16: Number of IC's for different beamforming transmitter topologies
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Figure 28: Comparison of DMIBA and MBBPAA power consumptions, depending on the number of antennas, for use case 1
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Figure 28 shows that there is an optimal power consumption for MBPAA’s and DMBA. It is due to
reduced PA requirements, and higher number of phase shifters, or digital processing complexity for large
arrays. This point is also highlighted in [56]. The optimal system power consumptions are obtained with
65-element MBPAA, and 110-element DMBA. It respectively leads to 48.8 W, and 27.5 W.

Consequently, DMBA’s seem most suitable for 5G small cells than MBPAA’s. First of all, its lower power
consumption enables to reduce network OPEX. Moreover, its high scalability makes it better for quick
deployment, which also decreases small cell CAPEX. Finally, the choice of DMBA topology is supported
by a higher accuracy, as discussed in [57]. However, smaller arrays are required for MBPAA
architectures. So, the overall cost and complexity could be reduced. Besides, the results also highly
depend on the chosen technology.
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Figure 29: Comparison of DMIBA and MBBPAA power consumptions, depending on the number of antennas, for use case 2

For use case 2, the results are plotted in Figure 29. The optimal sizes are 135 elements for MBPAA’s and
220 elements for DMBA’s, leading respectively to power consumptions of 93.9 W and 54.5 W. Digital
beamforming is therefore the most suitable topology for both use cases.

¢. Prospects of Improvement

As a conclusion of this section, the above results are compared with the DMBA introduced in [47]. It is
reported in Table 17. Firstly, the power consumption repartition among the different sections is
consistent between use cases 1 and 2. However, there are differences between the proposed model and
the current state of the art. Actually, a way to improve the model may be to take into account more
accurately the beamforming algorithm effects. Besides, in [47], the DMBA may be improved, since it is
not fully integrated.

s || P | oo

MBPAA 1-2 48.8-93.9 48.6-47.8% 50.9-51.8 % 0.5-0.4%

DMBA 1-2 27.5-545 53.5-50.6 % 153-16.1% 31.2-333%
[47) 729 30 % 29 % 41%

Table 17: Power Consumption Comparison between Model and State of the Art
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IV. Conclusion

In this chapter, the evolution of mobile networks has firstly been presented. It introduced the main
mobile network features, as cellular network and spectrum access techniques. In particular, the
description of the current 4G LTE-A standard enabled to discuss about modern network architectures
and MIMO wireless systems. Then, the limitations of current network have been presented to introduce
the upcoming mobile communication generation. The 5G KPI’s have been discussed, and the expected
solutions enabling to cope with spectral congestion and emerging applications have been introduced. It
is based on 3 pillars: the use of high-frequency spectrum, access point densification, and phased array
antennas. The deployment timeline and several market actors have been presented.

Secondly, the targeted use case is defined. This work focuses on mm-wave access points for 5G small
cells. It is of particular interest, as it takes benefits from the 3 pillars of 5G. Starting from the standard
KPI’s, the use case KPI's and system-level specifications are derived. In this part, signal properties, mm-
wave propagation issues, and integrated circuit technologies have been discussed. The array sizing,
including the impact on beam resolution, has also been studied.

Based on the system-level study, the circuit specifications have been discussed. Then, the impact of the
choice of beamforming architecture has been presented. Finally, as power consumption has significant
effect on the overall network cost, a methodology has been developed to estimate it. This enables to
compare the different topologies and choose the best suitable for a given use case. It has been
highlighted that DMBA’s are of particular interest due to their low power consumption and high
flexibility. However, there still is a gap between the proposed power consumption model and current
state of the art systems. Possible sources of these differences may be: the model is based on the
Shannon channel capacity, which is an optimal use case; digital power consumption is very complex to
estimate accurately; the state of the art is still limited, the best reported system is not integrated so it
has a high potential for improvements.

At the end, it has been shown that there is an optimal transmitter power consumption depending on the
array size and on the chosen use case. However, this phenomenon is less pronounced with phased array
receivers. Actually, the SNR is not as improved as EIRP when the array size increases. Moreover, as the
signal combination is performed in the digital domain, DMBA’s signal chains are more sensitive to
receiver NF. That is why in the following chapters, this work focuses on the design of FEM receiver
circuits: switches and low noise amplifiers.
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Chapter 2: Standalone Ka-Band Front-End Module Circuit Design

By now, a system-level study has been completed in the previous chapter. It has highlighted that energy
and cost efficient Ka-band circuits are needed, in order to cope with their skyrocketing number. It has
also introduced prior results, which tend to favor substrate on insulator (SOI) CMOS technologies,
compared with usual lll-V technologies, which are more expensive. Thus, this chapter firstly presents the
benefits of SOI technologies. Then, the ST C65SOIFEM technology is introduced, and its main features
are measured.

Secondly, two standalone circuits are designed using this technology. As the receive path seems to be
more critical, it is chosen to focus on low noise amplifier (LNA) and duplexer designs. Their specifications
are discussed, based on the previous system-level study. Finally, the circuits have been measured, and
enhancement perspectives are given.

I.  The ST C65S0OIFEM Technology

1. Substrate on Insulator Technologies

a. From Bulk CMOS to SOI Technologies

In 1965, Gordon Moore has observed that the number of transistors in an integrated circuit doubled
every year [1]. Then, it has been adjusted: “the number of transistors in an integrated circuit doubled
every 2 years.” It is the famous Moore’s law. Since then, circuit manufacturers have tried to follow this
rule. It has triggered a transistor scaling race, illustrated by Figure 30, from [2]. However, device scaling
implies the emergence of many parasitic effects [3]. It requires complex manufacturing to be reduced,
which results in reaching the Moore’s law limits. Moreover, the current concerns about power saving
favor advanced technologies, over the race to ever more transistors. Consequently, new solutions as
FinFET and SOI have been promoted to cope with the device scaling issues
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Figure 30: Transistor gate length scaling since 1970, from [2]
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Generally, SOI refers to circuits in which active silicon is separated from the substrate by a buried oxide
layer (BOX), as depicted by Figure 31. The first available devices have been developed in the early
1970’s. They were based on sapphire substrate, also known as silicon on sapphire (SOS). The buried
oxide provided high robustness against radiation. So, the technology was chosen for space and defense
uses. As the process was very expensive, these devices were dedicated to these niche applications.
Later, the use of cheaper substrates has reduced SOI technology cost. Moreover, it enables to enhance
the device performances, as it suppresses some parasitic effects due to scaling. Thus, expensive
technology scaling is delayed. These devices have been highly used in digital circuits, since the 1990’s.
For example, IBM has developed the PowerPC processors, based on SOI [3]. Finally, recent works have
introduced hybrid GaN on SOI circuits [4]. They take benefit from the power handling and energy
efficiency of IlI-V technologies, and the integration density of SOI. Therefore, it seems very suitable for
the design of certain 5G FEM’s.

Depletion limit

Source

Source

-y

_-----_’ ~I-------

(a) Substrate (b) Substrate

Figure 31: (a) Bulk CMOS transistor; (b) SOl CMOS transistor

The different kinds of substrates are depicted by Figure 32. The trap-rich (TR) SOI, also known as RF SOI,
is composed of high resistivity (HR) substrate and a trap rich layer which improves its RF performances.
The comparison completed in [5] has highlighted that RF SOI provides higher quality factor, and higher
linearity compared with usual HR SOI. Even if SOS and quartz substrates exhibit better performances,
their cost is often prohibitive.

Trap Rich (TR) Layer

Active Silicon Active Silicon Active Silicon

. High Resistivity (HR) High Resistivity (HR)
Sapphire silicon silicon
SOS HR SOI TR SOI

Figure 32: Cross section of SOI technologies using different substrates

The benefits of SOI technologies are not limited to radiation robustness. Actually, the BOX significantly
reduces the drain to substrate and source to substrate parasitic capacitances [6]. It provides a speed
improvement in digital circuits. Conversely, it leads to power consumption reduction at a given level of
performance. Moreover, the BOX offers inherent isolation between transistors, which immunizes the
circuits against the latch-up effect [3]. It may occur when the PNPN structure, formed by two bulk
parasitic bipolar transistors, is activated. In a CMOS inverter, this could short Vp;, to the ground (GND), as
depicted in Figure 33. Thus, the circuit will be damaged.
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Substrate (P-well)

Figure 33: Schematic of a CMOS inverter and its parasitic bipolar transistors

Transistor scaling also results in channel lengths closer to the depletion layer width. Consequently, the
device threshold voltage is degraded, leading to increased leakages [6]. In SOI circuits, the depletion
layer is confined by the BOX, as illustrated by Figure 31. The short channel effects are therefore reduced.
Finally, the device threshold is reduced thanks to SOI. This makes this technology suitable for low-power
designs.

To sum up, SOI provides higher integration density, power consumption savings, and robustness against
short channel effects. It is also compatible with high resistivity substrates, which are unusable with bulk
due to latch-up effects. This offers good RF perspectives, since the passive quality factors are improved
[3]. However, the SOI technologies have also significant drawbacks. As the parasitic capacitances may be
used in certain designs to reduce the supply noise, its reduction is not only advantageous. The active
region shrinking also induces more self-heating than in bulk. Finally, some SOI topologies could lead to
higher drain to source leakages, and unwanted history or kink effects. These are described in the next
section.

b. Comparison between PD SOI and FD SOI

The previous part has introduced some SOI drawbacks. They depend on the BOX implementation. In
fact, there are two kinds of SOI transistors. As depicted in Figure 34, the different kinds are defined by
the maximum depletion layer depth D, This value is given by Equation (27), from [3]. It depends on
the Fermi potential @, the silicon permittivity &5, the charge of an electron g, and the density of
acceptor atoms N,.

Depletion limit

Source

Source

—-—--——’ B ——

(a) Substrate (b) Substrate

Figure 34: Comparison between (a) partially depleted and (b) fully depleted SOI transistors

4 x &g * pp
Dax = q *lN (27)
a

When D,,,, is shorter than the BOX depth, the transistor is called partially depleted (PD) SOI. Conversely,
if the depletion layer is larger than the active zone, it is called fully depleted (FD). In PD SOI devices, it is
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possible to connect the substrate part above the BOX, i.e. the body, to the ground. It results in body
contact (BC) MOS. If it is left electrically floating, it is called floating body (FB). Due to the migration of
holes towards the floating body, the diode between the body and the source may become forward
biased. This increases the potential of the body, leading to threshold voltage reduction. This is the so-
called kink effect, which increases the drain current [3]. It is illustrated in Figure 35. Moreover, the body
potential variation makes the circuit dependent of the previous state. Thus, history effects may occur. As
these parasitic effects are related to FB, the use of BC MOS enables to cope with them. The body may
also be tied to the source or the ground, in order to eliminate the parasitic effects in FB transistors. It
implies a small area penalty.

11, Kink

!

VDS

»
>

Figure 35: The I(V) characteristic of a PD-SOI transistor with kink effect, from [3]

As FD-SOI’s active layer is thinner, these unwanted effects do not occur [6]. However, there is a parasitic
open-base NPN transistor between the NMOS source and drain. This leads to leakage drain to source
current when activated. Finally, the FD-SOI thin depletion layer could be combined with an ultra-thin
BOX. These ultra-thin body and BOX (UTBB) transistors have an additional gate, known as back gate,
which enables to control the threshold voltage. This new way to control the channel enables to design
tunable circuits. However, it implies a cost penalty, since a more accurate manufacturing is needed.

The main SOI features are summarized in Table 18. FD-SOI devices exhibit less parasitic effects, lower
power consumption, and higher integration level. It makes them highly favored for digital circuits.
Conversely, PD-SOI ones are easier to manufacture, so their cost is reduced. As they could be combined
with high resistivity or trap rich substrates, they seem suitable for analog and RF circuits.

PD SOl FD SOI
Manufacturing cost Medium High
History and kink effects Yes No
Self-heating Moderate High
Power consumption Medium Low

Table 18: PD and FD SOl features comparison

Finally, as BC transistors do not suffer from the kink effect, they are preferred for analog design. Up to
[3], they also offer better low frequency noise, higher power handling, and better reliability compared
with FB MOS. These ones seem to be more suitable for LNA, mixer, and switch design.
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The previous sections have introduced the SOI technologies, and their main features have been
discussed. The next one is an overview of the SOI technologies developed within ST Microelectronics.
The section will provide keys to choose the best suitable process for the targeted Ka-band 5G
applications.

c. Overview of ST SOI Technologies

In order to address a wide spectrum of applications, ST has developed a diversified portfolio of SOI
technologies. Two of them are based on PD-SOI, combined with TR substrate to improve their RF
performances. These are known as RF SOI. They have gate lengths of 130 nm and 65 nm. They have been
designed for FEM'’s. The third technology is a 28 nm channel length FD-SOI technology [7]. It is therefore
more suitable for digital circuits. The following Table 19 reports their main features.

130 nm SOIFEM 65 nm SOIFEM 28 nm FD SOI
Metal layers (BEOL) 3 thin + 1 thick 4 thin + 1 thick 6 thin + 2 thick
Noise figure @ 6 GHz 0.74 dB 0.16 dB 0.30dB
Noise figure @ 20 GHz 4.3 dB 1.1dB 1.9dB
Vi (mV) 480 640 600
g4s (mS) 1.5 5.7 2.8
fr (GHz) 49 118 344

Table 19: ST SOI technologies main feature comparison, from STMicroelectronics measurements

Firstly, it highlights that the 130 nm SOI FEM technology is not suitable for the targeted applications. Its
cut-off frequency (f7) is too low. Thus, it results in high noise figure in the Ka-band. The 28 nm FD-SOI
technology is also discarded, as its back end of line (BEOL) makes it very expensive. However, its low Vgs
is highly suitable for low-power digital designs. Moreover, it exhibits good RF performances. Thus, it
could be chosen for mixed-signal circuits. Finally, thanks to its better RF features and lower cost, the
65 nm SOI FEM technology is chosen. It exhibits sufficient f; to be used in the Ka-band, and low noise
figure for LNA design. Finally, Figure 36 gives an overview of the SOI technologies developed at ST, and
their scope of applications. The details about 65 nm SOIFEM technology are presented in the next
section, in order to introduce the design of the Ka-band LNA’s and duplexers.

Integration level
and cost

28 nm FD SOI
Digital, Analog, RF Transceivers

65 nm SOIFEM
RF FEM + RF Control
Switch, LNA, PA

130 nm SOIFEM
RF FEM

Frequency

1 1
6 GHz 60 GHz

Figure 36: ST SOl technologies and their applications
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2. The ST C65SOIFEM Technology

a. Overview of the Technology Features

The ST C65SOIFEM technology derives from a previous 65 nm SOI technology. The complexity of its BEOL
has been reduced in order to make its manufacturing less expensive. As depicted in Figure 37, there is a
thick top metal (M5) which enables to reach higher passive quality factors.

- «— Metal (M5) = 3.0 um

<+— Metal (M4) = 0.3 pm

Via (V3) ————p
<+—— Metal (M3) = 0.3 pm
Via (V2) ——
<+— Metal (M2) = 0.3 pm
Via (V1) ——
<+—— Metal (M1) = 0.1 pm

| | Active layer

Figure 37: The ST C65SOIFEM BEOL

This technology offers low-power (LP) MOS transistors, known as GO1 due to their thin gate oxide. They
have been enhanced to reduce their noise figure. Since ST C65SOIFEM is an RF SOI technology, FB and BC
transistors are available. Both offer a standard threshold voltage (V;) version, and a low V; alternative. It
has to be noticed that LP FB MOS are only available in NMOS, while BC exists in NMOS, and PMOS.
Finally, there are standard V; BC transistors which have been improved for switch design. These devices
have a thicker gate oxide compared with GO1. Thus, the nominal drain to source voltage (Vps) they can
handle is increased to 2.5 V. However, they are only available in NMOS. The ST C65SOIFEM technology
also offers standard resistors between 14 and 710 Q /sq, high-resistance resistors about 6 kQ /sq, and
Metal-oxide-metal (MOM) capacitors with 2.5 fF /um?2.

b. Device Models

The GO1 MOS simulations are all based on the Berkley short-channel IGFET model SOI (BSIMSOI). It is a
standard model for SOI circuit design. It is called physical model, since its parameters are close to
process and device parameters. It has been developed for DC simulations. Then, it has been enhanced
for RF applications [8]. BSIMSOI RF is composed of the BSIM core, and added parasitic elements, as
depicted in Figure 38. All the available BC MOS are simulated using usual BSIM3SOI RF. For FB MOS,
BSIMA4SOI RF is used. It has new features such as stress effect model, improved noise model, and more
accurate V; model [9].

Conversely, the thick gate oxide MOS (GO2) are not simulated thanks to a physical model like BSIM. They
use the PSP SOl model, which is a compact model based on surface potential [10]. This model is widely
used for RF SOI designs, since it accurately takes into account large signal behaviors as second and third
order harmonics [11]. Moreover, it includes significant features for switch design, such as drain-induced
barrier lowering (DIBL). It is a short channel effect which lowers V;, depending on the drain voltage.
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Drain

Gate T:l% Body

— BSIM CORE
Body Source — PARASITICS

Figure 38: BSIMSOI RF schematic, from [8]

c. First Simulation Results

The ST C65SOIFEM technology, with its cost reduced BEOL is fairly recent. Actually, it has been released
in early 2018. This thesis work is among the first uses of this technology for mm-wave applications. So,
the following sections aim to extract the main transistor features, to compare the available devices, and
to investigate the agreement between simulations and measurements. The passive elements such as
pads for measurements, and inductors are also simulated. Firstly, it is necessary to define a test bench
for the device parameter extraction. It is presented in Figure 39. The use of DC block (capacitor) and DC
feed (inductor) elements enables to simultaneously complete the DC and small signal (SP) simulations.

DC Feed Vp DC Block
|
1
1
* &
Port 2
Port 1 Vg=0V

Figure 39: DC and small-signal simulation bench for BC MOS

The DC simulation is used to extract the MOS transconductance (g,,), drain to source resistance (ry), and
threshold voltage (Vy), from the Ip(Vss), and Ip(Vps) characteristics. The simulation also provides the
parasitic capacitances, including the gate to source (C,), and gate to drain (Cyq) capacitances. These give
an approximation of f;, through Equation (28), from [12]. Then, the SP simulation is processed to extract
more precisely the value of fr, thanks to Equation (29). It also enables to extract Cyy, C,, the drain to
source capacitance (Cy), and the gate resistance (Rs) through Equations (30), (31), (32), and (33), from

[12]. These parameters give an approximation of the maximum frequency (fn.x), through Equation (34),
also from [12].

m/z x 10 % (Cys + Cyq) (28)
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fr= fm/lm(HZI—l) (29)
gd = ;I:HTO:I? (30)

Cys = W (31)
R 52)
Ro = * O ey, e 53
finax = Ir (34)

8* T * Rg * Cygq
The SP simulation also provides the device minimum noise figure (NF.;,), which is related to Rg, as
detailed in [13]. Finally, the transistor f,.,x may be extracted more precisely, thanks to the Mason’s gain
(U), defined in Equation (35). The relation between f,.,, and U is given by Equation (36). The device
parameter extraction is detailed for the GO1 low V; BC NMOS, and then applied to the other available
devices.

U= Yoy — Yo|? (35)
4.[R(Y11).R(Y22) — R(Y12)-R(Y21)]

fmax = f* VU (36)

Firstly, the DC simulation is processed. The GO1 low V; BC NMOS Iy(Ves), and I5(Vps) curves are
respectively plotted in Figure 40, and Figure 41, with Vps from 0.4 to 2 V. The studied device has two
0.5 um fingers, a 60 nm channel, one gate and one body accesses. The transconductance of the
transistor (g,,) is plotted, which highlights that the optimal operating zone is reached when Vs is about
0.8 V. Cyy, and Cy, are extracted in this operating zone for the estimation of fr.
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Figure 40: (a) I, and (b) g,,, for a GO1 low V; BC NMOS transistor, both depending on Vs and for different Vg
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The previously introduced DIBL effect is clearly visible in Figure 40 (a). The transistor starts to conduct at
lower Vgs when Vs is higher. It is also shown in Figure 41 (b): when Vgs is 0.4 V, and Vps is 1 V, V7 is
reduced from 456 mV to 392 mV. Thus, the transistor becomes open. Besides, the Ip(Vps) curves show
that the saturation is not ideal at high Vs, the device has therefore poor ry. Finally, all the DC
simulation results for this transistor are reported in Table 20, including the potential process variations.
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Figure 41: GO1 Low V; BC NMOS (a) I, for different Vg5 and (b) V;for Vgs = 0.4 V, both depending on Vg

Parameter Comment Slow - Slow Typical Fast — Fast
Vps=0V 484 456 424
Vr (mV)
Vps=1V 428 392 351
Ip (MA) Vps=Vgs =1V 0.49 0.56 0.65
gm (MS) 1.03 1.11 1.18
84s (MS) 0.14 0.16 0.19
VDS =1.2V
8m / Bas 7.52 6.79 6.10
Cqq (fF) 0.32 0.32 0.32
VGS =08V
Cqs (fF) 0.85 0.84 0.83
fr (GHz) 141 152 163

Table 20: GO1 Low V; BC NMOS DC parameter extraction, for typical and extreme processes

The DC parameters of the available GO1 NMOS devices are reported in Table 21. The device operating
points and size are the same as in the study above. Only typical process is considered now. Besides, the
PMOS devices are not in the scope of this comparison. As expected, the low V; devices exhibit higher
drain currents than the standard ones, for the same Vgs value. Besides, FB transistors have higher f; than
BC, thanks to lower gate capacitances. Their g../g4 (self-gain), which is related to the circuit linearity, are
also better, thanks to low gy. However, the floating body effects highly impact the high power
performances.
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Finally, the DC parameters of GO2 BC NMOS have not been extracted. Indeed, these devices are not
based on a physical model, but on PSP SOI. Thus, some parameters are not extracted by the simulator.
Besides, this device model has not been optimized for DC simulations, since it is dedicated to RF switch
design.

Device VT0 (mV) Ib (mA) 8m / 8us Cea+ Cqs (fF) fr (GHz)
GOll\Il-:/lVZ);/T o 456 0.56 6.79 1.16 152
GOlNS'\t/IdO\éT BC 538 0.43 9.38 1.07 145
GOll\lLl?Avé;/T e 449 0.51 8.22 0.53 261
GOlN?\;(i)\gT - 515 0.47 9.75 0.47 303

Table 21: DC parameter comparison of the available GO1 NMOS devices, for typical process

To conclude the DC parameter extraction, the Ip(Vps) curves of GO1 Low V; NMOS BC, and GO1 Low V;
NMOS FB are compared in Figure 42. The first relevant result is that these devices have different
behaviors at high Vs, i.e. Vps higher than its nominal maximum value (1.2 V). It is due to the parasitic
bipolar effect in the FB NMOS. Besides, the kink effect seems to be not taken into account for the FB's.
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Figure 42: Comparison of I5(Vps) curves of GO1 low V; NMOS BC and FB, for Vgs=0.8 Vand Vgs=1.2 V

By now, the SP simulations are processed to extract the other parameters. As previously, the extraction
is achieved for the GO1 Low V; BC NMOS transistor. Then, it is applied to the other devices. Firstly, frand
fmax are computed thanks to Equation (29) and (36), as depicted in Figure 43. Secondly, the capacitances,
and gate resistance are determined thanks to Equations (30)-(33). These results are compared with the
values obtained in the DC simulations. Lastly, the NF,,;, is observed at 5.86 GHzand 28.0 GHz.
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Figure 43: (a) H,; (dB) and U (dB), depending on frequency (GHz); (b) NF,,;, (dB), depending on Vg (V)

The device parameters are extracted at Vps = 1.2 V, and Vgs = 0.8 V. Since the capacitances and the gate
resistance are computed from Y parameters, they also depend on frequency. Thus, they are extracted at
28 GHz. Besides, the minimum NF,;, is obtained at Vgs = 0.6 V. The results are reported in Table 22.

Parameter Comment Slow - Slow Typical Fast - Fast

DC Simulation

Equation (28) 141 152 163

fr (GHz)
SP Simulation

Equation (29) 118 128 139

SP Simulation
frmax (GHz) Equation (36) 171 201 258

Cya (FF) 0.28 0.27 0.27
VDS =1.2V
Ce (fF) 1.23 1.24 1.25
VGS =0.8V
Cy (FF) 0.07 0.12 0.18
@ 28 GHz
Rs (Q) 329 252 177
frax (GH2) Equation (34) 226 271 341
@ 5.86 GHz 0.44 0.37 0.31
NFmin (dB)
@ 28.0 GHz 2.04 1.74 1.46

Table 22: GO1 low V; BC NMOS SP parameter extraction, for typical and extreme processes

The first relevant result is that there are discrepancies between the f; approximation from Equation (28),
and the graphically determined f; from Equation (29). Moreover, the extracted gate capacitances are
also different from the DC to the SP simulations. This impacts the computation of the f; approximation.
Likewise, there are mismatches between the approximated and the graphically obtained f.,. Thus, it is
chosen to estimate fr and f,. graphically, since their approximations from the DC simulations are not
accurate enough.
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Device fr (GHz) | fax (GHZ) R: (Q) cgtzf;)c ® Z)F;n :; (de Z)F:‘si; (de
Géjcll\h‘\’/l"é;” 128 201 252 151 0.37 1.74
GBcélel\t/ldo\;T 113 209 257 1.50 0.67 2.09
G;;lNL:\)AVZ);/T 145 209 284 1.06 0.23 1.08
(;?:ZNSI\tAdO\gT 316 200 87.2 1.67 0.26 1.19

Table 23: SP parameter comparison of the available NMOS devices, for typical process

The extracted SP parameters of the available devices are reported in Table 23. It exhibits that FB NMOS
have higher f; than BC transistors, thanks to their lower gate capacitances. This result was previously
shown with the DC simulation approximations. In spite of high gate resistance, FB NMOS also provide
good NF,. Finally, since GO2 gate length is thrice the GO1 one, their Rg is roughly divided by three. This
leads to good f...x, and NF.,. However, their poor f; makes it not suitable for mm-wave design. As a
conclusion, low V; FB NMOS seems highly suitable for low-power low noise amplifier design whereas the
BC NMOS will be preferred for high power circuits. These results will be compared with measurements,
in Table 27 and Table 28. Comparatively, the 45 nm RF-SOI technology from Global Foundries, released
in 2008, exhibits fr/f,..x about 290/410 GHz [14].

d. Electromagnetic Simulations of the Passives

In addition to active devices, the ST C65SOIFEM technology provides high quality factor passives. A
250 um long inductance is simulated thanks to Momentum 3D Planar EM Simulator, from Keysight. This
lumped element is made with the thick top metal level; it is depicted in Figure 44. The performances are
observed for different widths: 2 um and 5 um. Besides, the designed circuits will be measured on wafer.
Thus, it is necessary to characterize the ground — signal — ground (GSG) pads, also presented in Figure 44.

Ground Signal Ground

— GO UM —p

i r 1

(@)

Figure 44: (a) A 250 um Inductance; (b) Ground — signal — ground pads for on-wafer measurements
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The simulation results (inductance value and quality factor, Q) are plotted in Figure 45. Wider path leads
to lower inductance and enhanced the quality factor. The resonance frequency (fz), defined by a quality
factor equal to zero, is the same for both widths. Finally, the GSG pads have been simulated, and
measured from 1 to 60 GHz. The simulated pads are equivalent to a capacitance about 40 fF, while the
measured pads have a capacitance about 50 fF. This difference comes from the metal tilling, i.e. the
addition of dummies for the manufacturing, which are not taken into account by the EM simulator.
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Figure 45: (a) Inductance (H) and (b) Inductor quality factor, both depending on frequency (GHz)
Inductance (pH) Bandwidth (GHz)
F =28 GHz Q> 20 Quma fa (GHz)
W=2pum 158 28.7-119 25.0 171
W=5pm 133 12.5-140 33.3 174

Table 24: EM simulation results for 250 um long inductors, with different widths (2 um and 5 um)
e. De-embedding Method

The on-wafer measurement bench is shown in Figure 46. A calibration is made in the S;-G3, and S,-G,
planes to remove the probe contributions. However, the effect of the pads is still present. Moreover, as
demonstrated in the previous section, their behavior is not the same in simulations and in
measurements. Thus, it is necessary to use de-embedding, to recover the device RF performances. Three
de-embedding techniques are detailed in [15]: thru-reflect-line (TRL), thru-line (TL), and open-short (OS).
Their names correspond to the structures needed to achieve the de-embedding.

Pad Inductance

~— | o
Sie——1 11— — 5
I Device I
| |
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= —l Calibration Plane |— — T
RF Probe RF Probe

Figure 46: On-wafer measurement setup, including pad equivalent model
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Inherently, TRL de-embedding needs more measurement structures. It is therefore not selected, since a
less demanding method is preferred. This constraint may be relaxed using TL de-embedding. However, it
is necessary to assume that both pads have exactly the same characteristics. Consequently, it is chosen
to achieve OS de-embedding. Indeed, it is easier to implement, and the measurement setup is less
limited. Firstly, the three measurement steps are performed (open, short, and device). The open
structure has been depicted in Figure 44. For the short, both pads are connected between them and to
the ground. The short and the equivalent models of each measured structure are shown in Figure 47.

Open Short Device

(a) (b)

Figure 47: (a) 3D view of the short; (b) Equivalent models of the 3 measured structures

Secondly, three calculation steps are needed to recover the device performances. The pad capacitances
are removed from the short, and the measured circuit Y matrixes, respectively Ysyorr, and Ypur. It is done
thanks to Equation (37) and (38). The results are translated into Z parameters, and the new short matrix
(Zs.0) is deducted from the new measured circuit matrix (Zp.). This step is achieved with Equation (39); it
removes the remaining pad inductances from Z,.o. The device performances (Zpeyice) are recovered.

Yp-0 = Ypur — Yoren (37)
Ys_o = Ysuorr — Yoren (38)
Zpgvice = Zp-o —Zs—o (39)

Finally, a comparison of different de-embedding methods has been completed in [16]. It has highlighted
that the accuracy of OS de-embedding is limited at high frequencies. Indeed, measurement errors higher
than 5% have been sown above 40 GHz. However, this range of confidence is sufficient in this work.

f. Measurement Results

In order to check the device models, 5 transistors have been implemented on the first wafer: two GO1
low V; FB NMOS dedicated to LNA design, and two GO2 standard V; BC NMOS optimized for switch
design. These ones are based on standard cells from the ST C65SOIFEM design kit. An additional custom
device is also implemented, with double source and drain contact rows. These circuits are shown in
Figure 48. The 3D view of the common source implementation is also presented in Figure 48. The source
of the transistor is directly connected to the ground thanks to the bottom metal layer. Staircase vias are
used at the drain to reduce the parasitic capacitances. Finally, a major part of the top metal line
contribution is removed with de-embedding. This first run is known as Sirius. Its process has been
reported as slow-slow. Firstly, a V; extraction of the 40 um GO1 low V; FB NMOS, with Vs = 0.8 V and
Vps = 1.2V, is achieved in order to confirm the process corner. Results are reported in Table 25. The
measured circuit seems to match with the expectations. However, it is shown that the DIBL effect is
more significant in measurements than in simulations. The GO1 FB NMOS parameters are extracted for
40 and 160 um devices. The results are reported in Table 26 and compared with the model expectations.
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Gl e ——— Staircase vias
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Figure 48: (a) Die micrograph; (b) Transistor’s layout 3D view

40 um GO1 Simulations Measurements
low V; FB
NMOS Fast-Fast Typical Slow-Slow #1 #2 #3
V%%V (mv) 349 397 444 442 445 442
V; 12V (mv) 282 332 381 329 336 326

Table 25: V; extraction of 40 um GO1 low V; FB NMOS, simulations versus measurements

40 pm GO1 FB NMOS 160 um GO1 FB NMOS
Comments
Simulation Measurement Simulation Measurement
Vi (mV) Vps=0.8V 444 442 436 405
VDS =1.2V
Ip (mA) Vee=1.2V 26.1 22.4 84.2 66.1
84 (MS) 7.1 5.1 22 15
VDS =1V
g (mS) 314 26.7 101 75.8
VGS =1V
8m / 8as 4.42 5.24 4.59 5.05

Table 26: GO1 FB NMOS simulated and measured parameters

The measured devices exhibit Iy, g, and gy lower than expected. Actually, measurements are in good
agreement with the models for low Vpg, i.e. Vps lower than 0.4 V. Since the discrepancies occur for higher
biasing points, it may come from self-heating, or from electro migration issues. Indeed, the vias may be
too small to carry the expected current. Thus the two hypotheses are related. Moreover, the results for
the 160 um device are not 4 times higher than for the 40 um one. It is due to the layout effects, which
are more significant for a larger device. It is reminded that there is no de-embedding for DC
measurements. Finally, the Iy (Vps) curve of the 40 um GO1 FB NMOS, plotted in Figure 49, highlight that
the kink effect is not taken into account by the simulator. This effect also reduces the drain current.
Besides, the first manufacturing of the GO2 devices was not successful. Indeed, the gate length is 20%
shorter than expected. Measurements exhibit a significant V; shift: it is two times higher than the model
value. However, for the same Vs - V7, Ip and g, measurements are good in agreement with simulations.
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— Slow-Slow Simulations = = Circuit Measurements

Ip (MA)
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Vps (V)
Figure 49: Simulated and measured I, (Vps) of a 40 um GO1 FB NMOS device, at Vg5 = 0.8 V

The small signal de-embedded measurement results are reported in Table 27, for GO1 FB NMOS. They
are compared to the post layout simulations of the device, without pads and top metal lines. This
exhibits a good agreement between the measurement results and the post layout simulation results.
Besides, the custom device was designed to reduce the parasitic capacitances. This tentative is
unsuccessful, since the custom device behavior is not predicted accurately by the model. Thus, only
standard cells will be used.

40 um GO1 Custom GO1 160 pum GO1
FB NMOS FB NMOS FB NMOS

Simulated 145.3 137.4 129.3
fr (GHz)

Measured 135.7 128.3 120.8

Simulated 136.1 157.2 134.6

fmax (GHZ)

Measured 131.6 153.5 134.7

Simulated 10.9 11.7 45.9
Ceq (fF)

Measured 12.1 12.7 51.3

Simulated 25.3 27.1 83.6
Cqs (fF)

Measured 26.1 30.7 78.7

Simulated 14.1 14.5 46.3
Cas (fF)

Measured 14.9 18.9 42.5

Table 27: GO1 FB small signal measurement results and comparison with post layout simulation results

Finally, the small signal measurement results are reported in Table 28, for GO2 BC NMOS. Since the
device gate is shorter than in simulations, the measured f; / f..« are increased. Likewise, the device
capacitances are also reduced. In spite of these discrepancies, there is a decent agreement between the
measurement results and the post layout simulations, with harmonized Vgs - V.
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30 um GO2 100 um GO2
BC NMOS BC NMOS

Simulated 44.4 46.1
fT (GHZ)

Measured 41.9 48.8

Simulated 99.6 102.7

fmax (GHZ)

Measured 102.5 108.8

Simulated 13.6 45.8
Cqq (fF)

Measured 10.9 38.6

Simulated 32.1 93.9
Cqs (fF)

Measured 36.4 87.3

Simulated 8.3 20.2
Cds (ﬂ:)

Measured 13.4 14.7

Table 28: GO2 BC small signal measurement results and comparison with post layout simulation results

To summarize the results of this section, de-embedding enables to recover the core device
performances with good accuracy. Moreover, it has been shown that post layout simulations and
measurement results are in good agreement. This confirms the validity of the design kit models.
However, there are still some discrepancies. For example, all the floating body effects are not taken into
account yet.

Il.  Single Pole Double Throw RF Switches

1. Introduction

a. The Need of RF Switches

As presented in Chapter |, it is preferred to implement TDD systems for 5G EMBB. Indeed, it enables to
achieve signal processing only once, at the base stations. Thus, the constraints on the user equipment
are relaxed. Besides, it provides more scalability for the uplink/downlink ratio. It is easier to change the
time interval lengths than the sub-channel frequency widths. However, TDD systems have larger delays
than FDD ones, and they require accurate time synchronization [17]. Consequently, FDD will be
preferred for applications requiring low latency, or low power consumption, in the sub 6 GHz spectrum.

TDD systems may be implemented in different ways. Firstly, separate arrays may be used for
transmission and reception. This solution is quick to deploy, and has low loss between the PA/LNA and
the antenna. However, it implies a high deployment cost, as two arrays are needed. Moreover, split TX
and RX systems prevent the possibility to merge certain functions, as phase shifting. It is also possible to
use different polarizations through a single antenna; the implementation cost is therefore reduced.
However, it requires a specific care about TX to RX isolation. The other way to implement TDD systems is
through the use of RF switches. There are various ways to realize such circuits. Mechanical switches have
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good performances (insertion loss, isolation, and power handling), but are bulky, slow and expensive.
Conversely, semiconductor switches have poorer performances, but they are smaller, faster, and
cheaper. They may be implemented either thanks to PIN diodes, or FET’s. The first solution provides high
speed at a significant DC consumption cost, whereas the other one offers power consumption savings,
but it is a bit slower. Finally, there is a tradeoff between mechanical and semiconductor switches: micro
electro-mechanical systems (MEMS). They have good performances, with low power consumption, small
area, and are virtually perfectly linear. However, they have poor power handling, and are slower than
semiconductor circuits [18]. For the targeted applications, mechanical switches are discarded due to
their weight, size and cost. Likewise, MEMS are not selected, as they have poor power handling. Finally,
PIN diode switches have significant power consumption. Moreover, they are larger than switches based
on FET’s, since they require a choke inductor to block the DC current. Thus, FET RF switches are chosen
for the targeted applications. Besides, they are easy to co-integrate in a single chip with the LNA and the
PA. Switches with a single input and two outputs are known as single pole double throws (SPDT’s).

Port1 — 4/, Port 1
Port 2 IJ—I Port 3 Port 2 L_f | L_f Port 3
Ve ——H Ve ——H]
Shunt Series
Switch 1 Switch
VG VG
Figure 50: Shunt switch and series switch schematics
Port1 — 4/, Port 1
Port 2 o l—_l_— Port3  Port2 —”—l—l:l— Port 3
Corr Ron
Ron Corr

Figure 51: Shunt switch and series switch equivalent models (Vs > V;)

Basically, switches based on FET may be composed of two shunt or series devices. They are inversely
controlled, as illustrated in Figure 50. Shunt switches require additional quarter-wave lines, which
prevent signal flowing through the undesired path. In series switches, the OFF state device degrades the
insertion loss, since it is equivalent to a capacitance (Corf). Furthermore, switches are not only used as
duplexers. They are useful building blocks for adaptable circuits, as variable phase shifters, variable gain
amplifiers, and multi-standard circuits (PA’s, LNA’s...). Several mm-wave switches are reported in the
next section.

b. Ka-Band Semiconductor Switches

RF semiconductor switches are commonly based on IlI-V transistors or diodes, since they provide low
insertion loss, and high power handling. The commercial circuit presented in [19] exhibits such features.
However, it includes inductors, which limit the bandwidth and increase the chip size. Besides, the CMOS
technology scaling has stimulated the interest for switches based on this technology, notably below
6 GHz. In [20], the major limitations of millimeter-wave CMOS switches are detailed. It is emphasized
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that the drain to substrate and source to substrate junction diode parasitic capacitances (respectively Cg
and Cjs) increase the signal loss and limit the voltage swing. The model of an NMOS switch and its ON-
state and OFF-state equivalent models are presented in

Figure 52, including the substrate resistance, and the capacitances of the junction diodes. It is detailed in
[20] that higher substrate resistance reduces the loss, but degrades the isolation.

Ve Cs Cs
I —l
20 kQ AAA
Floatmg ] Reh —° °i J__‘)

°outr  [Cie  Cis[ TCia  CisT

Rsub % Rsub%
Rsub =

-

NMQS = ON-State OFF-State
Switch (Insertion Loss) (Isolation)

Figure 52: NMOS switch and its ON-state and OFF-state equivalent models, from [20]

Thus, it is possible to reduce the loss by adding inductors at the transistor’s input and output, i.e. at its
drain and source. Besides, an inductor may be connected from the transistor’s drain to its source, in
order to resonate with Cqrr, which improves the switch performances. Either solution highly increases
the circuit area, and therefore the overall cost. In [21], a compact solution to reduce the loss through
Corr is proposed. It is based on a single switched inductor, as depicted in Figure 53. Thus, the extra area
is limited. However, this circuit suffers from a medium power handling, since it is implemented using a
bulk CMOS technology.

S witched Rg n,switch
inductor
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Figure 53: (a) SPT switch with switched inductor and (b) its equivalent circuit with Port 1 — Port 2 path turned on, from [21]

On the other hand, it is shown in [22] that the use of SOI technologies improves the switch
performances. Indeed, the device is isolated from the substrate. The previously mentioned drawbacks
are therefore avoided. This results in a very compact switch, with good performances. Moreover, layout
techniques are introduced to minimize the parasitic capacitances brought by the BEOL. It includes
staircased back end layout, and large width between polysilicon gate contacts. SiGe heterojunction
bipolar transistors (HBT’s) are sometimes chosen to overcome CMOS power handling limitations [23]. In
[24], reverse saturation is used to reduce the insertion loss of the proposed 94 GHz HBT switch.
However, this circuit requires several A/4 lines, which lead to a significant area penalty at lower
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frequencies. It is also possible to realize the duplexer without physical switches [25]. As illustrated in
Figure 54, the PA output is connected to the LNA input. The corresponding impedances are close to
ensure a proper matching based on a single network. Both ports are connected to a transformer, which
is controlled by Vcr. Moreover, the PA and LNA supplies are turned on or off depending on the desired
duplexer state. The use of a transformer results in a bulky system. With a careful design, it is possible to
reduce the effect of the OFF state circuit on the activated path. Thus, the duplexer losses are reduced to
the transformer losses. Finally, asymmetrical switches may be implemented in order to boost the
performances of a selected path [26], [27]. In both cases, the TX gain is enhanced, at the cost of a
degraded RX NF. The second asymmetrical switch is illustrated in Figure 54. There is a tradeoff between
the TX linearity and the RX NF, depending on Coyr. As a conclusion, several Ka-band switches are
reported in Table 29. Their advantages and drawbacks are therefore compared.
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Figure 54: (a) Ka-Band transceiver without physical switch, from [25]; (b) Asymmetrical SPDT switch, from [27]

Reference [19] [21] [22] [23]
Process GaAs 65 nm CMOS 45 nm SOI 130 nm SiGe
IL (dB) 0.9 1.06 0.89 0.76 1.5
Isolation (dB) > 25 39 18 23 21
Bandwidth (GHz) 27-46 25-39.5 DC-50 20-32
ICP1 (dBm) 33 7.25 12.55 29 17
Size (mm?) 1.19 1x10? | 9x10° 4x10° 1.19x 10"
Comments PIN Diodes Switched Inductor Series-Shunt Shunt

Table 29: Ka-band integrated SPDT switches for FEM state of the art

In the light of the above elements, series-shunt switches based on SOI technology seems highly suitable
for the targeted applications. Indeed, it exhibits low insertion loss, small area, and high bandwidth. It
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also provides enough isolation to protect the LNA in the TX state. Finally, a proper implementation may
result in a high power handling compared with the other CMOS technologies [22].

2. Series-Shunt SPDT Switches

a. Operating Principle

As its name suggests, the series-shunt switch is a combination of the series and the shunt switches,
which have been previously presented. The addition of a shunt switch improves the series switch
isolation, while degrading its insertion loss, and limiting its power handling. Besides, the series switches
replace the A/4 lines. Thus, the circuit size is reduced. The series-shunt switch schematic and its
implementation within a FEM are presented in Figure 55. The equivalent schematic of this circuit in the
TX state, i.e. when V¢ > Vi, is also shown. As detailed in Figure 51, the turned on, and turned off
transistors are respectively equivalent to a resistor (Roy), and a capacitor (Cos). Their values may be
calculated thanks to Equation (40), and (41), from [28]. They depend on the drain to source resistance
(r4s), and on the transistor’s capacitances.
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Figure 55: (a) Series-shunt CMOS SPDT implemented within a FEM; (b) its equivalent model in TX mode

Ve

Ron = 14" (40)
C s ¥ Lgd

Copp = Cqs + 29 (41)
OFF ST Cos + Coa

Consequently, larger devices will exhibit lower Roy, but also higher Corr. Moreover, the above equivalent
model does not take into account the ON state capacitance, and the OFF state resistance of the
transistor. Indeed, they are supposed to be negligible against Ry, and Cogr. Since the devices are isolated
for the substrate in SOI technologies, the junction capacitances are also ignored. In order to compute the
series-shunt switch performances, this simplified model is combined with Equation (42) and (43), from
[18]. They respectively give the loss through a series and a shunt switch, depicted in Figure 56. Either IL
or isolation may be determined, depending on the transistor’s impedance (Z,). Results are reported in
Table 30.

Zy Zy

27, <V 20, Z, 7,27,

(a) (b)

Figure 56: (a) Equivalent schematic of the series switch; (b) Equivalent schematic of the shunt switch, both from [18]

5G 28 GHz High Efficiency Integrated Phased Array Transceivers 76



Chapter 2: Standalone Ka-Band Front-End Module Circuit Design

v, 2xZ,

H =l (42)
Volseries (2% Zo) + 24

V 2%7Z

3 _ |—d (43)
Vo shunt (2+Zg) +Zo

Since Roy and Copr are conversely related to the transistor’s width, the above results highlight that there
is a significant tradeoff on this value. Indeed, improving the series ON state device reduces the shunt ON
state and the series OFF state performances. Thus, there is an optimal size to maximize the
performances.

Switches Series Shunt
2 % ZO 2
ON /(2 * Zo) + Ron /2 + jCorrZow
OFF 2% jCoppZow 2% Roy
(2 * jCoprZow) + 1 (2*Ron) +Zy

Table 30: V, / V, for series and shunt switches, in ON and OFF states

Finally, the worst case for the switch power handling is the TX state, depicted in Figure 55. Both series
and shunt OFF state switches therefore have to handle a voltage swing given by Equation (44). It
depends on the transmitted power Py, and the PA output impedance Zrx. Thus, the maximum input
power of the switch is related to the maximum drain to source voltage of the selected technology. The
nominal limits for ST C65SOIFEM GO1 and GO2 devices are respectively 1.2 V and 2.5 V, with a 10%
tolerance margin. Moreover, it is assumed that Z;x is equal to 50 Q.

Vex = 2% Pry x Zry

To ensure a sufficient linearity, the power handling is therefore limited to 12.4 dBm for GO1 devices, and
18.8 dBm for GO2, with a 50 Q transmitter. However, several transistors may be stacked to improve the
power handling, as in [22]. Indeed, the voltage swing is distributed among the stacked devices. Such
implementation usually requires triple N-well. However, it is not necessary with SOI technology, since it
provides high isolation between each transistor. The theoretical maximum power handling depending on
the gate oxide width and the number of devices is reported in Table 31. For the targeted application, a
single GO2, or 2 stacked GO1 are required.

(44)

Devices Single 2 Stacked 3 Stacked 4 Stacked
GO1 12.4 dBm 18.4 dBm 22.0dBm 24.5 dBm
GO2 18.8 dBm 24.8 dBm 28.3 dBm 30.8 dBm

Table 31: Series-shunt power handling (dBm) depending on the number of GO1 and GO2 stacked devices, from Equation (44)

As illustrated in Figure 57, stacking transistors increase Roy and decrease Core. This could be prevented
using larger devices. Consequently, the switch insertion loss and isolation are preserved, while its power
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handling is improved. Actually, this highlights that the global switch performances mostly depend on Rpy
and Cor¢. Thus, a figure of merit is defined by Equation (45). It depends only on the technology features.

FOMsy, = Ron * Copr (45)
IN outr N out
(w, L (2w, L
— " Tr=z- Ron — " [r= Roy
1
C===+C C=C
— Wy 2 " [ ewy -

T (a) T (b)

Figure 57: Stacked devices equivalent models
b. Series-Shunt Switch Sizing Method

Two series-shunt SPDT switches have been designed, using GO1 FB and GO2 BC NMOS transistors. They
are depicted in 78Figure 58, and Figure 59. Thus, the performances of an intrinsic floating body
transistor (FB) are compared with the “virtual” floating body, i.e. a BC device with a large resistance on
its body. This implementation reduces the switch insertion loss, and enables to cope with the power
handling issues of the intrinsic FB device [29], [30]. As expected, the GO1 FB'’s are stacked to ensure
sufficient linearity.

Moreover, large resistances are connected from the drain to the source of each GO1. Thus, the voltage
swing is equally divided among the stacked transistors. In order to preserve the switch performances,
the resistances have been chosen large enough to be negligible against Roy. Finally, the floating body
and floating gate resistors of both SPDT’s are 36 kQ and the GO1 voltage balancing resistors are 18 kQ.
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Figure 58: Schematic of the GO1 FB series-shunt SPDT
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Figure 59: Schematic of the GO2 BC series-shunt SPDT
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As introduced previously, the proper sizing of the switch results in optimal performances. The switch
sizing method is detailed for the above presented GO1 SPDT switch, illustrated in Figure 58. The same
method will be used for the GO2 BC circuit.
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Figure 60: GO1 FB SPDT switch performances (IL, isolation, and return loss) depending on the series device width at 28 GHz

Firstly, the switch performances (IL, isolation, and return loss of the TX port) are simulated, depending
on the series device width. Both series devices have the same dimension, and the shunt device width is
locked. The results are plotted at 28 GHz in Figure 60. To obtain a low loss switch with sufficient
isolation, the series device width is set to 160 um. Likewise, the shunt device width is increased up to its
optimal value, as shown in Figure 61. The shunt device width is therefore set to 40 um.
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Figure 61: GO1 FB SPDT switch performances at 28 GHz depending on the series device width, for 10 um and 50 um shunts

The simulated results of the final circuit are plotted in Figure 62. In the TX state, it exhibits 0.6 dB
insertion loss, isolation about 25.3 dB, and 19.4 dB return loss at 28 GHz. The GO2 BC switch is sized with
the same method. This results in 100 um series width, and 30 um shunt width. The simulated
performances are 0.4 dB insertion loss, isolation about 31.1 dB, and 14.9 dB TX port return loss at 28
GHz. However, it has lower bandwidth than the GO1 switch.
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Figure 62: GO1 FB SPDT switch performances depending on frequency
c¢. Circuit Layouts and Transistors’ Figure of Merit Measurements

Firstly, the GO1 SPDT switch is laid out, as depicted in Figure 63. The stacked series devices are
connected to each other thanks to M1 and M2. The control signal comes from the top of the circuit. The
floating gate and voltage balancing resistances are respectively above, and below the transistors. The
vias from the top metal (in gold) to the transistors are staircased, in order to reduce the parasitic
capacitances. The stacked shunt devices are connected to each other thanks to M1 only. The floating
gate and balancing resistances are on both sides of the transistors. Then, it is connected to the ground
through M2. The GO1 circuit area is 2.3 * 10° mm2 The GO2 BC switch layout is similar to the other,
with a global area of 2.4 * 10° mm?2

i 3|

T
|

-

Figure 64: Layout of the GO2 BC series-shunt SPDT, from Sirius
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Before measuring the switch performances, the FOM of both GO1 and GO2 devices are extracted. These
measurements are realized thanks to the bench previously presented, in Figure 39. Port 1 and Port 2 are
respectively used to control the transistor state, and to achieve the small signal measurement. Thus, Roy
and Corr are computed thanks to Equation (44), and (45).

R (44)

=1 /
ON Real(Y,,)

Cor = Imag(Yzz)/
OFF 2¥mxf

(45)
The 40 um GO1 FB measurement results are reported in Table 33. They are compared with the post
layout simulation results, with and without de-embedding. The first remarkable result is that the
difference between the simulated and measured pad capacitance has an impact on Cor measurement.
This mismatch is corrected by the de-embedding. After de-embedding, the measured Cyr remains
slightly higher than expected. Conversely, the measured Rgy is lower than it was expected to be. This
probably reflects a small shift of the device dimensions. The results reported in Table 33 exhibit similar
trends for the 160 um GO1 FB device. Since Roy and Cofr are varying inversely, the device FOM are in
good agreement.

Before De-embedding After De-embedding
Simulation Measurement Simulation Measurement
Ron (Q) 14.9 12.9 14.1 12.1
40 pm
- 5‘1 Cors (F) 60.4 73.5 18.9 22.6
FOM (fs) 900 948 266 273

Table 32: 40 um GO1 FB

post layout simulation and measurement res

ults, with and without de-embedding

Simulation Measurement

Ron (Q) 5.0 4.6

160 pum
" 0”1 Cors (F) 76.6 88.1
FOM (fs) 383 405
Ron (Q) 17.0 21.4

30 um
- (;12 Cors (F) 21.7 243
FOM (fs) 369 520
Ron (Q) 6.8 8.5

100 pum
- O‘; Cors (F) 66.4 54.5
FOM (fs) 425 463

Table 33: GO1 and GO2 post layout simulation and measurement results, after de-embedding
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Besides, the GO2 BC measurement results confirm their unsuccessful manufacturing. Indeed, their gates
are shorter than expected. Thus, they exhibit high Roy, but reduced Cog. Finally, their FOM is significantly
degraded. This will result in poor switch performances. However, the GO2 SPDT switch has been
manufactured again, in the third run. The measurement results of the de-embedded GO1 FB series-
shunt switch are presented in the next section. The results for the new GO2 BC switch are also shown.
However, there were no de-embedding structures on the third run. Thus, only embedded results will be
presented. Comparatively, the RF-SOI technology used in [22] exhibits a FOM of 90 fs.

d. SPDT Switch Measurement Results

Both fabricated circuits are depicted in Figure 65. Firstly, the GO1 FB SPDT is measured. The results
before, and after de-embedding are plotted in Figure 66. The measurements including pads exhibit
results in very good agreement. This confirms that the passives (pads, access lines...) are accurately
taken into account by the simulator. The de-embedded measurements also show good agreement for IL
and isolation. The simulated and measured IL’s are 0.8 dB at 28 GHz. The simulated and measured
isolation are respectively 22 dB and 21.3 dB, also at 28 GHz. Besides, there is a mismatch between the
simulated and the measured return loss. Since the correlation is correct before de-embedding, it is
supposed to be responsible for this discrepancy. To support this assumption, the embedded simulation
results are de-embedded thanks to the simulated open and shorts. The results are plotted in Figure 67.
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Figure 66: (a) Embedded, and (b) de-embedded simulation, and measurement results for the GO1 FB SPDT switch
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Figure 67: Core post layout simulation and de-embedded post layout simulation results for the GO1 FB SPDT switch

It should be noticed that de-embedded PLS and measurements have the same trends: high frequency IL
mismatch, isolation inflexion point, and discrepancy for the TX port return loss. Thus, de-embedding is
mostly responsible for these differences. Indeed, as introduced previously, the selected de-embedding
method has limited accuracy after 40 GHz. Moreover, as shown in Figure 65, the de-embedding
structures are too close to the SPDT. This results in signal coupling, which degrades the measurement

accuracy. The poor switch matching, i.e. the measured high return loss, also impacts the de-embedding
effectiveness.

Due to manufacturing issues, the GO2 BC SPDT switch of the Sirius run exhibits poor performances. The
de-embedded measured IL’s are higher than 1.6 dB at 28 GHz, while less than 0.9 dB were expected.
Thus, these results are not detailed here. However, a second GO2 BC SPDT switch has been designed for
the Alioth run. It is depicted in Figure 65. Its layout is close to the previously presented switch, as
illustrated in Figure 68. Besides, this one is a bit larger, with an area about 4.48 * 10® mm?. But the gate
and body control are enhanced, thanks to double accesses. The shunt switch is connected to the ground
through the control wire shields (drawn in green).

== E % ==

Figure 68: Layout of the GO2 BC series-shunt SPDT switch, from Alioth

The post layout simulation, and measurement results are plotted in Figure 69. These exhibit a relatively
good measurement to hardware correlation (MHC). At 28 GHz, the simulated IL’s are respectively 1.12
dB, and 1.16 dB. Likewise, the isolations are 26.1 dB and 31 dB. And the return losses are 10.7 dB, and
12.9 dB. The isolation discrepancy may come from impedance mismatch at the RX port, since it is
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disabled. Whereas the return loss variation is supposed to come from layout elements which are not
taken into account by the simulator, such as the metal dummies. Finally, the post layout simulation
results without pads results in 0.73 dB IL, and 22 dB isolation, in TX mode, at 28 GHz. The symmetry of
the TX and RX states is also verified for both GO1 FB, and GO2 BC SPDT switches.
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Figure 69: GO2 BC SPDT switch simulation and measurement results, including pads

Finally, continuous wave power measurements are achieved in order to determine the ICP1 of GO1 and
GO2 switches. The measurement steps and the associated benches are presented in Figure 70. The first
step enables to determine the effective power at the probe output, i.e. at the circuit input (Pinput). Then,
a second calibration step is completed in order to determine the output losses. They have a contribution
of 1.2 dB, which comes from the output probe, and to the connector. The switch insertion losses are
retrieved thanks to Equation (46). The results are plotted in Figure 71.

| Test Bench (first calibration step) |

Pasuee — 1 — = ——+— 7
source L— input

cable amplifier connector + cable

| Test Bench (second calibration step) |

PSOLII'CE PI’TIEESLI[ECI

cable + connector

cable + probe

probe + cable
+ connector

thru

Test Bench (measurement step) |

PSGLII'EE pmeasured

cable + connector
probe + cable

cable + probe SPDT + connector

Figure 70: Power calibration and measurement benches
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IL (dB) = Pmeasured — Pinput +1.2 (46)
0,2
—Simulated GO2
0 - —Measured GO2
— Simulated GO1
& -0,2 - —=Measured GO1
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Figure 71: Simulated and measured input compression points, for GO1 and GO2 SPDT switches

The simulated ICP1 are 17.5 dBm for the GO2 switch, and 23.5 dBm for the GO1. The measured results
for these circuits are 16.5 dBm and 19.5 dBm, respectively. Based on the results reported in Table 31,
both ICP1 should be closer. The difference comes from the impedance of the access line, which is higher
for the GO2 switch. This ensures a better impedance matching, but also implies a larger voltage swing.
Besides, the large discrepancy between GO1 simulation and measurement probably comes from
undesired floating body effects, not accurately taken into account by the simulator. Finally, the power
meter accuracy and the limited f; of GO2 BC may lead to discrepancies.

In this section, the need of SPDT switch for TDD systems has been introduced. Then, several topologies
have been detailed. The series-shunt switch seems particularly of interest in the EMBB 5G context, since
it is compact and therefore low-cost. Its performances are optimized thanks to the use of SOI
technology. The operating principle and the main limitations of the selected topology are presented.
Then, a circuit sizing method is introduced, and two SPDT switches are designed, based on GO1 and GO2
transistors. The circuits exhibit good performances for the targeted use case. However, the
measurement results show that FB devices are not taken into account accurately by the simulator. Thus,
BC switches seems more suitable for higher power handling. However, connecting the bodies to the
ground, and a particular care about the access line impedances may improve the circuit performances.
In the following section, different LNA circuits are presented. Then, a standalone Ka-band LNA is
designed, based on ST C65SOIFEM technology.

lll.  Standalone Ka-Band Low Noise Amplifier Design

1. Ka-Band Low Noise Amplifier Overview

a. Noise Considerations in RF Microelectronics

The low noise amplifier (LNA) is often one of the first elements of an RF receiver. Thus, as given by
Equation (47), i.e. the Friis formula for noise [31], this circuit has a significant impact of the overall noise
figure (NFgy). Indeed, the noise contributions of the following components may be reduced thanks to the
cascaded gain (G * ... * G,,—1). Usually, there are passive elements before the LNA, such as SPDT
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switches and filters. Their NF is equal to their IL. Consequently, most of the RX NF is due to the FEM
(NFgey), as illustrated in Equation (48). In order to minimize the NF, i.e. to maximize the data rate at the
receiver, it is necessary to reduce the losses between the antenna and the LNA. This circuit has to exhibit
low NF, as its name implies. Moreover, it also has to provide high gain, in order to minimize the
following noise contributions.

NFey = NF; + (NP2~ 1)/G1 t oot (NFm = 1)/(61 f ok G1) (47)

NFpgy = (ILy * NFna) (48)

The main noise contributor in RF circuits is the thermal noise. In Figure 72, the resistor and MOSFET
noise sources are depicted. Their noise depends on the Boltzmann constant (k), and the circuit
temperature (7). The resistor’s noise is also related to the resistance (R;), whereas the transistor’s drain

noise ( Inz) is related to g, and y, which is 2/3 for long-channel devices, and may increases to 2 for short-
channels. Finally, there is another noise source in MOSFET transistors: the gate resistance. It is often

negligible against? [31].

R, _
; 4 I = 4KTygy,
4KTR,

Figure 72: Thermal noise in a resistor and a MOSFET transistor
b. Low Noise Amplifier Topologies

The low noise requirement restricts the choice of the topology. Indeed, only several topologies are able
to provide low noise, and sufficient gain. The impedance matching is also a major concern, which is very
challenging to achieve with low noise. Usually, the targeted LNA input impedance is 50 Q, with no
imaginary part [31]. However, the source impedance may vary, due to the circuit environment, it is
therefore necessary to ensure the LNA stability. For example, the coupling between adjacent array
elements may modify the source impedance. Thus, the circuit performances and stability may be
degraded [32]. A commonly used stability criteria is K > 1 and A < 1, which ensures unconditional
stability. This means the circuit will be stable, regardless of the source and load impedances. K and A
depends on the circuit S parameters. They are respectively defined by Equations (49), and (50). Besides,
it is suggested in [31] that maximizing the reverse isolation, i.e. Sy, = 0, provides stability. Finally, the LNA
power consumption is small compared with PA. Nevertheless, it has to be kept in mind that there will be
many circuits in 5G EMBB systems. Thus, power savings remain a top priority.

K = 1+ AP = [S14]% =[S/
2 % [Spq| * [S12]

(49)

A = (811 % S22) — (812 % S21) (50)
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The common LNA architectures are presented in Figure 73, from [33]. The first option uses a resistive
termination to ensure an input impedance of 50 Q. This results in a poor noise figure, due to the
contribution of real resistors. The common gate (CG) topology provides a stable input impedance of
1/g.. Thus, the size of the input transistor is locked. Besides, its noise figure is given by Equation (51).
For a short-channel device, the coefficient of channel thermal noise (y) may be greater than 1. a is the
self-gain of the device, considering the zero-bias drain to source conductance (g4’), as defined in
Equation (51). It may be lower than 1 for short-channel devices. Consequently, the theoretical minimum
noise figure of the CG topology is greater than 3 dB.

Zin Zin Zin
L. L. .

R

\4
(a) (b) (c) (d)

Figure 73: The common LNA architectures: (a) Resistive termination, (b) Common gate termination,
(c) Shunt-series feedback, and (d) Inductive degeneration, from [33]

Zin
L.
-]

 —
T

NFee = 10xlog(1+7/4) (51)

a =9m (52)

gdso
The shunt-series feedback topology provides a broadband input and output matching. However, it
exhibits a very high power consumption compared with the other usual LNA architectures.

Finally, the fourth topology presented in Figure 73 (d) is the inductive source (or emitter) degeneration.
It is the most used LNA architecture, since it is able to achieve the best noise figure of the above
topologies. However, the use of inductors restricts the circuit bandwidth and results in larger area. For
the targeted application, i.e. mm-wave phased array, the main objective is to reduce the power
consumption. Since the DMBAA topology may be selected, the NF is also a significant parameter. Indeed,
the RX benefits from the array factor only in the digital domain. Thus, the inductively degenerated LNA
architecture is chosen. Besides, the single-ended topology is preferred against differential structures,
which usually have higher loss before the LNA, due to the input balun.

The input impedance of the selected LNA is given by Equation (53), from [33]. It depends on the gate and
source inductors (L, and L), and on the transistor parameters (g,, and Cy). When the inductors resonate
with Cg, i.e. at wyo, the input impedance is given by Equation (54). Since it is a first order circuit analysis,
Cqa is neglected. Thus, Z;,, only depends on the cut-off frequency (w) and L;, up to Equation (28).

o =g (o) + g, + (e, ) e 5

54
Zun =(Te,,)* Lo~ wr < Ls >4
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Besides, the noise factor of this circuit (F) is also studied in [33]. It is computed thanks to Equation (55),
from the resistance of the source (Rs), the resistance of the gate (Rs), and the parasitic resistance of L,,
i.e. R.. It depends on the quality factor of the inductor (Q,), as defined in Equation (56). Up to the Friis
formula, the first stage of the LNA is the main noise contributor. The following equation provides
therefore a good approximation of the overall noise of this architecture. Moreover, it gives some
directions to improve the circuit performances: reduce gdso, increase wr, and improve Q,.

R, Rg w2
F=1+R—S+R_S+[V*gdso*RS*<w_T) 53}
L= QL

The optimal source impedance (Rs™

), i.e. the source impedance offering the minimum NF, is defined as
the impedance which satisfies Equation (57). The result is given in Equation (58). Then, the minimum
noise figure (Fn,) may be computed thanks to Equation (58), replacing Rs by R in Equation (55).
Finally, the inductively degenerated topology is usually combined with a cascade stage. It provides

higher isolation, and therefore more stability. Since Cgq is neglected, its noise contribution is negligible.

OF _ (Ru+Re) [, (wo\?]_

R RE +[V Jds <wT> ]— (57)
(58)
(59)

In the following section, several Ka-band LNAs are presented. Then, some improvement techniques are
introduced, in order to cope with the inductively degenerated topology.

¢. Ka-Band Low Noise Amplifier State of the Art

In [34], a CMOS SOl single-ended LNA is presented. It is based on a single inductively degenerated
cascode stage, which is composed of two FB devices. It is highlighted that they provide lower NF than BC
ones. The circuit schematic is depicted in Figure 74. The three inductors benefit from the use of SOI,
which enables to reach high quality factors. In particular, it reaches 28 in the operating band (25-31 GHz)
for the gate inductor. Thus, up to Equation (59), the circuit NF is reduced. Besides, the degeneration
inductor is implemented thanks to the transmission line to the ground. Then, the measured gain and NF
are respectively 12.8 dB and 1.6 dB, at 28 GHz, with current density of 0.143 mA /um. The overall LNA
draws 10 mA from a 1.5 V supply. Another inductively degenerated LNA is detailed in [35]. It is based on
two SiGe HBT cascode stages, as illustrated in Figure 74. The circuit operates in the 33-34 GHz frequency
band. It exhibits 23.5 dB gain and 2.9 dB NF, while consuming 6 mA from a 1.8 V supply. The use of two
stages provides higher gain, but degrades the overall NF. Nevertheless, as previously shown in [36], the
above results confirm that CMOS SOl is more suitable for the design of Ka-band LNAs. Finally, GaAs and
GaN technologies are often used to handle higher input power [37], [38].

5G 28 GHz High Efficiency Integrated Phased Array Transceivers 88



Chapter 2: Standalone Ka-Band Front-End Module Circuit Design

VDD

L 1
T [emoms] I

(b) Decoupling Vg & SVg: Decoupling

Figure 74: (a) Inductively degenerated CMOS SOI LNA, from [34]; (b) Inductively degenerated SiGe LNA, from [35]

In practice, Cgq has a deleterious effect on the LNA performances. It degrades the amplifier gain and
reverse-isolation. Its stability is therefore also reduced. This parasitic capacitance is often neutralized
thanks to cross-coupled topologies [39]. However, it usually requires the use of a differential structure,
which leads to higher NF. In [40], a single-ended neutralization technique is implemented at 60 GHz. It is
based on a 180° transformer and a capacitive feedback, as depicted in Figure 75. This exhibits low NF of
4 dB at 60 GHz, and wide fractional bandwidth about 15%. However, the gain is only 7.67 dB per stage
due to the many transformers. They may also lead to area issues at lower frequencies.
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Figure 75: Schematic of the 3 Stage LNA with capacitive feedback and transformers, from [40]

In [41], another way to enhance the reverse isolation is implemented at 900 MHz. It is based on mutual-
coupled degeneration, as depicted in Figure 76. The inter stage inductor improves the cascode matching,
and provides an additional variable for input matching. Indeed, the coupling between Ls and Ly, impacts
the input impedance of the LNA, as given by Equation (60). However, such implementation is challenging
at mm-wave frequencies, since the degeneration inductor is very small [34].

Vncs

Figure 76: (a) LNA using mutual-coupled degeneration, from [41]; (b) Noise cancelling LNA, from [42]
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Finally, an interesting topology is introduced in [42], and illustrated in Figure 76. It is an active balun
composed of a CG and a CS stage. Thus, it benefits from both a wideband input matching and a low NF.
Indeed, the noise of the CG amplifier is cancelled by the CS stage. The structure is well balanced when
Equation (61) is verified. The gain (Gy¢) is therefore given by Equation (62). The drain resistors provide a
good output matching over a wide bandwidth. However, they may cause a significant voltage drop,
which degrades the overall performances. It is possible to avoid this issue replacing them by inductors.
In this case, Equation (61) is only verified at a given frequency. The bandwidth is therefore limited.

Zi =jw* (Ls+ Lg) + 1/(].w it (gml/CGSI) % (Ls + M) (60)
Imce * Reg = Gmes * Res (61)
Gne = 6 + 20 * log(gmee * Reg) (62)

In the above section, several techniques have been presented in order to improve the performances of
the inductively degenerated CS LNA. However, they are challenging to implement in the Ka-band. The
usual single-ended topology is therefore often selected. Moreover, the use of RF SOI technology seems
to provide suitable performances for 5G applications. Consequently, the following part details the design
and measurements of a conventional inductively degenerated cascode LNA based on ST C65SOIFEM. The
main objective is to validate the performances of this technology for the targeted mm-wave 5G use case.

2. Standalone Ka-Band Low Noise Amplifier Design

a. Targeted Features

Depending on the selected use case (range, data rate, number of users...), 5G transceivers are expected
to be either hybrid or fully digital. Consequently, the FEM has to be suitable for both architectures. Since
the noise requirement is higher for DMBAs, it is expected to reach NF as low as possible. However, there
is a significant tradeoff with the power consumption, since it has to be minimized. It is also necessary to
provide sufficient gain, in order to neglect the noise contribution of the following stages, and low gain
ripples over the 400 MHz sub-channels. Finally, the linearity is not a relevant parameter in TDD systems.
Nevertheless, the LNA has to be able to support a high input power in TX state, equal to the PA output
power minus the SPDT switch isolation. The targeted features for the standalone Ka-band LNA are
reported in Table 34. Besides, to be competitive with recently reported circuits, the two-stage LNA
should provide a gain of 20 dB at 28 GHz, while drawing a current lower than 20 mA.

Bandwidth (GHz) Gain (dB) NF (dB) ICP1 (dBm) loc (MA)

24-31 > 20 2.5 =0 <20

Table 34: Targeted features for the two-stage standalone Ka-band LNA
b. Design of a Standalone LNA with Inductive Degeneration

Previously, it has been highlighted that the circuit NF highly depends on the first stage. Thus, the first
design steps are the choice and sizing of the input transistor. Usually, the parasitic resistance of the gate
inductor is neglected against Rg. This is especially the case with the use of SOI technology, which
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improves the quality factor of the inductors. Then, Equation (59) is simplified into Equation (63). Then,
wr is replaced by its expression from Equation (28). This results in Equation (64), when neglecting Cyq. It
is therefore possible to optimize the NF thanks to the transistor size (Rg, Cy), and biasing point (gm). The
other parameters are given by the application (w,), and by the choice of the technology (y, a).

w * * R
Fooo=1+20g, 4 Y Im™T6 (63)

wr a

wgy * C, * * R
Fro =1+ 0o *lgs R; + Y *9m G
Im a

The sizing parameters are depicted in Figure 77. Firstly, it is chosen to use double gate access transistors
in order to minimize Rs. Then, the device performances (lpc, gain, NF) are plotted depending on the
sizing parameters, for both BC and FB transistors. The results are presented in Figure 77 and Figure 78
for a BC NMOS. Besides, the performances of FB and BC devices are reported and compared in Table 35.

(64)
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Figure 77: Ipc of the input transistor depending on its sizing parameters
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Based on the results reported in Table 35, the BC device is preferred. Indeed, it exhibits higher gain and
lower current consumption, compared with FB. Both devices have close noise performances. Secondly,
the cascode device is sized in order to ensure the proper Vps for the input transistor. Like previously, the
performances of FB and BC cascodes are compared. Results are reported in Table 36. Here again, the BC
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device is chosen, since it provides good gain, with low current consumption. Its noise performances are a
bit degraded compared with FB, but the use of BC ensures a better linearity.

Device Size (um) Vs (V) NF (dB) Gain (dB) Ioc (mA)
BC 120 0.5 1.5 6.6 6.7
FB 140 0.4 1.4 5.6 8.0

Table 35: Performances of the FB and BC CS devices, with Vps =1V

Device Size (um) Veasc (V) NF (dB) Gain (dB) loc (MA)
BC 150 1.6 1.8 9.5 7.2
FB 200 1.6 1.6 9.6 8.3

Table 36: Performances of the FB and BC CS cascodes, with a BC input stage and Vpp =2 V

Since the transistor sizes are now settled, the input matching is ensured by setting Lg and Ls. As given by
Equation (60), Ls is used to obtain a 50 Q input impedance, while Lg enables to cancel the imaginary part.
Moreover, the input capacitor (Cy) and biasing resistor respectively acts as RF and DC blockers. The
shunt capacitor of the cascode transistor is used to ensure the circuit stability. Finally, Ly is both a choke
inductor, and part of the output matching. Likewise, Coyr is both a DC blocker, and part of the output
matching. The whole schematic of the first stage is depicted in Figure 79. After several iterations, a 50 Q
input impedance is reached, with Ls = 120 pH and Lg = 210 pH. Then, the cascode cell is laid out, as
presented in Figure 79. Both input and output transistors are split into two devices. The drain and source
accesses are put in the middle of each device in order to reduce the parasitic capacitances, including Cgq.
The shunt capacitor is also distributed over both sides of the cascode. The RC parasitic elements, i.e.
resistors and capacitors, are extracted, and it is shown that they do not have a significant impact on the
circuit matching and performances. However, this topology results in high output impedance, about
300 Q. For measurement purpose, it is desired to have a 50 Q output impedance. Consequently, the
output stage will have to provide additional gain, while ensuring a proper output matching.
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Figure 79: (a) Schematic of the inductively degenerated cascode input stage; (b) Layout of the cascode cell
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Up to Equation (47), the noise contribution of the second stage is reduced thanks to the gain of the first
one. Thus, it is chosen to use a cascode structure without inductive degeneration. In this case, both
devices are composed of two 150 um BC transistors. The layout of this cascode cell is similar to the
previously presented one. As illustrated in Figure 80, the input capacitance of the second stage is
mutualized with the output capacitance of the first stage. Moreover, a gate inductor is not necessary
here. Finally, the output matching is realized thanks to the output capacitor and the second drain
inductor. The layout of the complete two-stage LNA is presented in Figure 80. Firstly, the two cascode
cells and the DC block capacitors are placed. Then, the inductors are designed according to the available
space. The major issue is to maximize their quality factor, in order to reduce their losses. The simulation
of the complete circuit combines the RC extraction of the cascode cells and the 3D EM simulation of the
passive elements, such as inductors and pads. The first simulation results are reported in Table 37.

Cin Le s v Cinter

] |
Csrunr Csuunt
Ls

(a) v

Figure 80: The complete two-stage LNA (a) Schematic and (b) Layout

Ls (pH) L (pH) Los (pH) Loz (pH) Cins Cshunr (fF) Cinrer (fF)
120 210 190 200 1000 190
Cour (fF) Reias, Reasc (Q) Voo (V) Veasc (V) Vas (V) Ioc (MA)
700 1000 2.0 1.6 0.5 24
S11 (dB) Zy (Q) Sz, (dB) Zoyr (Q) Gain (dB) NF (dB)

-11.3 33.1-15.5j -12.9 68.6 —19.7j 20.6 2.6

Table 37: First post-layout simulation parameters and results of the complete two-stage LNA at 28 GHz

Even if the real part of Zy and Zgyr are shifted from the expected 50 Q impedance (about +35%), S;; and
Sy, are below -10 dB. Thus, the circuit matching is correct. Moreover, the overall performances are a bit
lower than the previously defined targets. The circuit has been included in the second run, called Vega.
It has been measured in order to validate the design method and the ST C65SOIFEM technology models
and features. Measurement results are presented and discussed in the following section.
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c. Circuit Measurements

The early small-signal measurements have shown poor agreement with the above post layout simulation
results. In order to recover a decent agreement, a refined simulation model is implemented. Actually,
the first one was only taking into account the inductors separately. Thus, the effect of their environment
was neglected. The refined simulation model for retro simulations is composed of a global 3D EM view.
It takes into account all the inductors simultaneously. The new results are reported in Table 38, and
presented in

Figure 81. The main result is that the inductor values have been modified due to the impact of their
environment. Moreover, their quality factors have also been degraded from 20 to 16, i.e. their parasitic
resistances are 20% higher. This explains the degradation of the circuit matching and noise
performances. However, there is still a significant difference between the simulated and measured gain.
The first hypothesis is that the inter stage matching network did not operate properly. Indeed, S,, and
gain exhibit the same frequency shift, while the measured Sy, is in good agreement with the simulated
one. Another reading may be that the second stage is not working properly, degrading the overall gain.

Ls (pH) Ls (pH) Los (PH) Loz (pH) Vs (V) Ioc (MA)
108 231 165 176 0.4 24
S11 (dB) Zn (Q) S, (dB) Zour (Q) Gain (dB) NF (dB)
= -9 26.0-13.6j =~ -8 41.7 - 45.4j 19 3.7

Table 38: Second Post-Layout Simulation Parameters and Results of the Complete Two-Stage LNA at 28 GHz
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Figure 81: Comparison between the LNA post layout simulations and the measurement results (1)

It is therefore necessary to refine the model for more accurate retro-simulations. This will enable to
retrieve a good agreement with measurements, and to identify the source of the gain degradation.
There are still several neglected parameters in the above refined model. They are depicted in Figure 82:
the ground path between the source inductor and the pad, the ground path between the second stage
and the pad, and the metal dummies (tilling) in the inductors. They respectively impact the input
matching, the gain of the second stage, and the inductor values. The most significant point is the second
parasitic ground path, which may degenerate the second stage. Conversely, the tilling has little effect on
the inductors, since a safe distance has been planned.
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! =

Figure 82: Complete LNA (a) Layout top view and (b) Die micrograph

Besides, a second measurement campaign has been carried out. The biasing voltages have been
accurately set, ensuring the desired drain current. The results are plotted in Figure 83. They are in good
agreement with the new retro-simulations, particularly for the gain and the input matching. There is still
a frequency shift (10-15%) for the output matching. There are also some random measurement errors in
the 5-10 GHz band. These final small signal results are reported in Table 39. They confirm that the
parasitic degeneration of the second stage degrades the LNA gain. The NF is also increased, above 4 dB.

Sy;. — Simulated, ---+ Measured, S;,- —v— Simulated, -v-- Measured |

| — Gain (Simulated) == Gain (Measured) =¥ NF (Simulated) |
20 20
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= 0+ - “t10 = 2 -
W -4 8 O £
O 5| ‘s ~ 3
12 4 & 1
16 s -2 1
-20 I""’I""I""I"‘j""l""l""l""n E. -i"“""""I""r"'[""""""
0 5 0 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Frequency (GHz) Frequency (GHz)
Figure 83: Comparison between the LNA post layout simulations and the measurement results (2)
Gain (dB) Zy (Q) Zoyr (Q)
Freq. (GHz) 22.0 26.4 31.3 28
Simulated 10.1 13.1 10.1 26.7 -10.3j 55.4-13.6j
Measured 12.0 13.7 10.0 25.1-15.8j 53.8-20.5j

Table 39: Comparison between the third post-layout simulation results and the second measurement campaign results

Then, the NF is measured. The bench previously presented for the SPDT switch ICP1 measurement is
used. It has been detailed in Figure 70, including the calibration steps. Actually, the power source is
replaced by a noise source. After calibration, the noise is measured with an accuracy of 0.2 dB. The
results are plotted in Figure 84. Indeed, the NF measurement is achieved over two different frequency
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bands: 18-26.5 GHz and 25.5-30.5 GHz. They exhibit a good continuity. They are also in good agreement
with the post-layout simulation results, even if there is the same frequency shift as previously.

| Simulation: — — - NF, Measurements: « NF (Low frequency) —— NF (Low frequency, trendline) —— NF (High frequency) |

NF {dB)

20 22 24 26 28 30 32
Frequency (GHz)

Figure 84: Post Layout Simulated and Measured NF, from 20 GHz to 32 GHz

Finally, the LNA ICP1 is measured at 28 GHz, as plotted in Figure 85. The circuit exhibits a measured ICP1
of -4 dBm, which is consistent with the post-layout simulation expectations but lower than the defined
target. Overall, after several retro-simulation iterations, a good correlation is obtained with the circuit
measurements. The global performances are degraded due to neglected parasitic elements: inductor
environments, paths to the ground pads. The retro-simulations have also highlighted that the input
stage has a small current density. Consequently, its f; is only 60 GHz, i.e. twice the operating frequency.
This limits the circuit performances. However, the technology seems to be suitable for the design of a
Ka-band LNA targeting 5G applications. Moreover, the use of BC devices offers a good linearity.

14
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Figure 85: ICP1 measurement of the LNA, at 28 GHz

5G 28 GHz High Efficiency Integrated Phased Array Transceivers 96



Chapter 2: Standalone Ka-Band Front-End Module Circuit Design

IV. Conclusion

In this chapter, the advantages of SOI technologies over traditional bulk CMOS have firstly been
presented. Indeed, the use of SOI enables to cope with the drawbacks of the technology scaling. Among
the different implementations, RF SOI (i.e. SOl on a TR substrate) seems to be particularly of interest for
the design of 5G FEM at mm-wave frequencies. It offers sufficient power handling, good RF
performances, and passives with high quality factors. The difference between PD and FD SOI has also
been detailed. Then, an overview of the available SOI technologies within STMicroelectronics has been
presented. Thus, the ST C65SOIFEM technology is selected for the targeted application. Its BEOL is
detailed. Moreover, the available devices and their models are discussed. They are compared thanks to
simulations, in order to determine the proper transistor for each circuit. The technology passives have
also been simulated. Then, different devices are designed and measured. The open-short de-embedding
method is detailed and used to retrieve the circuit performances. As a conclusion, the correlation
between the device models and the simulation results is confirmed. It is also highlighted that the
selected de-embedding method provides accurate results in this case. However, the floating body effects
seem to be not taken into account.

Secondly, the need of SPDT switches for TDD systems is discussed. Several implementations based on
different technologies have been presented. The series-shunt topology is therefore chosen, since it may
offer good performances using an RF SOI technology like ST C65SOIFEM. The operating principle of this
structure is detailed. Then, a series-shunt SPDT switch has been designed. It is targeting 5G applications
in the Ka-band. The circuit measurements are presented; they exhibit a good correlation with post
layout simulation results. The two designed SPDT switches, based on GO1 FB and GO2 BC transistors,
offer low insertion losses and sufficient isolation. However, the large signal measurements have shown
that the expected ICP1 is not reached using GO1 FB. It seems to be due to the undesired floating body
effects. Besides, the GO2 BC switch has lower power handling due to lower transmission line
impedances and low f;. In this case, it is also shown that the open-short de-embedding method has
limited accuracy above 40 GHz.

Finally, the basic structures enabling low noise amplification are discussed. An overview of recently
reported circuits has shown that the inductively degenerated structure based on RF SOI technology is of
particular interest. Several improvement techniques have been presented for this kind of circuits. Their
drawbacks often make them challenging to implement at mm-wave frequencies. Then, a LNA is
designed. It is composed of a first inductively degenerated cascode stage to ensure low noise, and a
second one which provides additional gain and a proper output matching. After several retro-simulation
iterations, the circuit measurement exhibits good correlation with simulation results. This enables to
validate the technology models for SPDT switch and LNA designs. However, due to neglected parasitics,
the performances are lower than targeted. Some perspectives for future designs are to take into account
the parasitics more accurately and to improve performances thanks to better inter stage matching.
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Chapter 3: Towards an Integrated Ka-Band Front-End Module

In the previous chapter, the ST C65SOIFEM technology has been presented. Its main features have been
extracted from post-layout simulations and compared with measurements. These results have enabled
to validate the technology models. Then, several Ka-band circuits have been designed and measured:
SPDT switches which are compliant with the requirements defined in the first chapter, and a standalone
LNA. The switches are compact and exhibit low insertion loss. Moreover, they are suitable for the
targeted use cases. The designed LNA has also confirmed the technology performances. However, these
circuits have highlighted some failures. Among other things, the EM simulation model used to design the
LNA was not accurate enough. This has led to degraded performances.

Thus, the limitations of the previous circuits are investigated in this chapter. Then, new versions are
implemented and measured. The design methodology has been improved, which results in better MHC.
In the first section, an improved SPDT switch architecture based on hybrid couplers is introduced.
Secondly, a new LNA is designed to cope with the limitations that have been pointed out in the first
version. This includes more accurate simulation models. Finally, perspectives for future works are
discussed, including directions for a fully integrated Ka-band FEM.

I.  Improved Ka-Band SPDT Switch

1. Introduction

a. Limitations of Usual SPDT Switches

In the previously designed SPDT switches, the combination of the series-shunt topology and an RF SOI
technology resulted in compact circuits offering good performances over a large bandwidth. It is the
case for the circuit presented in [1] as well. Indeed, the choice of an inductorless topology reduces the
overall size and improves the available bandwidth. However, it has been shown that there is a major
tradeoff between the insertion loss and the switch isolation. Thus, the isolation is limited. The use of SOI
CMOS also limits the power handling, compared with 1ll-V technologies. Even if it is possible to stack
several devices and increase their width to maintain the FOM, the transistor’s area is therefore enlarged
which leads to more parasitic elements. Another drawback of such topology is its poor robustness to
impedance variations. Indeed, as illustrated by Equation (65) deriving from Figure 86, the impedance
seen at port 1 (i.e. the PA or the LNA), Z;;, depends on the impedance of the antenna. Thus, any
impedance variation results in performance degradations. For example, impedance mismatch at the LNA
input degrades the circuit NF. In this first order estimation, it is considered that Co¢ is small enough to
neglect the path towards port 3.

Port1 J_ {1 ----||----|-- Port3
1

Ron Corr
Corr z D Ron
ANTENNA
Zy !

Port2 *

Figure 86: Series-shunt SPDT switch equivalent schematic
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Z11 = (Ron + Zantenna) / Corr = ZanTENNA (65)

b. Prospects of Improvements

The main drawbacks of the selected series-shunt topology have been detailed above. In order to
determine prospects of improvements, it is necessary to remind the needs of the targeted use case.
Firstly, it is necessary to have low insertion loss, especially in the RX state since the SPDT switch is the
first element of the receiver. Besides, high isolation and power handling are required in the TX state to
cope with the high transmitted power of the PA. Thus, there are asymmetric requirements between
both SPDT switch states. Usually, the TX path is favored over the RX one. It enables to reduce the PA
power consumption but the overall NF is degraded [2]. Since digital beamforming is likely to be chosen,
it seems necessary to keep a close eye on the NF. Indeed, the array factor is only applied in the digital
domain so the whole receiving chain is dealing with the noise. The aim of this chapter is therefore to
design an asymmetrical SPDT switch to reduce the RX state insertion losses while providing high isolation
and power handling for TX.

Finally, an interesting perspective to improve the duplexing function is to co-design it with other parts of
the FEM (i.e. with the PA, the LNA, and with potential phase or gain controls). For example, the SPDT
switch presented in [3] is implemented without physical switch but integrated in the LNA input balun.
Indeed, the DC supply is switched on or off instead of switching the RF signal through a path or another.
Broadly speaking, baluns and couplers are often implemented within FEM’s. They are useful components
to realized differential or balanced circuits. Besides, they benefit from the high quality factor of the RF
SOl passives. Thus, the asymmetrical duplexer will be a combination of CMOS switches and couplers in
order to easily integrate it into diverse FEM topologies.

In [4], such duplexer has been implemented at 2.3 GHz using branch-line couplers at PIN diodes as
shown in Figure 87. Based on this topology, a Ka-band integrated duplexer is designed. The first step is
to present the operating principle of RF couplers and their main applications within 5G FEM’s. Then,
such coupler is implemented and measured. The complete duplexer is also introduced and designed.
Measurement results are given and compared with post-layout simulation expectations. The advantages
and drawbacks of this topology are also discussed, compared with the previous series-shunt SPDT
switches.

ANT port 1’ Isolated port
o o/o— 0
o C\'G 0
Tx port 1 Rx port

Figure 87: SPDT switch based on couplers and shunt switches, from [4]
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2. Integrated Hybrid Coupler

a. Overview of RF Couplers

This section details the operating principle and the different kinds of RF couplers. Then, their use in 5G
FEM'’s is discussed. As illustrated in Figure 88, these circuits are used for power division and combining.
They may split the input signal towards two or more outputs. Likewise, two or more inputs may be
combined. In Figure 88, the couplers are lossless, and a is lower than 1 since these are passive circuits.

— P2 =a.P1 P2 — P1 (Input) P2 (Through)
P1 — — P1=P2+P3 ><
— P3=(1-a).P1 P3 — P4 (Isolated) P3 (Coupled)
Splitter Combiner Directional Coupler

Figure 88: Overview of RF couplers (splitter, combiner, and directional coupler)

The output signals of a 3-port splitter are usually in phase [5]. Besides, 4-port couplers are known as
directional couplers. The signal from the input port (P1) is transmitted to P2 and P3. The attenuations
through these paths are respectively named insertion loss and coupling. In the particular case of the
input signal equally split towards P2 and P3, the circuit is called hybrid coupler. Thus, there is often a 90°
or 180° phase shift between the two outputs. Finally, the signal leakage from P1 to P4 defines the
coupler isolation. The main directional coupler features are defined in Equations (66) to (69), from [5].

Coupling = —20 * log|Ss,| (66)
Directivity = —20 * log |S31/S41| (67)
Isolation = —20 * log|S,4| (68)
Insertion Loss = —20 * log|S,,| (69)

Hybrid couplers are useful components for the design of FEM’s. For example, 180° hybrid couplers may
be used as baluns in order to implement a differential amplifier [6]. Likewise, 90° hybrid couplers (also
known as quadrature couplers) are one of the building blocks of balanced and Doherty amplifiers [7].
Both topologies provide interesting properties for FEM amplifiers.

F’1—l—| I—J-—P2=F’1L-90°—3dB P11 1 P3

[1/4’\/7 * ZO] . .

(a) M4 %) [*4 20 (b)

pa —L L P3-pi,-180°-3a8 PAI 1 P2
[1/4’\/2 £ ZO] [ Top metal 3 Bottom metal

Figure 89: (a) Ideal branch-line coupler used as a divider; (b) Lange coupler top view
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The simplest way to implement a quadrature coupler is the planar branchline coupler, presented in
Figure 89. This topology only requires quarter wavelength lines with specific impedances. However, this
kind of implementation results in a large area. In order to improve the circuit compactness, a Lange
coupler may be implemented. As illustrated in Figure 89, it is based on two capacitively coupled lines
and it requires the use of two metal levels. Finally, a quadrature hybrid coupler may be described thanks
to lumped elements [8]. This model, depicted in Figure 90, derives from a A/4 elementary description.

L
(1) IN (2) OUT
k
C —— @
(3) CPL N‘Lﬁ"\—— (4) 1ISO

Figure 90: Lumped model of a quadrature hybrid coupler

The values of the lumped inductors and capacitors are respectively given by Equation (70) and (71). They
depend on the targeted operating frequency f, and coupler characteristic impedance Z.. Moreover, the
coupling factor k is related to several parameters (technology and implementation). It is equal to 1 for a
perfect coupling; usually it is about 0.8-0.9 [8].

2—k)xZ
L=( ) *Z¢ (70)
2% * fy
= 2—k (71)
_ZC*4*7T*fo

b. Couplers in 5G Front-End Modules

Several common uses of RF couplers have been mentioned above: differential amplifiers [6], Doherty
amplifiers [7], and DC switch [3]. These latter two implementations are of particular interest for 5G
FEM'’s since they respectively improve the PAE at PBO and avoid the use of RF switches. Other examples
are discussed in the current section. In [9], several reconfigurable couplers operate as power combiners
in TX mode and are part of the RX matching network in the other mode. As in [3], RF switches are not
required. Besides, the couplers also enable to filter out the 2" harmonics, increasing the transmitter Pgar
and efficiency. Indeed, the FEM takes advantage of the limited bandwidth of the couplers.

Quadrature hybrid couplers may also be used to design phase shifters, which are major components of
hybrid and analog beamformers. In [10], a reflection-type phase shifter (RTPS) is implemented this way.
It is depicted in Figure 91. The output phase A¢ is controlled changing the impedance of the loads of the
THRU and CPLD ports, Z;. This also affects the circuit insertion losses IL as given in Equation (72) and (73).

IL = —20 * log|I7| (72)

Ap = —90° + 2I; (73)
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Figure 91: (a) RTPS with quadrature hybrid coupler, from [10]; (b) Vector modulator phase shifter, from [11]

Since the RTPS is a passive device, it exhibits high insertion loss. To cope with this drawback, it is possible
to implement an active phase shifter as the vector modulator phase shifter presented in [11]. It is also
based on a quadrature hybrid coupler. Then, the signals are amplified by variable gain amplifiers, as
illustrated in Figure 91. The gain imbalance between the two paths generates the phase shifting of the
recombined signal. This structure provides both amplitude and phase control.

Finally, in [12] quadrature hybrid couplers are used to implement a balanced amplifier. This topology,
depicted in Figure 92, is of particular interest for 5G FEM’s since it protects the PA from the output load
variations, including the coupling between neighboring array elements. The variations are damped by
Zout. This circuit is protected from its environment through its construction. Thus, no additional element
is required to recover the nominal performances. This topology is named self-contained PA. Indeed, such
architecture is based on an RF crossover, which is depicted in Figure 93. The input quadrature hybrid
coupler operates as a divider; the second one recombines the signal through the output port. Ideally,
there is no leakage through the two other ports. This topology is often used to provide isolation between
two RF paths crossing each other. However, the use of couplers limits the available bandwidth [13].

Input > > ]
PA Zout
ZISO \
& 1 | > Output
PA
Figure 92: Block diagram of a balanced PA
Pn—3dB 2 0°
Py (dB) ' Py £ 0°+ Py 2 180°
Ziso =Py—-Pn=0
o= : Py 2 90° + Py 2 90°
Py —3dB 2 90° = 2.(P,y 2 90°)

Figure 93: Block diagram of an RF crossover
c. Design of an Integrated Ka-Band Hybrid Coupler

The previous section has summed up the different uses of couplers within a FEM. In order to cope with
some drawbacks of the series-shunt SPDT switch, it has been chosen to build a new version based on
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hybrid couplers. The first step is therefore to implement an integrated quadrature hybrid coupler
operating in the targeted frequency band and using the ST C65SOIFEM technology. The circuit will
benefit from the thick top metal level, which enables to design passives with high quality factor.
However, only one thick metal is available. Thus, the coupler design is restricted to planar topologies
such as branch-line or Lange.

An interesting choice is the scalable twisted coupler described and successfully implemented in [8], at
5.85 GHz and 14 GHz, using H9SOIFEM CMOS 130 nm technology from STMicroelectronics . As depicted
in Figure 94, it is composed of a combination of coupled lines and twisted elements. Besides, this
topology is highly scalable since several twists may be connected. Equations (70) and (71) are used to
determine the suitable values of L and C, in order to design a 50 Q coupler operating at 28 GHz.

— Scalability ——

Coupled

LC’ CC

Twisted
- L Cr

Figure 94: Scalable twisted hybrid coupler, from [8]

The results are plotted in Figure 95. The required values of L and C for a 50 Q hybrid coupler operating at
28 GHz are respectively 313-369 pH and 62.5-73.9 fF depending on the coupling factor value. A first trial
is achieved with L = 341 pH and C = 68.2 fF, which corresponds to k = 0.8. This results in an amplitude
imbalance lower than 0.1 dB at 28 GHz and phase imbalances lower than 0.5°, as plotted in Figure 96 (a).
This first simulation does not take into account the performance degradation due to the finite quality
factor of the passives. Considering that Q = 20, the parasitic resistance of the inductors is 3 Q. Thus, the
amplitude and phase imbalance at 28 GHz are degraded. Their values are respectively 0.15 dB and 2°.
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Figure 95: L and C Values for a 50 Q Hybrid Coupler
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Figure 96: (a) Amplitude and phase imbalances of the 50 Q hybrid coupler with ideal inductors; (b) Transmissions through the
OUT and CPL ports with real inductors (quality factor = 20)

This first design step provides a good estimation of the required values of L and C. It also highlights that
a finite quality factor decreases the operating frequency (f,) and degrades the coupler performances.
Then, the coupler is designed using the ST C65SOIFEM technology and simulated thanks to a 3D EM
simulator. The circuit layout is shown in Figure 97. It has been chosen to distribute L and C between two
twists. The post-layout simulation results, including pads, are reported in Table 40.

____________ I 757

Ground Pad | Bottom metal layers (Ground) |

Figure 97: Hybrid coupler layout top view

Up to the post-layout simulation results, the operating frequency is 12% higher than expected. This shift
is mainly due to the pad ring, as also observed in [8]. However, other parameters may also cause these
discrepancies. Indeed, the quality and coupling factors have been arbitrarily estimated. Their variations
could lead to differences between the first model and the post-layout simulations. The quality factor has
been supposed to be 20 but it could reach 25 or 30 with the selected technology. As previously shown,
increasing Q results in a higher operating frequency. A degradation of the coupling factor has the same
effect, as illustrated in Figure 95. Predictably, the insertion losses are higher in post-layout simulations.

Operating frequency (GHz) Insertion loss (dB) Phase imbalance (°)
First model 27.4 0.29 1.8
Post-layout 313 0.67 15
simulation

Table 40: Post-layout simulation results of the designed quadrature hybrid coupler
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d. Measurement Results

The above designed quadrature hybrid coupler has been manufactured during the third run of the thesis
(named Alioth). Its small-signal performances have been measured on-wafer. The results are reported in
Figure 98, with the die micrograph. The coupler exhibits insertion losses of 3.8 dB and phase imbalance
lower than 1° at its operating frequency, which is 28.65 GHz. Besides, over the 26.4-30.9 GHz frequency
band, the amplitude and phase imbalance are respectively lower than 1 dB and lower than 1.5°. Finally,
the isolation is above 15 dB and the return losses are better than 18 dB over the whole measurement
span. The discrepancies between these results and post-layout simulations may come from a degraded
quality factor of the passive components. The coupling factor may also have been shifted.

S Parameters (dB)
(,) @2uaiayig aseyd

(a) Frequency (GHz)
Figure 98: (a) Quadrature hybrid coupler measurement results; (b) Circuit micrograph

This first version of the quadrature hybrid coupler is intended to be used as a building block for the SPDT
switch. Its design will be described in the next part. However, the coupler performances are critical for
its many uses. Thus it will require future improvements. Firstly, the simulation model has to be refined
to fit better with the measurement results. The coupler insertion loss has to be further reduced as well.

3. SPDT Switch Based on Hybrid Couplers

a. Principle of Operations

Firstly, an SPDT switch has been designed based on the RF crossover illustrated in Figure 93. It consists of
two quadrature hybrid couplers and two couples of SPST switches, as depicted in Figure 99. The signal is
routed towards OUT 1 or OUT 2, depending on the switches’ states. Indeed, when SPST 1’s are activated
and SPST 2’s are disabled, the input signal is transmitted to OUT 1. It is the same configuration as for the
previously discussed balanced PA. Conversely, the signal may be routed towards OUT 2 reversing the
states of the switches.

T

ouT2
DTS

% OUT 1

L

Figure 99: SPDT switch based on an RF crossover and two couples of SPST switches
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The use of only series SPST switches instead of series and shunt devices results in lower IL. However, it is
necessary to also take into account the quadrature hybrid coupler losses (/Lxprig). Thus, the SPDT switch
insertion losses (/Lsppr) are given by Equation (74). The series SPST losses have been detailed in Table 30.

(74)

2 * ZO
Ispor = 2 Lugyria = 20 * 10810 |

2xZy+ Roy

Considering that Z,is 50 Q and Roy is 5 Q, which corresponds to a 160 um device as reported in Table 33,
the series switch insertion losses are 0.4 dB. This part could be minimized using larger devices, an Roy of
2 Q results in losses of 0.17 dB. Besides, the losses of each hybrid coupler may probably be reduced by
up to 0.5 dB. Consequently, the overall SPDT IL’s are estimated to be lower than 1.2 dB. Finally, the first
circuit simulations predict an isolation about 20 dB. The conclusion is therefore that this topology is able
to provide close performances compared with the previously designed series-shunt switch. However, the
use of couplers limits the available bandwidth and highly increases the circuit area.

A second version has been designed. It is still composed of two hybrid couplers but combined with shunt
switches only, instead of series devices. The topology is depicted in Figure 100. It has firstly been
introduced in [4], and implemented at 2.3 GHz using branch-line hybrid couplers and PIN diodes as
switching components. In this section, such SPDT switch is designed to operate in the Ka-band and
integrated thanks to the use of the selected RF SOI technology.

ANT port 1’ Isolated port
o 0/_0— O
o \'c 0
Tx port 1 Rx port

Figure 100: SPDT switch based on couplers and shunt switches, from [4]

As shown in Figure 100, this structure is asymmetrical. The operating principle of the RX and TX states
are therefore different. They are detailed below, respectively in Figure 101 and Figure 102. Firstly, when
the shunt switches are open, the circuit is almost equivalent to the SPDT switch in Figure 99. Its insertion
losses (ILzx) are computed thanks to Equation (75). It derives from Equation (74) and Table 30, replacing
the series SPST contribution by the shunt SPST one. In contrast with the previous circuit, the SPST switch
contribution may be minimized by reducing the device width, i.e. reducing Cor. Moreover, the power
handling is improved compared with the usual series-shunt switch, since the input signal is split by the
first coupler. Thus, each shunt switch has to handle only half of the input power.

2
ILgx = 2 * ILpyprig — 20 * logyg 2+ jw = Zg * Corp (75)
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Figure 101: Operating principle of the SPDT switch in RX state
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Figure 102: Operating principle of the SPDT switch in TX state

When the shunt switches are closed, the signal is reflected by the ground. Thus, the circuit is equivalent
to a reflection-type phase shifter. Thanks to the destructive interferences, no signal is reflected towards
the input port. Considering MOS switches, the circuit insertion losses (IL;x) are given in Equation (76),
which derives from Equation (72). Thus, it is possible to minimize the switch IL thanks to the use of larger
devices, which have reduced Rpy. Moreover, this reflector is almost equivalent to a fully passive circuit.
So, its power handling is highly enhanced compared with the usual series-shunt topology.

Ron — Zp

20 (76)

ILTX = _20 * loglo

Finally, Equations (75) and (76) have raised a significant tradeoff on the device width, as it was the case
for the previously designed series-shunt switch. Based on these equations, this topology seems to be
able to exhibit low IL. However, it requires a careful sizing to minimize the loss in both states. The hybrid
coupler performances have also a significant contribution. Besides, the asymmetrical structure results in
a very high power handling TX state. The sizing methodology and the circuit implementation are detailed
in the next part.

b. Circuit Design

The above introduced SPDT switch is implemented, as illustrated in Figure 103. The previously designed
hybrid couplers are combined with GO2 BC NMOS transistors. They are preferred to their GO1 FB
counterpart because they can handle a higher voltage swing. Thus the power handling is improved in the
RX state. As it was the case for the series-shunt switches, the control voltage is applied at the transistors’
gates and body through large resistors. In the RX and TX states V¢ is 0 V and 2.5 V, respectively. This
results in floating bodies and gates, which improves the switch performances. However, previous results
have shown that the power handling of the GO2 series shunt switch was degraded. Further
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improvements may be to connect the bodies to the ground, still through large resistors to make it
floating. It avoids charge accumulation.

1 2

VC—D—I%:F Ve
4 3
Ve —I:I—I%:F Ve

Figure 103: Asymmetrical SPDT switch schematic

As shown by Equations (75) and (76), there is a significant tradeoff between ILz, and /Ly, which depends
on the devices’ width. Thus, the insertion losses of both states are plotted at 28 GHz, depending on the
shunt switch width. It enables to determine the optimal size. The results are reported in Figure 104. As
expected, the IL’s in RX state are minimized with a small transistor, i.e. a reduced Cq:. Conversely, larger
devices improve /Ly, since Roy is minimized. It has been chosen to reduce ILzx at the cost of higher IL;x in
order to lower the receiver NF. Thus, the shunt width is set to 250 um.
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Figure 104: ILgy and IL;y plotted depending on the shunt switch width, at 28 GHz

40 pm shunt

transistor
M Ground plane

Figure 105: Top view of the shunt positioning in relation to the transmission line

The two 250 um shunt devices are split into 6 smaller transistors, as illustrated in Figure 105. Therefore,
they are distributed among both sides and over the whole length of the transmission line between the
two couplers. The parasitic elements (resistors and capacitors) of these elementary cells are extracted.
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Then, the whole SPDT is laid out and simulated. The results are reported in Table 41. Firstly, the switch
operating frequency is slightly above 28 GHz. Indeed, it comes from the coupler features. As expected,
the insertion losses are lower in RX than in TX. However, they are not as good as in the first simulations.
This discrepancy may come from the impedance of the transmission line between the couplers. This also
degrades the isolation of the RX state. Besides, the TX state isolation is sufficient to protect the LNA.

Frequency (GHz) IL (dB) Isolation (dB) ICP1 (dBm)
RX State 30.0 1.84 15.3 15.0
TX State 29.5 2.68 22.9 >30

Table 41: Post-layout simulation results of the asymmetrical SPDT switch

Finally, the RX state exhibits a poor power handling compared with the series-shunt results, which was
17.5 dBm in post-layout simulations. Since the body has not been properly connected to the ground, it
may explain that the behavior of the transistor in large-signal simulations is not accurate, and that its
performances are degraded. The impedance of the transmission line also has a significant impact. These
two points will require a particular care in further designs. As expected, the TX state power handling is
very high, above 30 dBm at the switch operating frequency (29.5 GHz).

c. Measurement Results

This asymmetrical SPDT switch based on quadrature hybrid couplers has been manufactured in the run
called Alioth, like the standalone hybrid coupler and the second GO2 BC series-shunt SPDT switch. The
die micrograph is presented in Figure 106.

(RN R EN N AN

Figure 106: Micrograph of the asymmetrical SPDT switch

Firstly, small-signal measurements have been achieved in both RX and TX states. Differential probes are
used; they enable to simultaneously measure the IL and the isolation. The fourth port is connected to a
50 Q termination. Only one voltage source is required to control the 6 shunt transistors.
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Figure 107: Small-signal measurements of the asymmetrical SPDT switch in RX state

The measurement results are plotted and compared with post-layout simulation results in Figure 107 for
the RX state. Likewise, results for the TX state are plotted in Figure 109. There is the same frequency
shift as the one observed for the standalone hybrid coupler. It is particularly visible in the RX state.
Besides, the isolation measured in this state is far better than the simulation expectations. Indeed, as
given in Equation (76), the leakages through the TX port are higher as the reflection coefficient is high.
Ideally, this coefficient is equal to zero and the whole signal is transmitted to the RX port. Small
variations of the line impedance (Z; in Figure 108) may highly degrade the reflection coefficient and
therefore the isolation. Consequently, the line impedance is probably closer to 50 Q practically than it is
in simulations.
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Figure 108: Asymmetrical SPDT switch schematic
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Figure 109: Small-signal measurements of the asymmetrical SPDT switch in TX state
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In the TX state, the operating frequency is slightly shifted as well. However, measurement results are in
good agreement with the post-layout simulation expectations, as plotted in Figure 109. Besides, the ICP1
has been measured in both states, as shown in Figure 110. It is 17.5 dBm in the RX state, which is higher
than the post-layout simulation expectations. This result is not consistent with the GO2 BC series-shunt
measurements. It may come from the improper body connection or to model inaccuracies. Conversely,
the results for the TX state meet the expectations. The circuit gain exhibits very low compression up to
an input power of 18 dBm. Due to the available laboratory instrument limitations, it was not possible to
measure the IL with higher input power.

Finally, all the measurement results are reported in Table 42 and compared with post-layout simulation
expectations. Overall, measurements are consistent with simulations. However, several discrepancies
have been highlighted: a frequency shift due to the hybrid couplers and a better isolation in the RX state
due to a shifted reflection coefficient. The large-signal simulation models also have to be refined.
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Figure 110: Large-signal measurements of the asymmetrical SPDT switch in both states, including trendlines

Frequency (GHz) IL (dB) Isolation (dB) ICP1 (dBm)
Simulated RX 30 1.84 15.3 15.0
Measured RX 28 1.88 23.8 17.5
Simulated TX 29.5 2.68 22.9 >30
Measured TX 26.5 2.79 24.1 >18

Table 42: Post-layout simulation and measurement results of the asymmetrical SPDT switch
d. Perspectives for Future Designs

The implemented asymmetrical SPDT switch is compared with recently reported circuits in Table 43. The
first remarkable result is that its IL’s are quite high compared with the other Ka-band SPDT switches.
Thus, an interesting perspective of this work is therefore to improve the IL’s. In the RX state, it is just
necessary to reduce the losses due to the hybrid couplers while in the TX state, it requires further
investigations about the ground plane and the reflection coefficient.
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1] [14] Series-Shunt This work This work
(GO2 BC) TX State RX state
Process 45 nm SOI 150 nm GaAs 65 nm SOI
IL (dB) 0.8 0.9 0.7' 2.8 1.9
Isolation (dB) 23 > 25 221 35 24
Area (mm?) 4x10° 1.2 4.5x10° 3.5x 107
ICP1 (dBm) 29 >33 16.5 >30° 17.5
Bandwidth (GHz) DC-50 27-46 DC-40 21-36 20-37

core Post-layout simulations, : Post-layout simulation results, measured up to 18 dBm

Table 43: Ka-band SPDT switch state of the art

The reflection coefficient is also a major concern to improve the switch isolation in both states. Besides,
this circuit provides a very high power handling in TX state. In the RX state, the power handling is quite
good but the simulation models have to be refined in order to fit better with the measurement results. It
has been shown that this kind of topology may be implemented using advanced integrated technologies.
It exhibits interesting performances, which have to be enhanced thanks to further investigations. Some
drawbacks have been highlighted as well: bandwidth and area penalty. However, the circuit bandwidth
is sufficient for the targeted application. Moreover, implementing this topology at higher frequencies
will reduce the circuit area thanks to hybrid coupler scaling. Another perspective of this work is the
implementation of complex functions into the switch. For example, the TX state reflector may operate as
a reflection type phase shifter at the cost of degraded IL’s. Finally, based on early tests, this switch does
not protect the PA and the LNA from the antenna impedance variations.

II.  New Low Noise Amplifier and Co-Integration Perspectives

In the previous section, the limitations of the series-shunt SPDT switch have been discussed. Then, a new
topology has been introduced and implemented. Likewise, in the following part, the main drawbacks of
the previously designed LNA are reminded. Several improvement techniques are introduced and a new
LNA is implemented. Measurement results will enable to verify the relevance of the selected
improvements. Secondly, directions for the co-integration of the SPDT switch and the LNA into a 5G FEM
are given.

1. Improved Ka-Band LNA

a. Limitations of the First LNA

The LNA designed in the previous chapter had several issues, mainly due to the design methodology and
the layout parasitic elements. Firstly, BC transistors with a low biasing point have been chosen to reduce
the power consumption. However, this resulted in a too low current density, i.e. to a high NF. Besides, a
compact inter-stage matching network has been selected. Therefore, it had not optimal performances.
Finally, the simulation model was not accurate enough. Several parasitic elements from the layout have
not been taken into account, such as the coupling between inductors and the path from the source of
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the second stage to the ground. Consequently, the measured performances of the LNA were below the
expectations. However, the simulation model has been refined to recover these features with the retro-
simulations, as reported in Table 44. In this section, design techniques to overcome the identified issues
are discussed. Then, a new LNA is implemented and measured.

Gain (dB) NF (dB) Zn (Q) Zour (Q) loc (MA) | 1CP1 (dBm)
Freq. (GHz) 26.4 28 - 28
PS?:;JE‘;Z:t 13.1 4.9 27 - 10j 55— 14 N .
Measured 13.7 5.1 25-16j 54 -21j
Targeted 20 2.5 50 50 20 0

Table 44: Comparison between post-layout simulation results and measurement results of the first LNA (Vega)
b. Design of the Second LNA

Since the above identified limitations are not due to the selected topology, it is chosen to design a two
stage inductively degenerated LNA. The input stage is sized as previously: the common source transistor
size is set to exhibit low noise figure while drawing a drain current lower than 10 mA. For now, however,
it is chosen to combine a FB common source transistor with a BC cascode stage. This results in lower NF.
Then, the input gate and source inductors are sized to provide 50 Q input impedance at the resonance,
as given in Equation (54). The previous design has highlighted that it is challenging to achieve a proper
matching with the subsequent stages, since the output impedance of the input stage is far from 50 Q.
Thus, a shunt resistor is used along the drain inductor to make the matching easier. It also results in
larger bandwidth. However, it degrades the NF and the gain. The input stage is presented in Figure 111.
Its performances are reported in Table 45 at 28 GHz, including for the extreme process corners.

Vpp=1.6V
Veusc = 1.7V
Lp; = 300 pH
Rpy=200Q
Rese  [—— out
k@ |y =80fF
Ve =0.5V W, = 100 pm
Reis C Rgc=1kQ
18 kO SHUNT BC —
1pF
N —] & W, =72 pm
Cy = 600 fF Le; = 420 pH
s
Ls; = 120 pH

Figure 111: Input stage schematic of the second designed LNA
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This new version exhibits better input and output matching. The gain and NF are decent although they
are reduced due to the use of the output shunt resistor. The tradeoff with the drain current also limits
the performances, in order to ensure low power consumption. Then, the input stage is simulated for
different corners. This results in small impedance variations. The other features are shifted but they may
be recovered with little adjustments of the biasing voltage. The typical ICP1 is -5 dBm.

Zn (Q) Zour (Q) S, (dB) S, (dB) NF (dB) Ioc (MA)
Typical 52—7.8] 49 +3.7] 8.76 -22.6 2.13 8.9
Slow-slow | 49 —4.0j 50 + 6.0 7.91 -22.1 2.48 6.6
Fast-fast 55— 11 49 +2.0j 9.42 -22.9 1.86 11.6
Extracted | 54-5.0j 48 - 8.2] 7.93 -26.0 2.17 8.7

Table 45: Simulation Results of the Input Stage, at 28 GHz

In the first version, the second stage was degenerated by the parasitic path between the source and the
ground. To cope with this issue, it is chosen to use an inductively degenerated cascode for the second
stage too. Thus, the parasitic path may be neglected compared with the implemented source inductor.
Since the input stage exhibits correct gain and noise performances, with a low drain current and proper
50 Q input and output matching, it is chosen to also use this cell as output stage. This enabled to speed
up the design. However, the limited ICP1 of this cell will results in a poor LNA power handling compared
with the targeted features.

Vpp=1.6V Vg, =05V
Ly, = 300 pH Zyy;
Rpy =2000 !
G
Zounn o }_ 509_' W, =72pum
Cour =80fF C,=600fF Ly, =420pH .
=

W, =100 pum
Figure 112: Inter-stage matching network

Another issue of the first LNA was the use of a compact matching network, which may have degraded
the overall performances. For now, since each stage has 50 Q input and output impedances, it is possible
to directly connect them as depicted in Figure 112. However, such implementation results in two
impedance transformations: Zoyr; to 50 Q and 50 Q to Zy,. This step (reaching 50 Q) could be avoided.
Moreover, it may result in a matching network with high quality factor, limiting the available bandwidth
[15]. As illustrated in Figure 113 (a), it is possible to design a matching network with lower quality factor
to enhance the circuit bandwidth. Nevertheless, it requires the use of more components, including bulky
inductors. Thus, it is necessary to find the proper tradeoff between the matching network quality factor,
i.e. its bandwidth, and its complexity, i.e. its area. As shown in Figure 113 (b) for the first designed LNA,
Ls and Lg of the first stage are located before the input cascode. Then, the space for Lp; and Lp; is limited
by the decoupling capacitors. For now, it is also necessary to add Lg and L for the output stage.
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F==T—1l outr

Figure 113: (a) Quality factor of generic one-element (red) and three-element (blue) matching networks, from [15];
(b) Top view of the designed first LNA layout
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Figure 114: Schematic of the second designed LNA with improved inter-stage matching

The final schematic of the second designed LNA is depicted in Figure 114. In the input stage, the shunt
resistor for a broadband output matching has been removed to provide higher gain and to improve the
overall NF. This resistor has been conserved for the output stage, since it enables to achieve a better
output matching. Besides, the inter-stage matching has been modified to exhibit a lower quality factor.
This improves the circuit bandwidth without requiring additional inductors. The most relevant feature of
this part is that Lp; and Lg, are coupled, which results in area saving. However, the co-design of these
two inductors requires therefore a particular care. The designed LNA is laid out as shown in Figure 115.
The parasitic elements (resistors and couplers) of the cascode cells are extracted. Then, a 3D EM
simulation is achieved; it takes into account all the passives simultaneously, including the coupling
between the inductors. These two parts are co-simulated. The results are reported in Table 46.
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Figure 115: Top view of the second designed LNA layout

Zn(Q) | Zour(Q) | Su(dB) | NF(dB) | S;2(dB) | Ioc(mA) | ICP1(dBm)
24GHz | 24-18j | 32-10] 21.2 2.2 - -
28 GHz 47 + 6j 57 + 6j 20.6 2.2 -46.4 21 -15
31GHz | 58+10j | 83+ 30 17.8 2.5 - -

Table 46: Post-layout performances of the second designed LNA over the Ka-band

The designed LNA exhibits good performances: NF lower than 2.5 dB over the whole operating band (24-
31 GHz), a gain ripple of 4.4 dB over this frequency band, and a total current consumption of 21 mA. The
circuit gain is slightly below 20 dB in the end of the operating band. Besides, the ICP1 is limited by the
output stage; it is only -15 dBm. The circuit measurements are presented in the following section.

C.

Circuit Measurements

& SURLREE

1Ly« s

Figure 116: Micrograph of the second designed LNA
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The LNA has been implemented using the selected ST C65SOIFEM technology. The die micrograph is
shown in Figure 116. It should be noticed that more decoupling is used in this new version. Moreover, six
pads are used for the DC supplies. Thus, it is possible to tune each stage separately. Firstly, small-signal
measurements are achieved. The results are reported in Figure 117.

The first remarkable result is that the input return losses are above 0 dB at 16.4 GHz. Since there is also a
gain spike at this frequency, it clearly reflects an oscillation. Several measurements have been made at
different biasing points, they all exhibit this behavior. Thus, the circuit is not usable. However, it is
necessary to identify the cause of the oscillation. Firstly, the spike is not visible on the output return
losses. So this issue probably comes from the LNA input. Besides, it is a high frequency oscillation. Since
the potential low frequency oscillations are avoided thanks to the decoupling, this one should be due to
an internal loop. Consequently it could not be solved with additional external components.
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Figure 117: Small-signal measurements of the second designed LNA

After several investigations, the origin of this oscillation has been found. Actually, 8 virtual grounds have
been used in the complete 3D EM simulation, as illustrated in Figure 118. This simplification was based
on the assumption that the ground plane was perfect. This results in the shorting of several paths like
the red one in Figure 118. Retro-simulations have been achieved with only 4 virtual grounds as shown in
Figure 118. The results are plotted in Figure 119.

Figure 118: Layout top view including the simulation virtual ground pads: (a) First simulation; (b) Retro-simulation
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Figure 119: Retro-simulation results compared with first simulation and measurement results

The behavior observed in retro-simulations is similar to the measurement results: high frequency
oscillation and significant input mismatch. The oscillation is shifted, since it is an early retro-simulation
model. Two phenomena, depicted in Figure 120, occur in the circuit. The first one is that a part of L
(shown in blue in Figure 120) is neglected. Thus the input impedance is shifted. Secondly, the output
signal of the first stage is leaking into Ls through the decoupling capacitors. This creates a loop which
generates the oscillation. The equivalent schematic is presented in Figure 120.

16V

Decoupling
Capacitor

Ground Path

Figure 120: (a) Layout top view; (b) First stage equivalent schematic, both including the neglected effects

Two different ways to solve these issues have been identified. The first one requires significant layout
modifications, but it fixes both the input mismatch and the oscillation. It consists in directly connecting
the output of Ls; to a ground pad. Thus the path to the ground is controlled and the impedance shown at
the decoupling capacitor output is too high to have signal leakages through them. The second solution is
a layout patch, which is easier to implement but less effective. Indeed, the cascode cells have two
ground accesses (north and south). In contrast with the first LNA, they have not been connected
between each other in this new version. Adding a ring of bottom metal around the cell enables to
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connect the two ground accesses, as shown in
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Figure 121. This enhanced ground access reduces the effect of the parasitic paths. The input matching is
therefore improved and the signal loop responsible for the oscillation is broken. Even if the first solution
is more effective, it is too complex to implement, in particular at the second stage. Thus, the layout
patch is chosen and simulated. It enables to recover the LNA performances.
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Figure 121: Top view of the layout patch
d. Conclusions

In this section, a new LNA has been designed and measured. Several improvements have been selected
and implemented: higher current density thanks to smaller transistors and higher biasing points, lower
NF thanks to the use of FB’s, new inter-stage matching network with low quality factor in order to
increase the bandwidth, and broadband output matching. These result in good performances, as shown
in 1 Including SPDT Switch, > Post-layout Simulations

Table 47. However, the output stage limits the ICP1. Besides, measurement results have shown that
there is a signal loop in the circuit generating a high frequency oscillation. The origin of this undesired
behavior has been identified and a patch has been implemented. The LNA performances have been
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recovered in retro-simulations. Unfortunately, it was not possible to reprocess the circuit in order to
practically confirm that this solution is effective. Since the patch only consists in small layout changes,

there is a high level of trust in the retro-simulation results.

Reference [16] [17] [18] This work?
Process 45 nm SOl SiGe 90 nm GaAs 65 nm SOI
Bandwidth (GHz) 25-31 33-34 24.25-27.5 24 -31
Gain (dB) 12.8 23.5 13.51 17.8-22.2
NF (dB) 1.6 2.9 4! 2.2
loc (MA) 10 6 10 21
ICP1 (dBm) - -28.5 81 -15

I Including SPDT Switch, 2 Post-layout Simulations

Table 47: Recently reported Ka-band LNA’s

Finally, the above results have shown that ST C65SOIFEM technology seems to be suitable for the design
of LNA’s for Ka-band 5G. In the following section, the integration into a FEM is discussed.

2. Towards an Integrated Front-End Module

a. Overview

There are various ways to implement a transceiver: separate arrays, dual-polarization antennas [19], or
with integrated duplexers [20]. Their features are summarized in Table 48. In this work, the integrated
duplexer has been preferred for its low complexity and moderate size, i.e. cost.

Separate Arrays

Dual-Polarization

Integrated Duplexer

Cost High Medium Medium
Full-Duplex Yes Yes No
Complexity Low Medium Low

Table 48: Transceiver implementations overview

As discussed previously, the integrated duplexer may be implemented in an asymmetrical way in order
to improve the performances of a state over the other [2]. Besides, it is possible to use more complex
structures than the usual series-shunt switch to provide additional features. In [9], the switching circuit is
based on a coupler and used as a filter to increase the linearity.
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In this work, both usual symmetrical series-shunt and complex asymmetrical switches have been
implemented. It has been shown that the ST C65SO/IFEM technology is suitable for the design of such
circuits for 5G in Ka-band. Besides, two LNA’s have also been designed using this technology. They
exhibit interesting performances for the targeted applications. The co-integration of these two parts into
a single integrated FEM is the main perspective for further designs. Several directions are given below.

b. Perspectives for Co-Integration

One of the directions for further improvements is to co-integrate the SPDT switch and the LNA while
adding advanced features. As discussed previously, the TX state of the asymmetrical switch may offer
phase shifting. Then, two LNA’s may be implemented between the coupler, as illustrated in Figure 122.
This balanced topology offers lower gain and NF degradation compared with the usual combination of a
series-shunt SPDT switch with a standalone LNA. Furthermore, such topology results in higher power
consumption since two LNA’s are needed and the TX gain is reduced by the reflection type phase shifter.

Antenna . > 1
Zr LNA Zout
TX v > RX

L1 LNA

v

Figure 122: Schematic of the co-integration between the asymmetrical SPDT switch and the LNA

[ll.  Conclusion

In this chapter, a new SPDT switch has firstly been designed. It enables to overcome the tradeoff
between IL and isolation in usual SPDT switches. The asymmetrical topology also offers very high power
handling in TX state while providing quite low IL in RX to reduce the overall NF. Besides, this architecture
is favorable for the implementation of advanced features as balanced amplifiers with phase shifting.

Secondly, the limitations of the first designed LNA have been identified. Then, several improvements
have been implemented such as smaller transistors to increase the current density or enhanced inter-
stage matching network. This new LNA exhibits interesting post-layout simulation performances.
However, the fabricated circuit has a high frequency oscillation, which makes it unusable. The issue has
been identified and corrected in retro-simulations thanks to a layout patch. This gives a high level of
confidence in the post-layout results. It is highlighted that the performances achieved thanks to the
selected technology makes it suitable for the design of Ka-band FEM’s for 5G. Finally, directions for
further improvements have been discussed, including the co-integration of the LNA with the SPDT switch
based on quadrature hybrid couplers.
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Conclusion and Perspectives

l.  Summary

The objectives of this thesis work were twofold: system-level sizing and circuit design. In the first part,
the new mobile communication generation (5G) has been introduced, and the different scenarios have
been identified. Then, we have selected a use case: high data rate communications in a crowded urban
environment. Based on the first standard requirements, it was aimed to reach 1 Gbps data rate per user
and up to 100 users per small cell. This led to 100-element phased array transceivers. Then, the power
consumption of different beamforming topologies has been estimated based on recently reported
circuits. To meet the defined specifications, it appeared that digital beamforming is more suitable.
Indeed, it theoretically enables to save about 40% power consumption compared with multi-beam
phased array antenna. However, the only reported digital beamformer is composed of FPGA circuits.
Thus, its power consumption is not comparable with the existing integrated phased array systems.

Secondly, several mm-wave circuits have been designed in order to demonstrate the performances of
the advanced ST C65SOIFEM technology for 5G front-end modules. It has been characterized and
compared with other integrated technologies. It has been shown that it is suitable for mm-wave circuit
design. Then, two parts of the front-end module have been designed: standalone RF switches and low
noise amplifiers. Thus, two compact low loss switches have been implemented. They exhibit insertion
losses lower than 1 dB over the Ka-band. Moreover, their power handling and isolation are compliant
with the defined specifications. The results for the two-stage low noise amplifier were less convincing,
the measured gain and minimum noise figure are 13.7 dB and 4 dB, respectively. However, several
design perspectives have been identified: improved inter-stage matching network and increased current
density.

In the last chapter, improved versions of both the RF switches and the low noise amplifier have been
presented. Firstly, a new Ka-band duplexer composed of hybrid couplers and shunt switches is designed.
It enables to overcome the tradeoff between insertion loss and isolation, while providing high power
handling in the transmitting mode. This circuit exhibits 1.9 dB insertion loss and 24 dB isolation in the
receive state, and 2.8 dB insertion loss and 35 dB isolation in the transmit state. Moreover, the
simulated ICP1 is higher than 30 dBm in this state. It has been shown that this topology has interesting
performances for mm-wave 5G front-end modules. However, it has to be improved in order to reduce
the insertion loss in both states. The low noise amplifier has also been enhanced. The new inter-stage
matching network and the enhanced current density lead to a noise figure lower than 2.5 dB over the
whole operating band. Circuit measurements have shown that there is an undesired high frequency
oscillation. In post-layout simulations, the origin of this issue has been found. It comes from a signal loop
composed by the source inductor and the decoupling capacitors. A layout patch has enabled to recover
the simulated performances.
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Il.  Perspectives

The first perspectives of this thesis work are to enhance the system-level sizing methodology. Indeed,
the above results are sufficient to estimate the size of base station arrays but several features are not
taken into account. For example, the consequences of the architecture choice on the adjacent leakage
power ratio are not studied. Likewise, the above work focuses on the transmitter sizing, since it is the
most significant contributor to the power consumption. Thus, the impact of the front-end module noise
figure on the overall receiver is not estimated. The next steps of the 5G standardization will also enable
to validate the sizing methodology and confirm the obtained results. Then, the power consumption
model may be refined, taking into account the choice of the beamforming algorithm or using more
accurate circuit models. The increasing number of 5G systems will also enable to populate the state of
the art and to compare these implementations with the model expectations.

Secondly, the circuit measurements have paved the way to several short-term perspectives. Indeed, the
implemented series-shunt switches have demonstrated good broadband performances. It has been
shown that the combination of this topology with the use of SOI technology results in low-loss compact
circuits. However, the power handling was limited by the use of floating body transistors. It is therefore
expected to improve the performances thanks to body contacted devices. The standalone low noise
amplifier has been enhanced; it exhibits interesting performances but also an undesired oscillation. An
immediate perspective is therefore the implementation of the layout patch to validate the simulated
performances thanks to measurements. The last short-term perspectives involve the asymmetrical
switch and the co-integration. The design of low-loss couplers will drastically reduce the overall insertion
losses, making this circuit more competitive with the recently reported switches. The co-integration of
low noise amplifiers with this topology into an integrated 5G front-end module is also being studied.

Finally, there are several longer-term perspectives, as targeting other applications. Indeed, the high
power handling of the asymmetrical switch makes it suitable for space and defense purposes. The move
towards higher frequencies will also result in a more compact circuit.
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Résumé and Abstract

Titre : Transmetteurs intégrés a haut rendement pour les réseaux phasés 5G a 28 GHz

Résumé : Actuellement, nous atteignons les limites de la quatrieme génération de
télécommunications mobiles (4G), notamment en termes de débit disponible et de nombre
d'utilisateurs maximal. Une nouvelle génération (5G) est en cours de développement pour
répondre a ces besoins. Elle adressera différent cas d’usages : linternet des objets, les
communications a ultra-haut débit ainsi que des applications plus critiques telles que les
véhicules autonomes ou la chirurgie a distance. Les exigences étant bien supérieures aux
capacités actuelles du réseau, des solutions de rupture ont été proposées.

Dans ce travail, nous avons proposé une nouvelle méthode de dimensionnement des systémes
5G adressant les communications a trés haut débit en bande Ka. Différentes architectures
permettant de répondre aux spécifications définies ont été étudiées. Nous avons ensuite mis au
point une méthode pour comparer leurs performances par rapport a leur consommation
énergétique afin de choisir le systéeme le plus adapté. Enfin, nous avons choisi et caractérisé
une technologie CMOS avancée afin de réaliser certaines parties de ces systemes. Nous avons
congu des commutateurs RF et des amplificateurs faible bruit intégrés, adressant les
fréquences millimétriques.

Mots clés : 5G, amplificateur faible bruit, bande Ka, CMOS, commutateur RF, formation de
faisceau, méthode de dimensionnement, transmetteur a réseau phasé.

Title: 5G 28 GHz high efficiency integrated phased-array transceivers

Abstract: The limitations of the current mobile telecommunication generation (4G) are actually
reached. Indeed, the available data rate and the maximum number of users are no longer
sufficient. A new generation (5G) is being developed to cope with these needs. It will target
different use cases: internet of things, ultra-high data rate communications, and some critical
applications such as autonomous vehicles or remote surgery. The needs are much higher than
the existing network capabilities. So, innovative solutions have been proposed.

In this thesis work, a new sizing methodology has been developed for 5G systems. It is applied
to the Ka-band high data rate communication use case. Several architectures which meet the
defined specifications have been studied. A methodology has been implemented to compare
their performances depending to their power consumption. Thus, the best suitable architecture
for the targeted use case is chosen. Finally, an advanced CMOS technology has been chosen
and characterized in order to realize parts of the 5G system. RF switches and low noise
amplifier operating in the Ka-band have been designed.

Key words: 5G, low-noise amplifier, Ka-band, CMOS, RF switch, beamforming, sizing
methodology, phased-array transceiver.
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