B UCLouvain

Ecole polytechnique de Louvain

Performance and Sustainability
Analysis of 28GHz Switch

Technologies

Author: Hugo SCAILQUIN

Supervisor: Jean-Pierre RASKIN

Readers: Valeriya KILCHYTSKA , Martin RACK, Jose LUGO
Academic year 2019-2020

Master [120] in Electrical Engineering




CONTENTS

IList of Figures| \4
IList of Tables| vii
[Abstract ix
IAcknowledgments| ix
[1_Introductionl 1
.1 Context and Motivations| . . .. ... ................. . ..... 1
M2 Outlinel . . . . . . o 3
125G and mmWave Frequencies 5
2.1 Upcoming of 5G| . . . . . . . .. L 5
2.2 The 28 GHz Frequency Band| . . . . . . ... ... ... ... ... . ..... 8
[2.2.1  Overcoming Limitations of 28GHz Frequency Band| . . . . . . . . . .. 9

2.2.2  MIMO and Beamforming| . . . . . .. ... ... ... ... . ..... 11

223 Small Cells5GI . . . ... ... ... ... 13

3__RF Switchl 15
B1 RFFront-EndModulel . . . ... ... ......... ... ... ...... 15

3.2 RFComponents| . . ... ... ... ... ... 17
3.2.1  Power Amplifier|. . . . . . .. ... oo 17

3.2.2 Low Noise Amplifier| . . . .. ... ... ... ... ... ... ... 19

13.2.3 Other Components| . . . ... .. ... .. ... ... ... . ...... 20

B3 RFESwitchl. . ... ... ... ... 22



ii CONTENTS
[3.3.1  RF Switches Types| . . .. ... ... ... ... ... ..., 22
B.3.2__RF Switch Parameters|. . . . ... .................. ... 27
[3.3.3  Switch Topologies|. . . . . .. ... ... L 33
[3.3.4  Quarter Wavelength Section and Traveling-Wave Switch| . . . . . . .. 35

4 Benchmarkl 37

[4.1 TechnologiesReview| . . . . . .. ... ... .. .. ... . 0. 38
411 BulkCMQOS ... ....... . ... 38
BI2 GaAs . . . ... 38
413  SOIl . . . . . 40
414 GaNl . . .. 41
BI5 _SiGel . . .. 42
1.6  PINdiodel ... ... ... . ... 42

42 Literature Reviewl . . . . . . .. .. .. . ... L 42
421 Discrete RF Switches| . . . ... ............... ... .... 42
[4.2.2  Integrated RF switches| . . . . . . ... ... ... ... .. ... 45
[4.2.3  Existing Technologies|. . . . . . ... ... ... ... ... . ...... 46

[5 Sustainability Analysis| 55

[5.1 Sustainable Development| . . . . . . ... ... ... oo 55
[5.1.1  Semiconductor Industry and Sustainable Development| . . . . . . . .. 57

[5.2  Holistic Approach| . . . . . . ... ... 58
021 Ecomomicsl . . . . ... ... 58
[5.2.2 Society| . . . . ... 59
[5.2.3 Legislation|. . . . .. ... 62
[5.2.4  Energy|l . . . . ... 63
.25 Materdalsl . . . . . ... 70
£.2.6  Environmentl. . . . .. ... ... .. L 72
[5.2.7 Synthesis|. . . . . ... 77

[Conclusion] 81

References 94



LIST OF FIGURES

[1.1 Evolution of the peak data rate in cellular communication.| . . . . . . ... .. 2
[1.2  Elements from the periodic table present in the production of a phone,| . . . . 3
[2.1  Evolution of standards in mobile technology . . . . . .. ... ... ... ... 5
[2.2  Evolution of standards in mobile technology| . . . . . .. ... ... ... ... 6
[2.3  Consumer expectations of 5G.| . . . . . .. .. ... oL 7
[2.4  5G multi-layers approach.|. . . . . . ... oo oo 8
[2.5 Air attenuation as a function of the frequency,| . . . . . ... L0 10
[2.6 ~ Working principle of beamforming{. . . . . .. ... ... oL 12
2.7 MU-MIMO techniques.| . . ... ... ... .. ... .. .. ... .. ... 13
[2.8 Coverage of different cell types|. . . . . . . ... ... ... 14
[3.1 Environment and componentsofa RFFE.|. . . . . . ... ... ... ... ... 15

[3.2  Estimate representation of the FEM for 4G/LTE applications, with 2 antennas. |

This not consider the Wi-Fisystem.| . . . . ... ... ... .. ......... 16
3.3 Schematicofa REPAl . . . .. ... ... . ... ... 17
[3.4 FoM's of RF PA. In red the power gain, in green the PAE and in blue the output |

POWEL. | . . . . . e 18
[3.5 Matching networksfora PA.|. . . . . .. ... . oo 19
[3.6 BAW and SAW filters technologies| . . . . . ... ... ... ... ... 0. 20
[3.7 Antenna tuning techniques.. . . . . . .. ... 21

iii



iv

LIST OF FIGURES

[3.8 Difterent groups of RF switches| . . . ... ... ... ... ... ........ 22
3.9 MEMS concepts| . . . .. ... .. 23
[3.10 PIN diode structure and equivalent forward and reverse circuits| . . . . . . . . 24
.11 PIN diode resistance versus forward bias current) . . ... ..... ... ... 24
[3.12 Simple PIN series switch with the bias circuitry] . . . . . ... ... ... ... 26
[3.13 [p-Vi characteristic of FET transistors| . . . . . . . . .. . . ... .. ..... 26
B.14 Insertion Loss definition) . . . . . .. ................. . ..... 28
[3.15 Output power vs Input power| . . . . . .. ... ... ... ... ... 30
[3.16 Input and output spectrum of non linear system.| . . . . . . ... ... ... .. 30
[3.17 Output power versus input power with intermodulation products.| . . . . . . . 31
[3.18 Switching times definition.| . . . . . . ... ... 32
[3.19 Schematics of SPST and SPDTs| . . . . . . ... ... ... . ........ 33
[3.20 8x1 multiplexer from cascaded SPDT| . . . ... ... ... ... . ....... 33
3.21 Schematics of series and shunt SPDT’s| . . . ... ................ 34
[3.22 Shunt Quarter-wave SPDT] . . . . . . ... .. ... o 34
B.23 Series-shunt SPDTI. . . . . . ... ... ... ... ... ... 35
[3.24 Simplified schema of the SPDT in transmitter and receive mode| . . . . . . . . 35
[3.25 1SO evolutions with diftferents topologies| . . . . . ... ... .. ... ..... 36
[4.1  Adoption of SOI technology for the RF switch market| . . . . . ... ... ... 37
4.2 HEMT characteristics] . . . . . ... ... ................... 39
4.3 Evolution of SOIsubstrates . . . . ... ... ................... 40
B4 _GaNHEMTI. . . . . .ottt 41
4.5 SiGe BICMOS cross sectionl . . . . . .. . ... ... ... oL 42
[4.6  Wire bonding BGA and Flip chip BGA|. . . . . . ... ... ........... 45
4.7 Drawbacks and benefits of CMOSJ . . . . . . .. ... o 0oL 46
(4.8  Qualcomm Snapdragon X50 and QTMO052 . . ... ... ... ......... 47
[4.9 Insertion Loss of analyzed switchesat 28GHz. . . . . . .. ... ... ... .. 51
[4.10 Isolation of analyzed switchesat28GHz. . . . . ... ... ... ... ... .. 52

[4.11 1dB Compression Point of analyzed switchesat 28GHz . . . . . ... ... .. 53




LIST OF FIGURES \4

[5.1 3 pillars of Sustainability] . . . . ... ... ..o o000 56

[5.2 Evolution of the number of publications related to "Sustainable Development”| 56

5.3 aption| . . . ..o e 57
[5.4 Annual revenue of semiconductor industry in billion $| . . . . ... ... ... 57
[5.5 6 majors sectors generally involved in sustainable development.| . . . . . . .. 58
[5.6 Increase of power consumption with mmWaves deployment in base stations.| . 63
[5.7  Global electricity demand of communication technology 2010-2030| . . . . . . 64
5.8 aption| . . . .. e 65
[5.9  Daily traffic load pattern of a BS for a residential cell in week-end day|. . . . . 66

[5.10 Precoders for mMIMO Systems (a) Digital precoder (b) Analog precoder (c)
| Fully-connected hybrid precoder (d) Partially-connected hybrid precoder| . . . 67

[5.11 Critical Raw Materialsfor EUl . . ... ... ... ... .. .. .. ....... 71

[5.12 2017 Economic importance and supply risk assessment of raw materials in EU in| 73

[5.13 Absorbed power for different insects at different frequencies,| . . . . . . . . .. 74

[5.14 Cycle materials system approach|. . . . .. ... ... ... 76

[5.15 Simplified recycling process.| . . . . . . ... 76




vi

LIST OF FIGURES




LIST OF TABLES

2.1 _Characteristics of different sizecells . . . . ... .. ....... ... ... ... 14
4.1 Electronic properties of semiconductors| . . .. ... ... ... ... ... .. 38
4.2 Bulk CMOS Ka-band switches . . . ... ...... ... ... .. ..... 48
4.3 SOIbased Ka-band switchesl . . .. ............ ... ... ... .. 48
4.4 PIN diode based Ka-band switches . . . . ... .................. 49
4.5 GaN based Ka-band switches| . . . . . ... ........ ... ... ... .. 49
4.6 GaAsbased Ka-band switchesl . . ... ... ... .. ... ... ... ... 49
4.7 _SiGe based Ka-band switches . . . . . ... ........ ... ... ... .. 50
[5.1 List of Critical Raw Materials for European Union| . . . . . . .. ... ... .. 72

vii






ABSTRACT

The fifth generation of mobile communications (5G) is becoming more and more a reality. In-
dustries and network operators are constantly advertising the huge benefit in terms of data
rate, health monitoring, connected devices and better quality of life in general. These improve-
ments come at a certain cost regarding power and materials consumption and environmental
impact in general. However, such negative drawbacks are rarely addressed when developing
new technologies. This work tries to answer the technical part by reviewing the technologies
for a RF switch applications at 28GHz but also the sustainable part by considering the impact
of mmWaves deployment in legislative, economic, energetic, social, environmental and mate-
rials axes. This kind of analysis gives the opportunity to take a step and see the big picture.
This work is mainly divided into two parts: the benchmark of RF switch technologies in the
Ka-band and the sustainability analysis.

First, a review on the technical advantages and disadvantages of the 28GHz frequency band
are considered. The proposed solutions and their implementation are discussed.

Second, theoretical background on the switch is given along with other RF components of the
front-end modules. The main parameters of the switches are also presented.

Third, a review of the literature regarding different discrete technology to implement the
28GHz switch is analyzed. Integrated solutions are also considered. The work also addresses
the different trade-offs which occur when designing a switch.

Fourth, the sustainability analysis is conducted based on six axis: legislation, economy, soci-
ety, materials, environment and energy. At the end, the impact of the facts in the previous
categories are classified and reported on the triple bottom line: people, planet, prosperity.

Finally, a conclusion about the work on the benchmark as well the sustainability analysis is
made.
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CHAPTER 1

INTRODUCTION

1.1 Context and Motivations

In today’s world and mainly in the electronics sector, the research community and the indus-
tries are constantly looking for new, faster, better technologies to fulfill the relentless rise of
consumer’s needs. As one can see in figure [1]], for instance, the data rate of mobile com-
munication has not stop growing since its beginning in the early 90’s to offer more and more
possibilities to the users. However, these new and boosted versions come at the cost of more
complexity and more materials used, as visible in figure [2], where we see the evolution
of the number of elements present in a phone. The elements used are in yellow and critical
materials are colored in red. One clearly sees here the striking example: a phone in the 50’s
was composed with 12 elements while the phone in today’s life is composed with 53 elements
which 21 are listed as critical raw materials. The same logic is applicable for most of the
consumer electronics (see [2] for more examples). But as the word previously used "critical"
suggests: Earth does not have infinite resources to provide, as proofed in the report "SCREEN"
(Solutions for CRitical Raw materials - a European Expert Network). The purpose of this study
is to list and map the critical raw materials in the European Union and propose possible sub-
stitutes [3]. Moreover, the world produces 50 million tons of electrical and electronic waste a
year (called e-waste) [4,5]. From this amount, only 20% will be recycled. The rest will end in a
dump mainly in developing countries (especially Ghana and Nigeria [6]) with all the environ-
mental and health problems that it implies. Electronic manufacturing processes also have an
environmental burden through the extraction of the raw materials, the long and complicated
manufacturing chain and the packaging. This idea is synthesized under the term embodied
energy, which refers to the energy necessary to make the final product. These environmental
impacts are rarely described since they are not clearly visible for in eye of the consumer. Still
they are well present. The mentality of "produce, use and dispose" is strongly present in the
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Figure 1.1: Evolution of the peak data rate in cellular communication.

electronic sector and also impact the other industries like automobile, health or entertaining
since electronics are widely spread.

With these two problems in mind, the concept of sustainable development seems to be an
interesting topic to develop to cope with the situation. This concept was first presented, in
1987, by the Brutland’s Commission as the "development that meets the needs of the present
without compromising the ability of future generations to meet their own needs. [...] Thus
the goals of economic and social development must be defined in terms of sustainability in all
countries - developed or developing [...]" [7]. Two main ideas come through this paragraph:
the needs for now and the future but also the needs for here and elsewhere in the world. Two
points that are not fulfilled in the light of the above examples. As a future engineer it is a
necessity to take a step and consider the big picture of the work. To address those, a shift in
the mentality in the society is mandatory and engineers can help with it.

In this context, the fifth generation of telecommunication is at its first steps. There are still
technical problems which need to be overcome and one of them is to chose the adequate
technology for RF switches. Indeed, with higher frequencies for communications systems,
especially the millimeter wave (mmWave) frequencies, stringent requirements lie on the RF
components in general. The industry world would of course go for the best performer, as long
as it does not mean a huge increase in cost. Because at the end, price stays the main driving
force behind those choices.

This work tries to consider the two views not as opposite but rather as complementary. It is
a first step in considering the impact of promising new technologies on not only the environ-
ment but also the social and economic implications. The classical analysis is not put aside.
The goal here is not to completely reject the classical approach and analysis but rather add a
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Figure 1.2: Elements from the periodic table present in the production of a phone.

new figure of merit to the benchmark and help in the decision making of future technologies.
The RF switch possible technologies can be reviewed and at the same time the sustainable
implications of the mmWave deployment can be described.

1.2 Outline

The second chapter focuses on the reasons of interest towards the mmWave frequencies for
communications and especially the 28GHz band, in the context of the upcoming 5G. The main
advantages of these frequencies are presented along with the main obstacles and solutions.

Chapter 3 covers the basic theory needed to understand the working principle of the RF switch.
This includes a little bit of history, the possible technologies to implement such a component
and the important parameters and Figures of Merit (FoMs) needed to characterize the device.

The literature review and benchmark of the existing technologies for 28GHz switches are
given in Chapter 4. Graphs and tables resumed the important trends. The performances of
the devices are compared regarding the 3 main parameters that were found in the literature:
Insertion Loss, isolation and 1dB Compression Point.

In Chapter 5, an holistic analysis is made regarding the deployment of mmWave in the cellular
network. The analysis is based on the Ashby method which considers 6 segments that are
involved in most articulations of sustainable development: environment, society, economy,
legislation, energy and materials.

The last chapter looks at the Life-Cycle Assessment of the production process the technologies
considered in the benchmark. This chapter focuses on the energy and materials consumption,
gases emission and general environmental impact due to the production of these semiconduc-
tors technologies.

Finally, a brief conclusion is made about this work.
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CHAPTER 2

5G AND MMWAVE FREQUENCIES

2.1 Upcoming of 5G

In order to understand the meaning of this work, it is important to take a step back and look
at the reasons, the changes and all the challenges that the fifth generation of communications
(5G) implies. The first generation (1G) of communications was launched in 1979. Its unique ob-
jective was to transmit voices with analog technology. The second generation (2G) introduced
digital signal treatment, SMS text messages and beginning of data exchanges. 3G brought high
quality roaming and higher data rates. Finally, the fourth generation (4G) converged to very
high data rate and much lower latency. The phone, that was simply designed to offer a vocal
conversation, evolved into a much more complex data base device, with plenty of services
and applications (games, Internet, video calls, ...). And with it, more and more complex cir-
cuitry linked o these versatile devices. In short, the mobile industry has gone through a huge
transformation over the past past 20 years as visible in figure

Data +
Position

Digital voice +
simple data

- IP Based Mobility
- Very high Data Rate
- Convergence

& - Seamless Roaming

Analog Voice - Service Concept & Models

1979

- Global Solution
- High Data Rate

- Advanced Mobility (Roaming)J

- More Services (data presence)
- Toward Global Solution

- Basic Mobility || _ Digital System

- Basic Services
- Incompatibility
- Analog

Figure 2.1: Evolution of standards in mobile technology
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However, the current 4G cannot cope with the increasing demand of connected devices, the
future Internet of Things (IoT) and data rates which keep growing at an estimated rate of 50%
[8]. To address the problem, the communication industry wants to launch the fifth generation
of telecommunication. This wireless technology is expected to revolutionize the people com-
municate and exchange information because of its implication in every field of the daily life.
More concretely, most of the studies classify the impact of the 5G under 3 different axes, visible
on figure [2.2 [9]: Enhanced Mobile BoradBand (eMBB), Massive Machine type Communica-
tions (mMTC) and Ultra-Reliable and Low Latency Communications (URLLC). Concrete ap-
plications could be: Smart-City (Smart-grids, connected houses), e-Health, autonomous cars,
smart monitoring, real time services, virtual reality services, Intelligent Transport Systems and
of course entertainment. Other researchers also expect the use of Machine Learning and Ar-
tificial Intelligence to manage the complex interaction between all the devices in the network
[10].

What are the use cases for 5G?

Enhanced mobile broadband
Capacity enhancement

Gigabytes in a second

3D video - 4K screens

‘Work & play in the cloud
Smart city cameras
Augmented reality

Voice

Industrial & vehicular automation

Mission-critical broadband
Sensor
networks

Self-driving car

Massive loT Low latency

Massive connectivity Ultra-high reliability & low latency

Figure 2.2: Evolution of standards in mobile technology

In terms of concrete performances for the wireless system, the goals and requirements are set
to:

« Low latency: below 1ms RTT (Round Trip Time) which is the length of time it takes
for a signal to be sent plus the length of time it takes for an acknowledgment that the
signal has been well received. It is necessary for applications like control of the road
traffic, e-health where people’s life are at stake.

« Multi-Gigabit-per-second (Gbps) data rates: One of the main goal of the 5G is to
give to the user the sensation of infinite capacity and this can only be achieved through
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Figure 2.3: Consumer expectations of 5G.

higher data rates. And this higher data rates are the top one expectation for 5G when
asked to consumer as one can see in figure [11]. More concretely, 10 Gbps for a
stationary user, 1 Gbps for a moving user and a minimum rate of 100 Mbps, even in the
countryside. Today, the average value of download speeds lies between 20-40 Mbps on
Europe. Of course the value for 5G are theoretical and will certainly be reduced in real
applications.

« Low Cost: 5G is a real competition between all the major network operators and sup-
pliers; who will be the most efficient with the lowest cost for the consumer?

+ Low power consumption: years without charging for sensors for example but also
limiting the impact on the environment with all the data base centers and numerous
connected devices.

« High reliability: especially for critical use like autonomous cars, health sector.

In this idea, 3 main concepts, along with their challenges, have emerged to meet all this strin-
gent requirements [[12]

1. "Exploit unused and unlicensed spectrum": millimeter-wave (mmWave) frequencies and
unlicensed spectrum in lower frequencies could be exploited in order to offer a better
coverage and better data rates. This concept however raises challenges in the Tx and Rx
branches design due to power-hungry signal processing and RF chains.

2. "Reduce the Tx/Rx distance and improve frequency reuse": massive communications
between all the devices: device to devices communication (D2D) that comes with an
ultra dense networks (UDNs). The challenges are found in the interference management
because of the large number of devices and network cells that will lie next to each other.
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3. "Enhance spectral efficiency": massive deployment of antennas and multiple-input multiple-

output (MIMO). Problem with the signal processing and antenna cost, this problem will
be deeper covered later in the work.

In this study, the focus is set on the first solution: exploiting new frequencies and especially
those in the mmWave spectrum. This solution has received lots of attention in the past years
and is particularly interesting regarding the implications at the hardware level, especially in
the RF chain.

2.2 The 28 GHz Frequency Band

5G will extend the range of frequencies used for mobile communication, including above 6GHz
frequency bands since the sub-3 GHz spectrum is overcrowded with existing technologies.
More specifically, 5G is going towards multi-layers approach, visible in figure [2.4] [13] , with
high, medium and low frequencies. Bands below 6 GHz will be used for scenarios in a wide-
area. The 3300-4200 and 4400-5000 MHz frequency ranges are suitable to deliver the best
compromise between wide-area coverage and good capacity. Low frequencies (below 2 GHz)
will continue to be essential to extend the 5G mobile broadband experience to wide areas in
the countryside [13].

Above 6 GHz
Super Data Layer
2 - 6GHz
Coverage & Capacity Layer
Below 2 GHz

Coverage Layer

Figure 2.4: 5G multi-layers approach.

High frequencies (above 6 GHz) are here to provide additional capacity and higher data rates.
The idea behind those frequencies is to serve as complement, in indoor systems or dense
urban areas, to offer broadband spectrum with important data rates and meet the high capacity
requirements. With this in mind, the research has started to investigate the millimeter wave
bands (30-300 GHz) to look for potential bands for 5G applications in this large unlicensed and
poorly utilized spectrum. The huge advantages of these higher frequencies is the bandwidth
they can offer. As it is stated in the Shannon theorem in equation [2.1| with C the capacity of
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the channel in bits/s, B the bandwidth in Hz and S/N the Signal to Noise Ratio (SNR) for a
Gaussian Noise:

S
C' = B x logs(1 + N) (2.1)

From today’s bandwidth of 4-20 M H z, to 1.5G H z of bandwidth between 27.5-31.5 GH z as
explained in [[10], the gain in channel capacity is clear. However, this gain does not come for
free, especially due to the higher attenuation of mmWave frequencies.

2.2.1  Overcoming Limitations of 28GHz Frequency Band

As one can see in equation the Free Space Path Loss (FSPL) increases with the frequency.
In this formula, no obstacle is considered, it is then called Line-of-Sight (LOS) operation.

drd
FSPL[dB] = 20109(%)

= 92.45 + 20log(f) + 20log(d)

(2.2)

Where d is the distance between the isotropic antennas or /2 dipoles, \ the wavelength of the
signal and f the corresponding frequency. To give an example of this variation, for a given dis-
tance, compared to the free space path loss at 2.4 GHz, the FSPL is about 22dB larger for 28GHz
and about 32dB larger for 100 GHz. A similar increase occurs if the frequency is fixed but the
distance is increased. The previous computation only takes into account the attenuation due
to propagation vacuum. In cellular network applications, the absorption due to water or other
atmospheric gases can not be neglected. Signals interact with particles in the air and lose en-
ergy as they travel along the propagation path. The attenuation varies with different factors
such as temperature, water density and pressure. Attenuation due to rain varies with the rain
rate (in mm/hr) from drizzle (<0.25 mm/hr) to torrential rain (>50 mm/hr) [14]. The higher
the rain rate, the more attenuated get the signal. An heavy rainfall (about 25 mm/hr) can
cause around 5d B/km attenuation at 28GHz for a distance of 1km. Fog can also play a role in
the attenuation of the signal. The precise models to simulate the effects of such phenomenon
are listed by the International Telecommunication Union (ITU). For example, Recommenda-
tion ITU-R P.838-3(2005) focuses of the specific case of the rain. When there is no rain or no
fog, signals still experience attenuation due to atmospheric gases. The losses are visible on
figure 2.5 [[15] and one can observe that the attenuation caused by atmospheric absorption is
0.012 dB over 200 m at 28 GHz. From all the different frequencies in the mmWave spectrum,
frequencies around 30GHz suffer from less attenuation due to atmospheric gases like oxygen
or water vapor. In [15], they also estimated that only 7 dB/km of attenuation is expected due
to heavy rainfall rates of 25mm/hr for cellular propagation at 28 GHz, which translates to
only 1.4 dB of attenuation over 200 m distance. This is why the 28 GHz frequency band (also
called the K a-band) is a very interesting band among the mmWave frequencies.
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Still, there is a common belief that mmWave frequencies are not applicable for communication
systems because of the high path loss associated to it and the need for Line of Sight operation
(LOS). However if small cells are considered and with the fact that today’s cell sizes in urban
environments are on the order of 200 m, it becomes clear that mm-wave cellular can over-
come these issues. Moreover, these drawbacks can become nearly nonexistent with highly
directional steerable . In fact, there is a misconception about this idea. It is true that the
effective aperture of the antennas falls down with the frequency. And the antenna with the
larger can capture more energy from the passing wave. But, with smaller wavelengths, more
antennas can be packaged into the same area. Shorter wavelengths should not have a start-
ing disadvantage, especially because with more antennas, beamforming with high gains is
possible . In 2015, Qualcomm showed with 64 antennas, mmWave technology in a dense
urban environment and how directional beamforming can be used for LOS and Non Line of
Sight (NLOS) communications [18]]. This refers to the concept of MIMO and beamforming
which will be later explained and that improves the energy transmission between the emit-
ter and receiver. Another study showed good indoor results with a throughput of up to
1.27 Gbps to 43m but also thoughput up to 1 Gbps in outdoor circumstances (around 200m)
with walking speed for the receiver. In the authors showed very good results by using
distributed MIMO, leading to throughput exceeding 10 Gbps in the downlink and 1.9 Gpbs in
the uplink achieved in the 28 GHz frequency band. The distances covered were also smaller,
between 50-150m in a parking area. In (2011), multi-Gigabit-per-second transfers over
few kilometers at millimeter wave frequencies were already possible. However, the size, the
power consumption make this impossible to adapt to mobile device. One can see here more a
problem concerning the development and the maturity of the technology to be applicable to
large electronic consumer.

28 GHz as communication band for mobile device is today a reality. Indeed, in the USA, the
FCC (Federal Communications Commission) organized auctions in 2019 for the licenses in the
28-31 GHz spectrum. The total gross bids reached $ 700 Million and the spectrum was
split between the big network operators such as Verizon, AT&T, ... In Asia this spectrum has
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also raised interest: auctions were conducted in 2018 in South Korea to divide the mmWave
frequency bands [22] and in Japan, in 2019 the government approved 5G spectrum allocations
to the four main operators of the country [23]. Regarding Europe and the 28-31 GHz spectrum,
UE is "lagging", or takes its time, since only 10 out of the 27 countries + UK adopted 5G services,
all in the 1-6G H z ranges [24]. In April 2020, Italy was the only country that had auctioned 26
GHz frequency band. Just one other EU country, Finland, has scheduled mmWave auctions for
2020 [25]. It should be noted that even if the International Telecommunication Union (ITU)
has declared the frequency bands between 24 GHz and 86 GHz as interesting and promising
frequency bands for 5G, it has still not confirmed the 28 GHz band as a viable and applicable
frequency. [26]]

2.2.2 MIMO and Beamforming

MIMO is announced as a promising technology for mmWaves due to the smaller antenna size
and bigger packaging possibilities. MIMO stands for Multiple-Input-Multiple-Output or in
other words, the use of multiple antennas at transmitter (TX) and receiver (RX), also known in
the literature as space-time wireless or multi-antennas communication. It has some important
advantages against its single antenna counterpart due to its additional dimension: space [27]]
[28]]. These are listed below. MU-MIMO (Multi-Users MIMO) refers to the particular case when
the transmitter has indeed multiple antennas but the receiving side is made with multiple
users, each one with one or more antenna(s).

1. Diversity Gain: diversity is used to tackle the problem of fading in wireless transmis-
sion. One can find 3 types of diversity: frequency, time and space diversities. The last
one is interesting because it doesn’t need extra bandwidth. By sending multiple versions
of the same signal through space, the chance of avoiding obstacle fading is increased,
resulting in better signal at the RX side. Indeed, the probability that all the indepen-
dent emitted signals end up being too parasitized is smaller than the probability for 1
antenna. The same is applicable for the receiver side with multiple antennas: it receives
the independent (supposed i.i.d. Rayleigh fading) faded versions of same original signal.
The receiver can afterwards combine those signals to obtain an better (less faded and
noisy) Rx signal than from only one signal. This of courses implies the knowledge of the
channel. In MIMO, the order of diversity is characterized by the product of the number
of Tx antennas and RX antennas.

2. Spatial Multiplexing: as diversity, the concept of multiplexing is applicable to time
(Time Division Multiplexing), frequency (Frequency Division Multiplexing), space (Spa-
tial Division Multiplexing) and even coding (Code Division Multiplexing). In general,
the technique consists of dividing the signal into several parts called streams. Each
stream is then transmitted via different (independent) channels. In a simple example
with 2 emitting and receiving antenna, the bit sample can be demultiplexed into two
half-rate streams. Each stream is transmitted in separated channels. If the receiver has
the channel information, it can make the difference between the two channels, extract
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the corresponding signals and recombine them to form the original bit sample. This
leads to increased transmission rate. The idea could also be transposed to the case with
a base station with multiple antennas and multiple users where the BS transmits two
signals separated in space so that each user can decode the signals separately. The order
of spatial multiplexing is defined by the minimum number of antennas between the Tx
and Rx parts.

. Antenna Gain: it is also referred as the beamforming gain. It is well understood that

when antennas are aligned and emitting the same signal, constructive and destructive
interference appear depending on the position of the receiver. If the user lies in a "dead"
spot, the transmitter can figure out the time delays between the user and each antenna.
By applying specific phase shifting to each antenna, one can make sure that all the
different beams interfere constructively at the specific position and direction of the users.
The main point of beamforming technique is the fact that you get a stronger beam in
the specific direction(s) compared to an isotropic emitted signal. Indeed the power that
disappear in certain direction finds its way into other directions, amplifying the signal
power (generally by a factor corresponding to the number of antenna). The concept
is visible on figure Beamforming is closely linked to spatial multiplexing since the
later requires spatially separated beams. Especially in the case of multiple users, where
there is less interference because of the focused beams. 1D antennas array, also called
Uniform Linear Array (ULA), leads to 2D beamforming while 2D antennas array lead to
3D.
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Figure 2.6: Working principle of beamforming

And this is precisely why beamforming techniques are so interesting for mmWaves applica-
tions. It can be used to compensate for the high propagation loss inherent with these higher
frequencies. This is also due to fact reduction of the wavelength with increasing frequen-

cies. Therefore, the antenna (generally A/2) is significantly decreased which means that more

antennas can be packed on a same area. It should be noted that such high computational

complexity is only affordable at the base station, but is not suitable for battery-driven mobile

devices. Indeed, proceeding to spatial multiplexing with multiple RF streams requires high

complexity in signal processing an ardware and thus 1s power hungry. ereiore, ase
plexity in signal p ing and hard d thus is power hungry. Therefore, phased
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Figure 2.7: MU-MIMO techniques.

array antennas were first proposed for 5G mmWave handsets in [29]. This a more moderate
technique and simpler to implement. An phased array would rather control the phase of all
the antennas with the same RF stream, the same signal in order to control the direction of
the antenna beam and get better power efficient. Some concrete example were showed in [30]]
where the antenna package consists of three sub arrays, and each sub-array covers part of the
space. This gives the possibility to steer the beam in 3D and not only in one plane. The authors
implement a switching circuit in the the antenna to select the desired area of coverage, while
maintaining high gain beams. Due to the high signal attenuation at 28 GHz, the antenna must
be placed in very close proximity to the 28 GHz front-end module. Implementing the antenna
array directly on the printed circuit board (PCB) of the 5G cellular device will therefore keep
the insertion loss between the antenna and RFIC to a minimum. The nuance here is to see
the base station using MU-MIMO to cover different user while to user only exchange with
one base station but because of the high loss at 28GHz, beam steering is necessary to ensure
sufficient quality of transmission, as one can see in figure 2.7/ [31].

2.2.3 Small Cells 5G

Two main reasons come for the large deployment of small cells. The first is to increase the
capacity of the network: increasing the density of the network is needed as the small cells
relieve the load on macro cells and therefore lead to an increased network capacity. Adding
macro cells is also a possibility but it becomes increasingly difficult to find the place and ex-
pensive, especially in urban areas [32]. The second reason is due to the limitation of mmWave
signals. As it was explained in chapter 2, mmWave do not propagates as far as microwave
signals, so smaller distances between base station is required to keep a good coverage. The
size of the cell is directly linked to the capacity of the base station (BS). So it is common to
talk about macro BS and small BS. Such a deployment, with different sizes of cells is called an
Heterogeneous Network (HetNet), unlike the homogeneous network with consistent cell size.
In heterogeneous networks the cells of different sizes are referred to as macro, micro, pico and
femto cells, listed in order of decreasing base station power.
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Figure 2.8: Coverage of different cell types

Macro BS have their communication range reaches up to 30 kilometers and they are usually
installed in building rooftops. Micro and pico BSs cover small to medium areas with dense
traffic (hotspots) such as shopping malls, residential areas, hotels, or train stations. The typical
range of a micro/pico BS spans from a few hundred meters up to one kilometer. Femto cells are
designed to serve smaller areas such as private homes or indoor spaces. The range of femto
cells is typically only a few meters and they are generally wired to a private cable broadband
connection. Small cells can be installed in street furniture like lampposts or traffic lights due
to their small form factor [33]. The main characteristics are visible in table

Cell Type | Output Power [W] | Cell Radius [km] Users Locations
Femto Cell 0.001 to 0.25 0.010 to 0.1 1to 30 Indoor
Pico Cell 0.25to 1 0.1t00.2 30 to 100 | Indoor/Outdoor
Micro Cell 1to 10 0.2to 2.0 100 to 2000 | Indoor/Outdoor
Macro Cell 10 to >50 8 to 30 >2000 Outdoor

Table 2.1: Characteristics of different size cells



CHAPTER 3

RF SWITCH

3.1 RF Front-End Module

The Radio Frequency Front-End (RFFE) modules or Front-End Modules (FEM) are defined as
the part between the antenna and the RF Transceiver and the Modem, as visible in figure[3.1{a)

[34].
ANTENNA b :
MICRO

=—¢| switcu
)

PROCESSOR

DAC CJ

(a) Schematic of a simplified RF Front-End in blue, RF (b) Schematic of a simple RF
FEM.

transceiver in red and Modem in green

Figure 3.1: Environment and components of a RFFE.

The FEM is, in its simplest form, constituted with a Switch, a Low Noise Amplifier (LNA) and
a Power Amplifiers (PA). A filter could also be added, like in figure [3.1(b) [35] between the
antenna and the switch to make sure that the signal of interest gets no perturbation from the
many frequency bands the antenna picks up. As indicated in the name, Front-End refers to the
circuit near the antenna while Back-End refers to the circuits far from the antenna (modem
in baseband, I and Q signals, ...). In receiver mode, the RF signal arrives through the antenna
before reaching the FEM. The RF Transceiver will then convert the RF signal into IF signal

15
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(with the help of mixers and local oscillators). This resulting signal arrives then in the modem
(ADC, demodulator... in modern communication systems). The opposite direction can also
be used to send the information through the antenna (= transmitter mode). Of course, this
representation is greatly simplified. Today’s FEM are way more complicated due to the high
number of frequency bands that the phone need to cover. A 4G FEM would rather looks like
something visible in figure[3.2][36]. The RFFE has become more complex along with evolution
of mobile communication generation. Indeed, from 4 frequency bands in 2G to more than
40 frequency bands in 4G, it is easy to understand the growing complexity and the stringent
requirements on the different components of the FEM. Especially with the fact that 4G not
only incorporates 4G bands, but also a number the 2G and 3G bands [35]].
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Figure 3.2: Estimate representation of the FEM for 4G/LTE applications, with 2 antennas. This
not consider the Wi-Fi system.

From a quick look at figure one can realize the importance of switches in such a system:
they provide paths for shared PA’s between low, mid and high bands and select filtering for
that specific band. 4G/LTE also includes a diversity path linked to the 2 antennas. While
the main path is used to transmit and receive, the diversity path is used only for receiving
information. Therefore, it only needs to cover RX frequencies. The diversity path’s job is to
try to provide an independent sample of data from the signals in the surrounding environment
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of the phone. The mobile phone’s receiver then will typically do switched diversity (choose
the received signal with the most energy) or combined diversity (sum the powers from the
two receiving cellular antennas).

Front-End Modules have become important with the massive arrival of connected wireless
devices since the beginning of the 2000’s. The number of connected devices kept on growing
since that, as one can see in CISCO [37]] report where the number of connected devices is
expected to reach 50 Billion in 2020 while it was 500 Million in 2003. This is explained by the
huge growth op smartphones, tablets and PC’s in the market. And the growth is not ready to
stop as the experts from Yole Developments forecast an increase from $ 15,087M in 2017 to $
35,167M in 2023 or an increase of 14% CAGR for the RF-FEM components market [1]].

3.2 RF Components

In this section, the different components of the Front-End module are briefly analyzed. The
goal here is not to give an exhaustive analysis of each component but rather give the global
picture. The switch will be later explained since it is the center topic of the thesis.

3.2.1 Power Amplifier

The goal of the PA is to deliver to the antenna a signal with sufficient power such that the
receiver can still correctly demodulates the signal after the distortion and attenuation of the
transmission channel. The PA lies therefore in the transmitter (Tx) part and often dominates
the overall performances of the Tx branch, see 3.3/ for the schematic. The power can be any-
where from mW to hundreds or thousands of 1¥. Generally, handset devices like smartphones
require a power level <3W. The PA is not supposed to change the signal shape, simply ampli-
fying it, but in practice non-idealities appear.

DC Power
(Poc)

Input Power « » o Output Power
(Pm,RF) (Pout,RF)

Figure 3.3: Schematic of a RF PA

The Output Power is not the only key parameter: other mainly used FoM’s as gain, efficiency
and linearity can be defined respectively with the following parameters, visible on figure
This list is not complete but gives the main parameters considered in the literature.
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Figure 3.4: FoM’s of RF PA. In red the power gain, in green the PAE and in blue the output

power.

+ Power Gain: gain is the main index to measure the amplification ability of amplifier.
Gain is defined as the ratio of the power transmitted to the load by the amplifier to the
power actually transmitted by the signal source to the amplifier, expressed in dB.

Pz'n RF
G=—"— 3.1
Pout,RF ( )

« PAE: Power Added Efficiency: this metric takes not only the classical definition of effi-
ciency (also called drain efficiency), n = 100 x R’#’CRF,

at the input. The inefficiency comes mainly from heat production in the device. PAE is,

into account but also RF power

in short, a measure of the efficiency by which a device converts DC or RF input power
to a higher RF output It is calculated in percent as:

Pout,RF - Pin,RF

PAE = 100 * (3.2)

Ppe

+ 1dB compression point (CP1dB): : non linearity appears when the gain of the ampli-
fier starts to decrease. When the difference between the ideal output power and the real
output power is equal to 1dB, the input power is noted as the input power of 1dB com-
pression point. At the same time, the gain also started to decrease. This is a indication
of the linear region of the PA.

PoutyRF[dBm] = G[dB] + Pm,RF[dB} (3.3)

+ Input/Output Matching: The matching networks are capital for a good working am-
plifier. These are visible in figure They determine a part of the losses, The output
matching networks will for example defines how much power is delivered to the out-
put and how much gain and noise are produced in the process. There is a trade-off be-
tween maximum output power, maximum gain and better efficiency linked to the output
matching network.
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Figure 3.5: Matching networks for a PA.

The specifications of the PA depends strongly on the power level, the frequency, the modu-
lated signal and all the requirements depending on the specific use. The power amplifiers are
classified following their characteristics and performances into classes (A, AB, B, ...). Their
precise description will not be addressed in this work. But there is a classical trade-odd be-
tween efficiency and linearity for the PA’S following the class in which they operate, with class
A PA being the most linear.

From [38]] and [39]], III-V semiconductors are still the most chosen technologies for the RF PA’s
due to their superior frequency response (higher electron mobility) and breakdown robustness.
Silicon based technologies are more difficult to implement since their lower breakdown voltage
limit the output power of the PA. In recent works, Gallium Arsenide (GaN) received most of
the attention compared to its III-V counterpart Gallium Arsenide (GaAs) for its higher power
density and better thermal dissipation [40, |41, [42]]. Still, most of the commercial applications
where the power level is <51V, are proposed in GaAs. At higher power levels, GaN becomes the
semiconductor of choice. Some interest for RFSOI [43] and CMOS [44] also appears because
of the integration possibilities for the complete RF FEM (filters, IF converters, Mixers,...) that
are cheaper with silicon based technologies even if their output power is not as good as the
III-V materials.

3.2.2 Low Noise Amplifier

The Low Noise Amplifier (LNA) appears right after the switch in the receiving branch (Rx).
Its task is to amplify the received signal with adding the minimum possible noise to its output.
It is an import function since the arriving wave comes with lots of distortion and defaults due
to the transmission channel. The Rx performances of the FEM highly depends then on the
LNA. As the classical PA, the gain and the linearity are important parameters for the PA but
the change lies in the importance given to the noise figure. Because the maximum gain and
the minimum noise figure can not be reached simultaneously, there is a trade-off between all
the parameters. [45]

The noise factor F is calculated with:

F = =
Pso/Pno SBRout

(3.4)

where P; is the available signal power at the input, P;, is the available signal power at the
output, P,; is the input noise power and F,, the output noise power. The Signal-to-Noise Ratio
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(SNR) is defined as the ratio between the signal power and noise power. The noise figure NF
is obtained with:

NF[dB] = 10 % log1o(F') (3.5)

The NF is a challenging parameters, especially with system where transistors are cascaded
to give more output power. Indeed, following Frii’s Formula with F; and G; the noise factor
and gain of stage i respectively (equation [3.6), it appears that the NF of the first stage of the
receiver dominates the overall NF.

-1 F;—1 F,—1
Fi = F 3.6
= e a, T aaas (3.6)

The same schematic in figure could be applied to the LNA matching networks, however
their will be a large difference in output matching network compared to the PA because the
objectives are not the same. In the LNA design, the noise can have as much importance as the
gain. The optimization is made through the use of the Smith Chart.

3.2.3 Other Components

As one can see in figure there are way more components than just switches, PA’s and
LNA’s in the FEM. One of the most important components for RF transmission is the filter. Its
objective is to "filter out", reject the undesirable frequency bands that may corrupt the signal.
In the FEM, filters are grouped into a filter bank because of the large number of supported
frequencies. They must be very sharp to adjust to channel bandwidth frequency bands. Most
of today’s filters, in phone applications, are using Bulk Acoustic Wave (BAW) and Surface
Acoustic Wave (SAW) technologies.

P
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(b) Schematic of BAW filter.

Figure 3.6: BAW and SAW filters technologies

The idea behind these concepts is based on two simple steps and interdigital transducers: 1)
The input transducer creates acoustic waves from the electric signal and 2) The output trans-
ducer receives these acoustic waves and converts them back to electrical energy. This enables
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signal processing in the acoustic, mechanic domain. Both technologies rely on piezoelectric
materials and their unique properties. The difference between both is the direction of propaga-
tion of the acoustic wave. In a SAW component, acoustic waves travel across the surface of an
elastic, piezoelectric material, with a amplitude that decays exponentially with the depth of the
substrate, as visible in figure [3.6(a). The filtering effect comes from separation of the "fingers",
spaced with 1 wavelength. This make sure that only a specific frequency can go through. In
comparison, in BAW, the acoustic waves travel through the surface of the piezoelectric material
and are stored in it and propagate vertically as shown in figure[3.6[b). Here, the adjustment of
the filter is done with the thickness of the substrate [46]. The BAW technology is more recent
than its SAW counterpart. It presents several advantages such as: higher working frequencies
up to 10G'H z while the SAW filter are limited to 2.7GHz. They also are are less sensitive to
temperature changes, more sharp in their filtering but are more expensive. SAW devices are
manufactured using anisotropic materials which include LiNbO3 (lithium niobate), LiTa205
(lithium tantalate) and quartz [47]. The most common BAW material is aluminum-nitride
(AIN).

Diplexers are also important components. It is a three-port network that splits incoming sig-
nals from a common port into two paths, dependent on frequency. This is done by frequency
division using filters, either high-pass, low-pass, or band-pass filters. Hence, signals at two
different frequencies could be sent and received from the same antenna. It is the same idea as
the switch but rather that changing in time, the diplexer focuses on frequency. To function
well, the quality and attenuation of the filters must scale with how close the signals are and
at what power level they operate.

A final component which is worth noticing is the antenna tuner. Without tuning, the antenna
performs well in a limited frequency range, but adding antenna tuning can optimize perfor-
mance across a broader frequency range. Smartphones, for example, can use two approaches
to antenna tuning — impedance tuning and aperture tuning. Aperture tuning changes the elec-
trical length of an antenna to shift its resonance to the desired frequency band of operation.
Antenna aperture tuners improve the total radiated power. Impedance tuning aims to match
the impedance of the antenna with the impedance of the RF front-end, thus, optimizing the
power transfer to the antenna. This is accomplished by switching various passive components
to match the FEM output impedance and antenna impedance. Both techniques are visible in
figure 3.7/ [48]. The switch is therefore a very important components also for antenna tuning.
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Figure 3.7: Antenna tuning techniques.
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3.3 RF Switch

RF switches are used to selectively route the signal through different transmission paths. Those
are widely present in the microwave test systems for routing the signal between instruments
and devices under test (DUT). This allows to perform multiple tests with the same setup, with-
out having to connect and disconnects frequently the instruments and devices. The idea for
switches in RFFE’s (RF Front-End) is similar: they provide access to shared resources, such
as antennas and give the possibility of Time Division Duplex (TDD) where the antennas is
alternately shared between the Tx and Rx branches during time slots. These time slots may
be variable in length. This device must also isolate the two paths from each other very well
because the switching must also prevent the high power pulses transmitted by the transmitter
from damaging or destroying the circuits of the receiver, calibrated for the processing of very
low power signals. They also could be used to switch between different frequency bands as it

was shown in fiugre

3.3.1  RF Switches Types

RF switches can be divided into two groups, as visible in figure the electromechanical
switches and the solid state switches.

RF Switch Types

! l

Electro-Mechanical Solid State
|
+ ¥ +
PIN FET Hyvbrid
Diode

Figure 3.8: Different groups of RF switches

3.3.1.1 Electromechanical Switches

The first type uses mechanical contact to route the signal. Currently research looks more into
Micro-Electromechanical Systems (MEMS). The working principle behind MEMS is to actuate
a micro-scaled switching beam with electrostatic attraction or repulsion. Figure [3.9 shows a
simplified model of a MEMS connected to a three terminals structure (Source, Gate, Drain).
When no voltage is applied to the gate, the resisitive spring pushes the switching beam away
from the drain. The switch is in open mode, also called OFF state (case A in figure [3.9). When
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DC voltage is applied on the gate, an electrostatic force appears. The beam is then pulled down
towards the drain (the force must be sufficient to overcome the tension spring) and contacts
the drain. the switch is in close mode or ON state (case B in figure [3.9). If the DC voltage
is removed, the switching goes back to its initial position. The main drawback of large-scale
MEMS production is the lack of reliability and consistency in large-scale manufacturing.

Source b Gate Dirain

" B 2R ..

Source Gats Dirain

Figure 3.9: MEMS concepts

The term "solid-state’ refers to electronic devices which contain neither vacuum tubes nor me-
chanical devices. Instead, electron flow through solid semiconductor materials. It was firstly
introduced in the 1960’s. Solid state switches show overall better reliability and longer life-time
than MEMS due to their better wear and shock resistance. Moreover, the extreme repeatability
of solid-state semiconductor processes is a real advantage in large scale production along with
faster swathing time. However, the inherent higher ON resistance of the solid-state switches
gives higher insertion loss than their electromechanical counterparts. Solid-state switches
can also be divided into 3 main categories: PIN diode switches, Field-effect transistors (FET)
switches and Hybrid (FET + PIN diode) switches.

3.3.1.2 PIN Diodes

The PIN diode acts as a variable resistor at RF frequencies. This resistance varies from 10
k€2 (in OFF state) to few {2 (ON mode). Unlike a varactor which is voltage controlled, the PIN
diode is a current controlled device: the forward DC current flowing through it determines the
resistance. The switching aspect appears when the control current is alternatively injected in
the diode. The structure of the PIN diode is constituted with 3 layers as shown in figure a):
an intrinsic (I) layer with high resistivity is inserted between two doped region: positively (P)
charged and negatively (N) charged.

When the diode is forward biased, holes from the P region and electron from the N region are
injected in the highly resistive I region (theoretical resistivity for I-region with silicon: 3000€2—
cm at 300K). Because they don’t recombine immediately, charges have a finite lifetime (7)
and charges lower the resistance of the intrinsic region. This is the situation in[3.10(b) where
the equivalent circuit is just a resistance and a parasitic inductance, which depends on the
geometrical properties the PIN diode.
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Figure 3.10: PIN diode structure and equivalent forward and reverse circuits

Since higher DC currents cause more charges to be injected into the I-region, the R resistance
is inversely proportional to the injected DC forward current. Indeed, the quantity of stored
charge () depends on the recombination time 7 and the forward current I and is given by:

Q=1lp [C] (3.7)

The resistance of the I-region under forward bias, R, is inversely proportional to () and is
expressed with:

w W 1 w AW w2

AN (4 _w _ 0] (3.8)
A AgN(pn+pp)  AQun+pp)  (wv+pp)Q

When combining equations(3.7/and 3.8} the expression of Rg appears to be an inverse function

of the current:

R

W2
Re— W g (3.9)
T
where W is the intrinsic region thickness, 1y and pp are respectively the electrons and holes
mobility, I is the forward current, A is the PIN diode surface, p the resistivity of the I-region.

The relationship between Rg and I is visible at figure
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Figure 3.11: PIN diode resistance versus forward bias current.
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Equation 3.9 only considers the resistance of the intrinsic region, in addition, effects like junc-
tion contact resistance and edge recombination have an impact on the real total resistance.
Moreover, this equation is only correct for frequencies higher than the transit time frequency
of the I-region, called f7:

1033

fr=Sm  [MH:] (3.10)

Below this frequency, the period of the signal is above the transit time of the I region and the
PIN diode behaves like a classic PN diode. It rectifies the signal and it is not suitable anymore
for switch applications. A diode with a long transit time (¥ is large and therefore f7 is small)
will have more tendency to retain the stored charge. But, a thicker PIN diode also means
higher resistance. f generally lies in the kH z-M hz range.

When the diode is zero or reverse biased, charges are swept out from the two junction re-
gions (P-I and N-I regions) as well as the I-region, causing the I-region to be fully depleted
of charge and therefore acting as an insulating material. Because the two heavily doped re-
gions are highly conductive, it appears as a simple parallel plate capacitor C;. Cr represents
the total PIN diode capacitance, Rp a shunt loss element and still the parasitic inductance L.
The equivalent circuit is visible in figure c). The Cr is the combination of the junction
capacitance C'; and package capacitance C'p with

co€r A
= A1
C; T (3.11)

which is valid for frequencies above the dielectric relaxation frequencies of the I region, ex-
pressed as:

J—

= (3.12)

2T peE,
where € is the dielectric constant of the I region material, A is the diode junction area, W is
the intrinsic region thickness and p the resistivity the I region.

The main advantages of PIN diode is to control large RF signals with much smaller DC bias
levels at the cost of some more complicated bias circuitry: RF choke inductors and DC-blocking
capacitors are needed to make PIN diode switches work, as one can see in figure[3.12] The high
switching speed and small size packaging make them choice candidate’s for Rf switches even
if the PIN diodes can not be used at lower frequencies.

3.3.1.3 Field-Effect Transistors

Field-effect transistors (FET) are one the most common semiconductor device in the electron-
ics. If we consider a classical 3 terminals devices, the concept is to modify the conductivity
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Figure 3.12: Simple PIN series switch with the bias circuitry

of the transistor by applying voltage on the gate such that the electric field shapes the chan-
nel between the drain and the source. The very good repeatability of the solid-state switches
come from the good control of the processes and therefore, of the drain-to-source resistance.
One major difference with the PIN diode switch is the possibility for FET switch to operate to
lower frequencies (down to DC) because the low channel resistance is possible even on DC. It
only depends on the voltage on the gate, see figure where the two states are visible.
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Figure 3.13: Ip-V; characteristic of FET transistors

When the FET is biased ON, low resistance appears because a channel where the charges can
flow exists between the drain and the source if a voltage difference is applied to the source.
When it is reverse biased, there is a depletion region that appears such that there is no possible
channel between the source and drain, this is the OFF mode. The resistivity of the channel
is then very high. So solid state switches also provide high Ropp at lower frequencies. The
resistance is controlled by the gate voltage Vi;. The isolation between the drain and the source
in off mode degrades with increasing frequencies since the parasitic capacitance Cgp gets
bigger. In short, the transistor switches from low Resistance (Rpg_on) state to alow capacitor
state (Cps_orr). For RF switches, transistor are intended to work as passive devices (no gain
brought to the signal). The bias circuitry of the FET is much easier since the bias path (voltage
control) is not directly connected to the RF paths. No need for large RF chokes, avoiding
the insertion loss that comes with such complicated circuitry. However, the resistance of the
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channel Rpg is larger than the resistance of the PIN Diode Rg leading to inferior insertion
loss performances.

3.3.1.4 Hybrid

The idea is to combine the best of both worlds from PIN diodes and FET’s. Using FET gives
the possibility to work down to DC while PIN diodes exhibit in general better isolation. In
practice, this is a type of RF switch rarely encountered in the literature.

3.3.2 RF Switch Parameters

In this next section, the key parameters used to benchmark the RF switches are detailed. As
explained before, the main requirements for RF switches is to provide two states: ideally short
and open for the ON and OFF state respectively. In reality, a perfect open and short circuits are
not achievable, designers rather look to a low insertion-loss in the ON state and high isolation
in the OFF state. That translates into the two main parameters of switches: Roy and Copp.
The goal is to minimize both parameters: low Roy when routing the signal to provide low
losses and a low Corp when blocking the path to avoid any capacitive coupling. A Figure of
Merit (FoM) has then emerged for the RF switches:

1
FoM|Hz| = ———— 3.13
7] 2nRonCorr (3.13)
FOM[S] = RONCOFF (3.14)

Both definitions are used in the literature. The possible advantage of the first definition is that
the FoM is assigned to a cut-off frequencies. The cut-off frequencies is generally 10 times larger
the usable bandwidth of the switch [49]. Roy is proportional to the device width and Copp is
inversely proportional to the device width, making the FoM constant for a given technology
or configuration.

3.3.2.1 Frequency Bandwidth

Highest and lowest authorized frequencies of operation, where the requirements and specifi-
cations of the switch are met. Narrow band applications are generally not interesting because
it would mean higher resources and higher costs. There is willingness to propose broadband
devices which keep good performances all along their working spectrum.



28 Chapter 3. RF Switch

3.3.2.2 Insertion Loss (IL)

This is the measure of the power loss or signal attenuation after a specific device. Insertion
loss are due to all the parasitic effects that comes with the RF components: finite resistances
of series connected components, parasitic capacitors, transmission line loss due to intercon-
nections, microstrip, ... An other way of viewing IL is to consider the the ratio between the
power transmitted to a load before and after inserting a network between the source and the
same load, as visible in figure [50].

{a} (bl

Figure 3.14: Insertion Loss definition.

It can be defined as a power loss:

P
IL = 10logio(=22)  [dB] (3.15)
Py,
Or as voltage attenuation or current attenuation since both P, and FPj, are defined with
respect to the same 7 .:

I
IL = 20l0g10(%) - 20l0g10(I—Lb) [dB] (3.16)
Lg Lo

High insertion loss leads to reduce the dynamic range of the signal. Concretely, the IL can
be expressed as the magnitude of the s9; scattering parameter in the ON state. In reality, it
would be true if the load, generator and inserted two-port network are perfectly matched with
the characteristic impedance 7, which is never the case in practice and reflection happens.
However, if all of this equipment is -20dB matched to Z, the error of using S5, as IL would be
of 1% or less [50].

IL = —20log|sa| [dB] (3.17)

Depending if we consider a gain or not, one can fin a plus sign. The important is more the
absolute value of the insertion loss that need to be minimized.
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3.3.2.3 Isolation (ISO)

The isolation is defined as the power ration between the power level when the path is ON and
the power level when the path is OFF. It characterizes how much can the switch suppress the
signal. Isolation is crucial since it prevents unwanted signal from leaking into the other signal
path(s). It can be thought as the IL of the open path, because it is not really an open circuit.
ISO greater than 20dB is generally required. As for the IL, ISO can be measured with s5; when
the path is OFF if all perfectly matched networks are considered. The main contributor factor
is the capacitive coupling.

3.3.2.4 Return Loss (RL) and VSWR

For RF signals, the wavelength is comparable to the device which leads to wave transmission
theory. Indeed if the wavelength is big compared to the transmission line or cable, the signal
stays relatively constant through the object. At higher frequencies this is not the case anymore
and it is import to take into account the reflection and transmission appearing while the wave
is moving from a medium to another. The different media are here the interconnections be-
tween the different components which form the RF system. The Return Loss is a measurement
of the Voltage Standing Wave Ratio (VSWR) that occurs when there is impedance mismatch
between circuits. VSWR characterizes the reflected wave that will bounce back, maybe oscil-
lates and generates heat. It is expressed as:

1+ |0

VSWR = -

(3.18)

where I is the reflection coefficient. The return Loss can be seen as a subclass of insertion
loss: the higher is RL, the higher IL because of the loss in the reflection. An other way to see
RL is with the following expression in equation . In order to decrease the reflected power, the
return losses must be the biggest possible.

P
RL = —10 * zog(%) [dB] (3.19)
IN

S11 and Sy are equal to the reflection coefficient at the input and the output respectively.
Return Loss can be computed in the ON and OFF states.

3.3.2.5 1dB Compression Point (CP1dB)

The 1dB compression point is a measure of the non-linearity of the device. While the device
stays in the linear region, 1dB increase at the input results in 1dB increase at the output.
The non-linearities appear when this equal increase is not happening anymore, the output
starts to increase less than the input power. The CP1dB is defined as the input or output
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Figure 3.15: Output power vs input power

power (depending on the use) when the difference between the ideal and real output curve
has reached a value of 1dB. The figure shows the situation. Linearity is really important
parameters for RF switch since designers really want to keep the signal as original as possible
(Tx or Rx mode) and not corrupted by compression.

3.3.2.6 Third Order Intermodulation Intercept (IIP3)
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Figure 3.16: Input and output spectrum of non linear system.

Following the Taylor series expansion, around a small deviation, the large signal curve can be
described by a polynomial:

So = a18; + ags? + CLgS? + ... (3.20)
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If s; is sinusoidal wave such as Scos(wt), s, can be expressed as:

o = a1Scos(wt) + agS?cos*(wt) + azS>cos® (wt)...

@25 )(1 + cos(2wt)) + (a3S )(3cos(wt) + cos(3wt))... (3.21)

ayS? asS? a5 asS?3

=—t (a1 S + Jeos(wt) + cos(2wt) +

= a;Scos(wt) + (

cos(3wt)...

From equation [3.21] different frequency components appear in w, 2w, 3w because the system
is never completely linear. The output spectrum us visible in figure a).

When multiple frequencies are injected into the input of a system, the output sees undesired
output at other frequencies, linear combinations of the input frequencies. This is the principle
of intermodulation distortion. Because the third-order intermodulation product (2 f, — f; and
2 f1 — f2) are closed to the fundamental tone, they are difficult to remove with filters and their
nonlinearities need to be considered ’see figure [3.16(b). The intermodulation signal will grow
in power at a rate 3 times faster than the fundamental, causing the two curves (fundamental
and third order distortion) to cross. The point is called the third-order intercept and the IIP3
is expressed in dBm generally, see figure[3.17]
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Figure 3.17: Output power versus input power with intermodulation products.

3.3.2.7 Switching Speed

Switching Speed refers to the time needed for a branch of a switch to move from ON state to
OFF state and vice versa. Two definitions are possible: rise/fall time and ON/OFF time. The
last definition takes into account the switch driver propagation delay. All of the following are

visible on figure [51].
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+ Rise time: time it takes for the output signal to move from 10% to 90% when going from
OFF to ON state.

« Fall time: time it takes for the output signal to move from 10% to 90% when going from
ON to OFF state).

« ON time: time it takes between 50% for the control signal to 90% for the output signal
when going from OFF to ON state.

« ON time: time it takes between 50% for the control signal to 10% for the output signal
when going from ON to OFF state.
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Figure 3.18: Switching times definition.

3.3.2.8 Reflective or Absorptive Switch

When the switch opens or switches the path, the impedance of the OFF branch jumps from
generally 50 €2 (since source, load, transmission lines are generally matched to this value) to
a very large impedance value. Two approaches are possible. Reflective design lets the unused
port (OFF branch) unterminated, with no matching. The RF signal is then reflected back at the
source because of the mismatch. This means very high VWSR. They generally have simpler
design, lower costs and can handle higher power levels.

Absorptive switches provide a matched termination at the inactive port. The signal in this
OFF branch is then absorbed and will not bounce back which implies that the power-handling
would be less. These are a more complicated in their design. They also offer more protection
towards the RF source. Absorptive switches can be used instead of reflective switches but the
opposite is not true.
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3.3.3 Switch Topologies

Poles are the number of switch contact sets and throws are the number of conducting posi-
tions. The most simple switch is a single-pole single-throw (SPST) where it has only one set
of contact and only one position to route the signal, as one can see in figure a). Its action
is as simple as ON-OFF.

This work focuses on the single-pole double-throw configuration that which is a popular ap-
plication for routing the signal between Tx and Rx paths, as shown in figure [3.19(b). This is
very interesting in systems with Time Division Duplexing (TDD). The idea behind the SPDT
is to reduce the number of hardware (i.e. antennas). SPDT are also used to ground the signal
when the arriving signal must not be transmitted forward (figure (c)). The SPDT switch
is generally made from two SPST units.

ANTA RF1 3y o7 <RF2
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Figure 3.19: Schematics of SPST and SPDTs

More complicated multiplexer architectures are possible with still the one common port and N
switched terminals (SPNT). Generally, for RF devices, the available multiplexers are in the 4x1
or 6x1 dimensions Moreover. One can reach higher numbers of throws by cascading the simple
ones. In figure [52] for example, a SP8T is made from cascading SPDT on two layers until
reaching the good number of throws. For this type of designs is important to be careful with
the IL that increases with the number of layers [52]. The concept for higher number of throws
is less routing between Tx and Rx but more choosing between different filters and frequency

bands.
Feflected Sighal §
Reflected Signal §

Figure 3.20: 8x1 multiplexer from cascaded SPDT
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Once the number of ports is chosen, depending on the requirements, the switch can consist
of series, shunt or series-shunt configurations. In the next examples, FET are used for the
schematic but with PIN diodes would be the same except for the more complex bias circuitry.
They are also represented as reflective SPDT’s.
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(a) Series SPDT
(b) Shunt SPDT

Figure 3.21: Schematics of series and shunt SPDT’s

In figure [3.21[a), a series SPDT and a shunt SPDT are represented. Each topology has only
one switching device in each branch. Both need to be controlled by complementary voltage
V1 and V2 (V, = V}). These are the simplest SPDT but do not offer large ISO, especially for
the series topology which can not offer a true open circuit because of the physical properties
(parasitic capacitor w%) that causes leakage especially at higher frequencies frequencies but
offers instead a large bandwidth of use. The shunt topology seems more interesting because
of better ISO and lower IL but also has its drawback: the created short circuit on the "passing’
arm finds its way in the other arm and also shorts it. Quarter-wave section is then needed
between the antenna and each branch device to transform the short circuit from one branch
into a open circuit in the other, see figure Therefore, the RF signal sees a high impedance

at the junction. This approach works well but limits the useful bandwidth of the SPDT.
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Figure 3.22: Shunt Quarter-wave SPDT

Often a combination of series and shunt devices are used to get the best of both worlds as

shown in figure
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ANT4

Figure 3.23: Series-shunt SPDT

This improve the isolation of the simple series designs at the cost of higher IL. They also works
with complementary voltages V7 and V5. When Q9/Q8 are ON and Q7/Q10 in OFF state, the RF
signal can flow between the port 1 and the antenna, this the the Tx mode. To get a connection
between the port 2 and the antenna, Q10/Q7 must be ON and Q8/Q9 must be off, this is the
Rx mode. Both modes are visible on figure [53]. The shunt devices are here to ground
the possible perturbations which may come from the unwanted branches and therefore, to
increase the isolation of just the series devices. It should be noted that the Tx and Rx paths
do not have to be identical. Following the requirements, designers can choose asymmetrical
branches.
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Figure 3.24: Simplified schema of the SPDT in transmitter and receive mode

3.3.4 Quarter Wavelength Section and Traveling-Wave Switch

As explained in the previous section, when using only shunt devices, designers have to also
implement quarter-wave section to avoid shorting out the wrong branch. Indeed, the high
impedance on the OFF side is shifted 180 °in phase in the Smith Diagram, resulting into a low
impedance at the other side. But this limits the frequency range of the SPDT since the quarter-
wave section only corresponds to the Z, at a certain frequency. Outside this frequency, a
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Figure 3.25: ISO evolutions with differents topologies

mismatch appears. One way to solve this issue is to add different shunt devices in parallel along
with \/4 section to extend the working frequencies. This type of switch is called traveling-
wave switch and exhibits some interesting broadband applications [traveling-wave]. The
wavelength is given by:

C

N e

(3.22)

where c is the speed of light in vacumm, f the frequency and ey the relative permittivy of the
material. So for example, a wave of frequency 10G H z in alumina substrate with e, = 6.466 has
a A\/4 ~ 3mm. As one can see in figure the addition of a quater-wave section between
the two branches moves the ISO from red to blue line with a maximum isolation at 10G H z.
If another quarter-wave section for 20GHz (= 1.5mm) with a PIN diode is added in each
branch, the ISO moves from the blue to the purple line. This of course costs more in power
consumption, there are more IL and the packaging becomes more complicated.
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BENCHMARK

The study focus on SPDT switch in Ka-band, especially at 28GHz. There is not a forced topol-
ogy, instead the comparison between the different topologies is made regarding which one
offers high ISO and low IL. It is time to look how the different technologies perform regarding
the key parameters and FoM against each other. The following technologies will be briefly
introduced: Bulk CMOS, RF SOI MOSFET, GaAs HEMT, GaN HEMT, SiGe BiCMOS and GaAs
PIN diode. In a first time, the study focuses on separate board-level components and in a
second time completely integrated RFFE’s are analyzed.

Historically, GaAs and Silicon-on-Sapphire (SOS) were the main substrates used for RF switch
before the arrival of RF-SOI as one can see in [54] from 1998 where GaAs MESFET were the
state-of-the-art technology for RFFE’s or in [55]. PIN diodes were also used in microwave
switches but because of the large bias currents needed and DC power consumption, GaAs
FET were preferred for mobile applications. Since 2012, SOI has never ceased to absorb the
RF Switch handset market until reaching 85% in 2018, as visible in figure Regarding the
complete FEM, RF-SOI is also widely used, except for the PA’s where GaAs still offers the best
performances. Indeed, 4G’s FEM are made up of various technologies that are fabricated and
packaged separately and later assembled on the same carrier substrate.
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Figure 4.1: Adoption of SOI technology for the RF switch market
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4.1 Technologies Review

Parameter Si GaAs GaN Ge
Band Gap [eV] 1.1 142 139 0.67
Electron Mobility [cm?/V 5] 1350 8500 1200 3900
Dielectric Constant 11.8 13.1 9.0 16

Breakdown Electric Field [MV/cm] 0.3 0.4 33 0.1
Electron Saturation velocity [107cm/s] | 1.0 1.0 25 0.6
Thermal conductivity [W/cmK] 1.5 043 13 058
Lattice constant [A] 5.4 5.7 3.2  5.66

Table 4.1: Electronic properties of semiconductors.

4.1.1 Bulk CMOS

CMOS was not originally developed for RF use and largely dominates the digital/baseband
sector. The silicon MOSFET is the cheapest and most widely spread transistor mainly for two
reasons: silicon can easily grow an high quality oxide S0, and is the second most abundant
element (27.7%) in the Earth’s crust, after Oxygen [56]. However, it has always been considered
inferior to its semiconducting counterparts for RF applications. Indeed, due to its electrical
properties, visible at table the modest band-gap linked to a low breakdown voltage and the
poor electron mobility (in N-type) linked to a high on-resistance of the channel. Also silicon
does not provide a good media for transmission lines since there is large coupling through the
low-resistivity substrate (tens of {2cm as nominal resistivty). This leads to non-linearities and
increased IL. Therefore, it is also hard to make high quality passive components and the RF
performances depends a lot on the passive components quality such as inductors, capacitors
and interconnections [57]]. However, research has for many years proceeded to "downscaling”
of the silicon MOSFET, especially to increase the performances of digital MOSFET (and follow
Moore’s law). At the same time, it also improved the performance of RF MOSFET through
better gate control on the channel, lower on-resistance for example. This leads to transition
frequency up to 485G H Z with 29nm gate length and specific strain technology [58]. An other
advantage is the high integration possibilities with transceivers and baseband IC’s on the same
chip. And finally, its cost: since silicon is widely available and the processes are well mastered
by the industries and very reliable for large scale market, the price of the 300mm wafer is low
compared to other technologies.

41.2 GaAs

Gallium Arsenide (GaAs) has always been a prime candidate regarding RF applications with
its high electron mobility, see table [4.1|and low dielectric losses for high quality CPW or mi-
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crostrips. A higher breakdown voltage and linearity make GaAs interesting for mmWave ap-
plications. The first GaAs MEtal-Semiconductor Field-Effect Transitor (MESFET) was intro-
duced in 1965 and few years later MESFET with f,,,,, of around 100 GHz was presented.
High Electron-Mobility Transistors (HEMT) were introduced later. The structure of a HEMT
is visible at figure[4.2)(a) [60]. The HEMT technology improved the performances of the MES-
FET by using the formation of a 2D Electron Gas (2DEG) at the AlGaAs/GaAs interface. The
band structure is visible on figure [4.2(b). High mobility electrons are generated using the het-
ero junction of a heavily doped wide bandgap n-type donor (supply layer (example AlGaAs))
and an undoped narrow bandgap channel layer with no dopant impurities (example GaAs).
The mobile electrons generated in the supply layer drop completely into the undoped chan-
nel layer which results in the depletion of AlGaAs donor layer. Because there are no donor
atoms intentionally present in the undoped GaAs layer, electrons in the 2-DEG channel do not
undergo impurity scattering and hence exhibit high mobility and velocity. Performances can
even be improved by adding a layer of InGaAs as material for the 2DEG to improve confine-
ment of carriers in the quantum well channel. This type of HEMT is called pseudomorphic
HEMT (pHEMT). Metamorphic HEMT (mHEMT) use instead InAlAs as buffer layer, with the
indium concentration graded so that it can match the lattice constant of both the GaAs sub-
strate and the InGaAs channel. This technology lead to impressive RF performances: study on
GaAs mHEMT shows f; of 644 GHz [61]].
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Figure 4.2: HEMT characteristics.

However, GaAs HEMTs suffer from integration problem regarding digital CMOS. Up to now,
the problem was avoidable due to System-in-Package approach (SiP) where the best technol-
ogy for each part of the FEM was used and assembled into a board. The PA’s were still made
from GaAs because other technologies can not cope with the ouptput power and linearity of
these. But with higher frequencies, the direction towards more integration on the same chip
seems to dominate in order to reduce interconnection losses, costs, power consumption and
weight . However, if they can be made as discrete transistors, they can also be embedded
into integrated circuits. The circuits are called Monolithic Microwave Integrated Circuit chips
(MMICs) and are widely used for RF design applications.
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4.1.3 SOI

In MOSFET on bulk silicon, the conduction channel is confined close to the gate oxide interface.
Most part of the thickness of the silicon substrate is not used but it is subject to parasitic effects
such as current leakage, latch-up. Placing an oxide (called BOX or buried oxide) between the
active layer and the substrate makes sure that the conduction channel is isolated from the
substrate, improving therefore the transistor characteristics.
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Figure 4.3: Evolution of SOI substrates

Since the 1970’s, research have been made on Silicon-on-Insulator technology. The first SOI
wafer was released in 1971 [63]. Alumina (Al;O3) was used as an insulator. Those sub-
strates provide very good performances and can also co-integrate digital and RF functions to
produce the RF functionalities and high digital content needed to build highly programmable
systems [[64]. They provide the performances to make a RFFE with complete integration of the
antenna, power amplifiers (not as good as other semiconductor), antenna tuning on a single
chip. Sapphire was then commonly used for SOI, however, SOS is not cost effective and not
applicable to larger scale production. The idea was then to adapt the insulator and in 1978,
the first SOI with SiO; as insulator was investigated [[65]]. Since then, further improvements
have been made on SOI substrates. First High-Resitivity (HR) substrates where developed
to globally offer better RF performances. However, it has been recognized in that
HR substrates suffer from Parasitic Surface Conduction (PSC), creating alternatively a deple-
tion/inversion layer and reducing the RF performances by increasing losses and crosstalk. A
solution to the problem consists of a trap-rich layer at the BOX/HR interface. This layer consist
of polycristallin silicone with a resistivity similar to the intrinsic silicon but presents higher
density of traps in the bandgap. The charges are 'trapped’ and interfere less with the RF signal.
On figure one can see the evolution from HR to Trap-Rich (TR) SOI substrates
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4.1.4 GaN

Gallium Nitride is also a ITI-V material like GaAs. The first Galliun Nitride (GaN) MESFET was
developed in 1993, quite late regarding the previous technologies and the first enhancement-
mode n-channel GaN transistors were on the market around 2010 [59]. GaN is announced
as the next semiconductor of choice regarding power applications due to its higher break-
down voltage, higher thermal conductivity and higher saturated drift velocity (especially for
RF switching). This means higher output density than Si-based or GaAs devices and high
operational voltage. Experts estimate that the market for GaN is supposed to increase from
380M$ in 2017 to 1.3B$ in 2023 as explained in [[68]. In base stations, GaN has progressively
replaced GaAs while in handset applications, GaAs is still widely used for RF power amplifiers.
The structure of GaN HEMT is visible at figure [4.4] [69]. The concept of HEMT is the same as
AlGaAs/GaAs HEMT but here, the two dimensional electron gas is much higher because of
strong piezolectric effects, polarization effects and large band offset , .

GaM Cap

=i

Fig. 1. Three dimentional schemaric of AlGaM [GaN HEMT.

Figure 4.4: GaN HEMT

Today GaN is grown on variety of substrate like sapphire, Si and SiC. Sapphire is the traditional
substrate used commonly for white LEDs, but has a big disadvantage of small heat conductivity
what makes constructing high power devices difficult. Silicon is much cheaper and available
with large diameters wafers and also gives the possibility for higher levels of integration [71],
however, the AlGaN/GaN structures on Si contain large density defects. SiC would be the
substrate of choice because very high heat conductivity and small lattice mismatch to GaN.
Unfortunately, SiC substrates are still extremely expensive and large wafers are still produced
in very small quantities.

It should be noted that GaN exists in three different crystalline structures, namely wurtzite,
zinc blende and rock salt. The thermodynamically stable structure is wurtzite for bulk GaN.
This the configuration used in table
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415 SiGe

Silicon Germanium was the first bandgap engineered Si-based substrate. The goal was to pro-
vide a material with competitive performances regarding III-V counterparts for RF applications
while keeping the benefits of Si fabrication: enormous yield, cost and manufacturing. The first
SiGe HBT was developed in 1987 then in 1992, the BIiCMOS technolgy achieved its first
manufacturing qualification in 1996 [73]. A BiICMOS circuit consist of both bipolar junction
transistors and MOS transistors on a single substrate, as shown in figure[4.5] The reason behind
the hybridization is to combine the high-speed switching and high-output driving capabilities
of the bipolar transistors and the low-power and high-density characteristics of the CMOS cir-
cuit. The real strength of SiGe lies in its ability to integrate analog, RF and digital on a single
chip using existing CMOS fabs and this is why SiGe is commonly used in the RF transceiver
circuits, integrated to the baseband circuits.

: nMOS : pMOS : npn BJT i
."'" T - - |
| ]
1 i . 1
Ef B C
+ +
< P
p-epl \‘\\ n-epi % n-epi
L e n*
p-substrate |

Figure 4.5: SiGe BICMOS cross section

4.1.6 PIN diode
PIN diode can be made from Silicon [74], SOI [[75]], GaAs, GaN or SiGe technology

depending on the requirements, the use and the frequency. A lot has already been said about
PIN diodes in previous section.

4.2 Literature Review

4.2.1 Discrete RF Switches

First, it should be noted that comparing switches based on the technology is not an easy task
since there is always a trade-off between IL, ISO and power handling capability parameters and
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these choices are made by the designers following their requirements. The tables
summarize all the performances regarding bandwidth, IL, ISO, CP1dB and the size
of the chip. The values in the table are the maximum (or minimum depending the parameters
is IL, ISO or CP1dB) values all the way across the bandwidth. The size of the chip is sometimes
including the RF pads for measurement and sometimes it is only the effective area, the core
which is considered. Core is referred as ¢ and with pads as P. One final note regarding the
chosen parameters: in chapter [3| the measure of RonCorpr was introduced as an important
FoM. However, in the literature review, there is just a few papers that clearly mention it or
mention it but from calcuations at frequency below 1GHZ, which is not transposable to 28GHz.
Some do not ever mention Rpoy and Copp. So this the reason why the FoM has not been
considered in the comparison.

The first trade off that can be analyzed is the choice of the topology. In this case, it is interest-
ing to look at the studies that propose different topology for the same technology node and
substrate. As one can see in [79]], they propose two different topologies: shunt and series-
shunt. As expected, the shunt topolgy offers way lower insertion-loss due to absence of the
channel resistance on the RF path of the series transistor. It is also interesting to observe that
the shunt topology offers a much higher (50dB against 39dB) isolation. This was mostly due
to the the fact that designers use 3 shunted transistors for the shunt topology while there
are only two shunted transistors for the series-shunt topology. One can clearly see here the
impact of the number of shunted transistors which has an important impact of the isolation.
One could ask why then to use series devices. The answer is that with series devices, switch
circuits can operate on wider bandwidth since they don’t need the \/4 transmission line to
adapt the impedance which is frequency dependent. The Series device plays the role of ad-
justing the right impedance (low or high) in the branch. Indeed, in this study, the bandwidth
is 3 GHz, which is small compared to other papers. Another interesting example is the paper
[80] where series and series-shunt topologies were analyzed. The series-shunt switch shows
higher IL due to extra losses of the additional shunt transistors and also lower power handling
capacity: this could be explained by the fact that the the additional shunt transistors also add
parasitic capacitance in the circuit, limiting the power. However the ISO are 2 times better
when adding shunt transistors to ground the signal in the unwanted path. A final comparison
of topologies is made in [81]] between series-shunt, shunt shunt, series-shunt shunt and series-
shunt cascaded. The first conclusion is the fact that the A\/4 transmission line between two
shunt devices greatly reduces the bandwidth as expected. The 3 devices with multiple shunt
transistors show larger isolation at the cost of higher IL. At the end, the authors choose the
simple series-shunt that offers good compromise, especially regarding the bandwidth and the
simpler design.

One other important trade-off, which is cited in every study reviewed is the size of the devices,
especially the width of the transistor. Even for the PIN diodes, authors in [|82]], talk about design
trade-off between the power consumption and IL since higher bias current would mean lower
resistance of the device. But also the width of the device that increases the value of the OFF
capacitance. Let’s go back to transistor and take an example with a MOSFET. The equation
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for the resistance in the on state of the channel is given by:

1
,unc(o:c%(VGS - ‘/th)

(4.1)

Rps = Ron =

Where (1, is the transistor channel mobility, W and L are the channel width and length re-
spectively, Vs the gate source voltage and V;;, the threshold voltage. So one can see that for
certain technology, IV is the only parameter that can be adjusted to reduce the losses. How-
ever, a wider transistor offers smaller R,,, but comes with higher parasitic capacitor, increasing
also C,¢, limiting the bandwidth and decreasing the ISO. This why RonCorr is a very inter-
esting FoM since it does not depend on the width of the device. One interesting aspect brought
in the discussion by [81]], is the fact that the position of the transistor, whether in the series
or shunt branch, also changes the impact of its width. A wider transistor in the shunt branch
will result into higher isolation for example.

One final designer’s choice that influences the IL and ISO is the stacking of transistors. Stack-
ing is a technique commonly used to increase the voltage breakdown in devices [83], [84]. The
high swinging voltage of the RF signal is spread along the stacked devices. So the switch can
handle more power. Also the parasitic capacitor will be greatly reduced since stacked tran-
sistors are in series with each other. On the other hand, the resistance in the ON-state will
be higher for the same reason. One way to compensate for it is to increase the width of the
stacked transistors.

For all these reasons, comparing RF switches just based on the technology is quite complicated.
Especially for IL and ISO that depend on the bandwidth, the power handling, the topology and
design. But from the analyzed paers, it is possible to roughly extract trends regarding the 3
main parameters at 28GHz: Insertion Loss, Isolation and Compression Point. The figures
are respectively showing the parameters according to the technology at 28GHz.

For Insertion Loss, by looking at figure the expected difference between CMOS and SOI is
confirmed. Indeed, majority of the SOI based switches propose lower insertion loss than their
bulk counterparts. This can has already been explained by the existing capacitive coupling
through the low-resitivity substrate in Bulk technology. PIN diodes are also performing very
well along with GaN based devices. One surprising result is the GaAs switches showing quite
high IL. This could be explained by the fact that most of the topologies for GaAs were shunt
[79], [85] or traveling-wave [86], [84] that also needs for passive elements. All of this could
lead to higher losses in total. SiGe devices are performing similarly to GaAs devices.

When looking at the isolation in figure the results are more dispersed but GaAs based
switches are the switches offering the best performances for this parameter. As expected,
regarding the previous comments on their specific topologies. The ISO are preferred at the
expense of the IL referring the previous trades-off. SiGe and GaN are performing on the same
level and SOI and Bulk also have similar ISO except for [87] with again the traveling-wave
design.

Applications where power is the main concern should look for GaN based devices, as visible
on figure since they generally show the biggest CP1dB, no regard for the topology. It is
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easy to understand the increasing popularity of GaN as technology for complete RF FEM since
GaN based switches perform correctly for ISO and IL and are the best for linearity but also
excellent for Power Amplifier design [|88]]. PIN diodes based on GaAs substrate also show very
good power handling capability. For the other technologies, it is hard to conclude because of
the difference frequencies at which the CP1dB was established.

In general, the PIN diodes are among the best for each parameter. However their more com-
plicated circuitry and limited integration limits their use in handset RFFE. Moreover their non
negligible DC power consumption (around 550mW) in [[89]] precludes their use in mobile ap-
plications where power consumption is a major problem.

SiGe based switches do not show any advantages compared to their counterparts and are quite
underperforming. For III-V materials, Both GaN and GaAs seem to have their specificity:
power handling and isolation respectively. Finally SOI and CMOS switches are performing
similarly for ISO and CP1dB but not for IL where bulk devices are still lagging. These graphs
could give a possible explanation for the wide use of SOI in today’s RF switches and their
possible use for mmWave applications. With simple Series-Shunt topology ([90]], [91], [83],
[92], [81], [93]) compared to other more complicated approach like Switched inductor [80],
traveling-wave, Elevated series stub [94]], diode connected HBTs [95], ... They offer a broad-
band operation with correct parameters. Due to the simple design, the size of the active are
is also reduced compare to other structures which use transmission lines, adaption transform
impedance. The series-shunt uses a minimal number of passive components (only matching
networks and gate resistor) and these reduced losses are visible in the IL.

4.2.2 Integrated RF switches

Currently most of RFFE’s are based on the SiP approach (System in Package) where the best
technology for each components of the RF bloc is assembled onto an other board (flip chip
mounted on BGA (Ball Grid Array) generally but not for the PA which is still wire mounted).
The two ways are shown in figure 4.6 [96]].

Wire Bond BGA Flip-Chip BGA

Figure 4.6: Wire bonding BGA and Flip chip BGA

But with higher frequencies the logical solution would be to look towards more integration
to offer less interconnections loss that increase with frequency. But further integration can
also help to reduce the cost, power consumption and weight which are critical parameters for
mobile applications [53]. Such an integrated system is called a System-on-Chip (SoC) where
all the RF components of the FEM are integrated on the same substrate. The next reports
present complete FEMs and sometimes also the phased array antenna package which was
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covered in chapter 2] In [97], authors are using two different chips: The GaAs chip is a low
complexity design for the RFFE and the silicon core-chip, based on 45nm CMOS SO, is a
relatively high complexity chip for phase and gain control. These are flip chip mounted on
a board. The switch presents an IL of 0.7dB at 28GHz. 45nm CMOS SOI is also used in
but to make the FEM this time. The bandwidth spans from 20 to 40GHz. The authors also
give for information about the switch: it a series-shunt topology fro broadband design. An
asymmetric design is also used to handle the voltage waveform resulting from a transit power
of 20 dBm. It shows less than 1dB IL and more than 25dB ISO in the bandwidth. the CP1dB
is around 21 dBm. GaAs pHEMT is the choice in to make the SPDT, PA and LNA. The
A/4 double shunt-FET structure is employed but also stacked shunt transistors to handle the
high power output for 5G communications. Specific switch characteristics are not precised.
130nm SiGe BiCMOS is also used in where the shunt nMOS topology is adopted for
the SPDT switch design. Insertion loss of 2.7-3.7 dB and isolation of 33-51 dB are achieved
from 30 to 45 GHz. CP1dB is around 8dBm at 35GHz. Even GaN technology is possible [101].
The goal here is not to list every single FEM that has been made but rather give the reader
the global view. Most of the technology are viable, except PIN diodes, for handset devices.

However, it is true that silicon based tech-

Drawbacks of Benefits of nologies have received quite a lot of at-
CMOS CMOS ) . . -

tention, especially for mobile applications

where power level are not as important as

in base station. The reasons for this inter-

Signal Loss in “ . . . .
T est are visible in figure[4.7] Even in the pres-
m Integration

ence of better performing semiconductor III-

Higher Yield V technologies, silicon technologies are go-
ing to remain in the forefront for designing
= m of different mmWave circuits for 5G appli-
cations. Especially with technology like SOI
that compete with the III-V material and of-
fers better integration. RF performance of an
integrated circuit will not only depend on the
Figure 4.7: Drawbacks and benefits of CMOS. individual performances of the components,
but also the quality of the back-end-of-line

(BEOL). The constituted low-pass filters due

to parasitic resistances and inductances of metal lines and vias along the interconnections and

capacitances between different layers limit the operational frequency of ICs [53].

4.2.3 Existing Technologies

To conclude this part about the mmWave switch and the mmWave FEM in general, the first
commercial proposition is analyzed. In July 2018, Qualcomm released the first ever mmWave
chipset. It consists in the Snapdragon X50 (5G modem), capable of simultaneously commu-
nicate with multiple QTM052 antenna modules. The QTM052 consists of 1 or multiple an-
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tenna arrays but also includes first System on Chip integration of the front-end and power
management.The QTMO052 covers three 5G bands, handling up to 800 MHz aggregated car-
rier bandwidth in the 26.5 to 29.5 GHz band and covering the entire 27.5 to 28.35 GHz band
and the entire 37 to 40 GHz band. It supports advanced beam forming, beam steering, and
beam tracking technologies, drastically improving the range and reliability of mmWave sig-
nals. An other report [102] on it says that transceiver appears to contain the entire front end
with LNA’s and PAs in CMOS but also phase shifters, hybrid couplers. Power requirement at
mmWave frequencies allow for PA’s to be fabricated in CMOS which will allow integration
into an SoC.There were no separate GaAs PA’s.

B \
2 waGs

Figure 4.8: Qualcomm Snapdragon X50 and QTMO052.

Since, they already revel in 2019 the second version the chipset with the 5G modem Snap-
Dragon x60 and the antenna modules QTM525
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Device | Band [Ghz]  Technology Topology IL [dB] ISO[dB] CP1dB [dBm] Size [mm?]
1
[103] | [10.p) !30mmCMOS Series-Shunt <26 >21  255@28GHz  0.015°
2008 triple-well
B7] | [DC-60]  90nm CMOS Serles <3 ~48 17 @ 20GHz  0.5916°
2010 Traveling-Wave
Series-Shunt
941 | [DC-70]  90nm CMOS eriesm>hun <35 ~18 na 0.07567”
2011 Elevated series stubs
65 CMOS Shunt
[104] | [17-100] am i <238 ~20 17 @ 35GHz 0.42v
2013 triple-well Traveling-Wave
h ith
[105] |  [30-45]  130nm CMOS Shunt wit 2737 3350 8@ 35GHz 0.0288°
2014 matchmg
[80] (25-39.5] 650 CMOS .Serles <15 >10 12.55 @ 28GHz 0.009c
2018 Series-Shunt <1.9 >20 7.25 @ 28 GHz 0.01
65 Triple- 1.16 16.4 5.2 @ 28GH
[106] [25-30] o -upe Asymmetric ) g @ z 0.043¢
Table 4.2: Bulk CMOS Ka-band switches
Device | Band [Ghz] = Technology Topology IL [dB] ISO[dB] CP1dB [dBm] Size [mm?]
(81] | [pceoy ~ PnmCEMOS  Series-Shunt -, ~23 7.1 @ 45GHz 0.04¢
2013 SOI with matching
921 | [DC-40] 180nm SOL — Series-Shunt —_, ~15 11 @28GHz  0.0252°
2014 HR (=~ 1kQ2em) with matching
130 I ies-Shunt
(9] | [pc-s0] 30nm 50 Series-Shunt >27  12@30GHz  0.0399¢
2015 HR (> 1kQ2em) with matching
40 CMOS T 3.64 15.8
931 | [DC-50] i Asym. . ° g 20 @ 10GHz  0.462
(2071 | [DC-50] 130nm HR - Series-Shunt =, - >10.5 0.04066°
2017 TR SOI with matching
011 | [Dc-30 onm Series-Shunt  <1.2 20  295@14GHz  0.04°
yois [ ] RESOLTR eries-Shun <1. > 5@ z .
[83] 24-31 6>nm Series-Shunt 1 20  195@28GHz  0.0024°
2030 [ ] CMOS SOI eries-Shun < > 5@ z .

Table 4.3: SOI based Ka-band switches
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Device | Band [Ghz] Technology  Topology L [dB] ISO[dB] CP1dB [dBm] Size [mm?]
Al PI h
[108] [30-40] Ga,As N S unt. <0.8 >30 40 2.64P
2009 Diode A/4 section
AlGaAs PIN
(2] [26-33] 49 Series-Shunt <1 >35 ~31 2.957
2016 Diode
GaAs PIN
(891 | [0.01-70] o Series-Shunt <2 ~10  252@2GHz  0.4218"
2018 DlOde
Table 4.4: PIN diode based Ka-band switches
Device | Band [Ghz]  Technology Topology IL [dB] ISO [dB] CP1dB [dBm] Size [mm?]
GaN/SiC Shunt with
[109] | [27-31] alN/5i untwi <13 ~25 49 1.539”
2013 HEMT A/4 section
[110] [30-40] 150nm GaN S.erles-Shu.nt 3 6 39 @ 35GHz .
2015 HEMT on SiC  with matching
[111] 33-39] 100nm pHEMT Series with 11 99 39 A5
2019 GaN/Si Inductors
1 h ith
[112] | [28-51] 00nm GaN — Shunt wit 142 23527 >29@75GHz  1.257
2019 HEMT on SiC ~ \/4 section
Table 4.5: GaN based Ka-band switches
Device | Band [Ghz] Technology Topology IL [dB] ISO [dB] CP1dB [dBm] Size [mm?|
GaAs fi
[113] | [17-31] ans from na <16 >30 24 @ 24GHz 9
100 GaA
[84] [35-70] M BARS o aveling-wave  <2.9 ~40 202 @31GHz  0.96”
[79] (24-27] 70nm GaAs .Shunt <15 >50 na ap
2017 mHEMT Series-Shunt <2 >39
150 GaA
[86] [36-38] T ans Traveling-wave  <3.2 >28 12 @ 37GHz 117
[85] (33-44] 150nm GaAs Shu‘nt with 95 230 o4 op
2020 pHEMT radlal StUb

Table 4.6: GaAs based Ka-band switches
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Device | Band [Ghz] Technology = Topology  IL[dB] ISO [dB] CP1dB [dBm] Size [mm?]

200 SiG Series-
[114] [8-40] fum ote eries 16-43 203-58 10@ 10GHz  0.1968°
2012 HBT Shunt

120 SiG Seri
[95] 32 mm Stte eries 3.3 21.8 16 0.2427°
2016 HBT LC resonant

i h

(115] | [149q ~ OODMSICe Shunt <26 ~22 14 @ na. 0.28°
2016 BiCMOS  \/4 section

130nm SiG Shunt and
(116] | [20-32] amee SRS a7 s21 >17 0.1188°
2018 BiCMOS Lumped

130 SiG Shunt
[117] | [20-60] T ST uit <3 >225 18 @32GHz  0.1947
2020 BiCMOS  \/4 section

Table 4.7: SiGe based Ka-band switches
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Figure 4.9: Insertion Loss of analyzed switches at 28GHz
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Figure 4.10: Isolation of analyzed switches at 28GHz



53

4.2. Literature Review

Abojouyda]
NId 2015 syeo Neo Jing 10S
910z et
cT0¢
r0T
IO
et0? mﬁom—
L]
L1027
)
910 L3
wHOM- 6102 L10Z
020 .
ot 1P 0z0Z r0¢
arod
8107 8007
s10 stod r0€
910
c108 NIid
L]
20| L L
—4 S107 OIS ov
syeo [
NeH @
AIng
mSM- |0S L
r0S

ZH9D8T e Julod uolssaidwo) gpT

[wgp] apTdD

Figure 4.11: 1dB Compression Point of analyzed switches at 28GHz
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CHAPTER 5

SUSTAINABILITY ANALYSIS

As explained in the introduction now that the classical benchmark with parameters as inser-
tion loss, isolation and power handling capability has been made, it is time to take a step back
from these 5G technologies to look at other FoMs, regarding the environment, the society and
the economy. As the first part was mainly focused on mmWave applications, the same sub-
ject will be treated here. The chapter focuses on the impact of the deployment of mmWave
systems and indirectly 5G in everyday life with a holistic approach based on different axes.
The RF switch being an interesting topic but hardly transposable to all the different sectors
coming.

5.1 Sustainable Development

As quoted in the introduction from the Brutland report, Sustainable Development is :

"[the] development that meets the needs of the present without compromising the ability of
future generations to meet their own needs" [7].

The goal of the report was to highlight and provide solutions regarding the danger of envi-
ronmental degradation, economic instability and social inequality. However, the definition of
Sustainable Development has been criticized for its vagueness and practical approaches [118].
To simplify the approach and clarify it, the concept of Sustainability has been broken down
into the 3 axes, 3 pillars or triple bottom line: Prosperity (Economic), Planet (Environmental)
and People (Social), visible at figure[5.1][2]]. Each category can be unpacked to be more specific:

« Environmental pillar: Atmosphere, land, fresh water, oceans, bio-sphere, material and
energy resources.

+ Economic pillar: Built environment, Industrial capacity, Financial health, GDP.

55
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Figure 5.1: 3 pillars of Sustainability

« Social pillar: Education, health, skills, knowledge, happiness.

The 3 axes are of course interconnected and influence each other. Following this concept, a
sustainable world would be a world where the 3 pillars are evenly considered in the decisions
of any activities, organizations, technologies, ... However, even if the concept has received
increasing attention over the past 20 years, see figure|[5.2] the economical aspect always seems
to dominate the debate to such an extend that social and environment concerns are often
considered as secondary compared to the goal of a constant "growing" economy.

Number of publications by year related to "Sustainable Development"
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Figure 5.2: Evolution of the number of publications related to "Sustainable Development"

The current situation could be represented with the following diagram in figure where
the financial arguments overpower the social and environmental ones. However, objective
of a sustainable development is the economic sustainability through making financial profit,
social sustainability through reducing the negative effects of economic activities on people
and environmental sustainability through decreasing pollution and green House Gases (GHG)
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emissions. It is also possible to compensate for negative effects on the two last pillars by
making actions that will have a positive impact on the people and the planet.

ronment |

~

Figure 5.3: Caption

5.1.1  Semiconductor Industry and Sustainable Development

The Electronic industry is one of the main industry on the global market today. The Electronic
sector is vast and diversified. One of the main driving forces behind it is the semiconductor
industry which has never stop to evolve since its beginning in the 1960’s.
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Figure 5.4: Annual revenue of semiconductor industry in billion $

The performances of the semiconductor industry is globally nuanced. Indeed, on one hand,
the economic of the semiconductor sector is thriving, as visible in ﬁgure , with 5151.51
billion $ of sales revenue in 2019 an offered around 6.6 million jobs around the world in 2012
[120], which can also be considered as a good performance on the social pillar. On the other
hand, there are four main negative impacts of the semiconductor industry on the environment:
pollution in manufacturing plants, depletion of raw materials, electricity consumption during
use and accumulation of electronic waste (called e-waste). And also, to a lesser extent, the
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little interest in quantifying the impact of all the process on the environment. However, it
should be noted that the electricity consumption during use is way smaller compared to the
energy used to make the final product, especially for small electronic devices. Let’s take the
example with the report of Apple on its carbon footprint to produce one Iphone 11. In [121],
the company claims to that the production of one Iphone 11 has a carbon emission of 72kg,
from which 79% Production, 3% Transport, 17% Use, <1% End-of-life processing.

5.2 Holistic Approach

This work is not going to follow each step in the Ashby’s method [2]], but step 3 of his method
is quite interesting since it lays the foundations for the holistic approach with 6 specific axes.
Those axis are visible on figure Impact on legislative, economic, social, environmental,
energetic and materials sectors will be reviewed. Each axes will not be developed as inten-
sively as the energy, materials or environmental axes but they are also important since they
participate to give the big picture of the problematic.

* Matenal availablity

* Supply chain security’
* Ethical sourcing

» Ethical manufacture

* Energy consumption
* Power generation
* Energy storage Materlals
* Energy efficiency
Energy

* Global and local impct
Enwronme
Legislation Soclety
» Standards + Shelter, food
+ Agreements Econon‘ucs + Securty, equity

* Resource consumption
\Water availability
* Emissions

* Reguirements + Employment
* Laws + Health, happiness

« Financial resources
* Costvs. Benefits

* Internalized vs
externalized costs

Figure 5.5: 6 majors sectors generally involved in sustainable development.

5.2.1 Economics

mmWave frequency means shorter ranges, as it was explained in chapter 2| This leads to a
densification of the network. With 3G and 4G, the lower frequencies enable longer ranges:
2km (cities) up 30km (rural) and therefore, "macro” cell is possible. With mmWave, the ranges
is reduced, 20 to 200m is typical for indoor and outdoor use. In order to avoid the "not-spots"
in cell, repetition of antenna every 20m should be installed. This equals 800 base station per
square kilometer in the worst case scenario. If antennas repeated every 200m, the number
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of base stations per square kilometer drops to 8. Following [122]], expecting a deployment
between 100 and 350 small cells per square kilometer (indoors and outdoors) is a more plau-
sible solution. It is then easy to understand the huge costs implied with the mmWave system
because of this investment. A 2017 briefing from European Commission acknowledges the
importance of 5G in world competitiveness and is ready to invest in public/private partner-
ship with € 700 million EU capital, topped with 3.5 billion of private investment in 2025. The
path to 5G, including all the technical specifications and standards, represents one of the most
complex evolution that the mobile industry has undertaken to date [[123]. Another study ran
by the European Commission established that 500 billion in total to bring all 5G elements to
life by 2025. The deployment of small cells to ensure the 1 Gbps for 100% coverage will be
quite expensive, they estimate that the standalone cost of the modeled small cell deployment
will be around € 119 billion. In the model, they precise that the estimation is correct if the
following conditions are met:

1. The unit cost of a small fall to € 1000.

2. Around 50% of cells will be connected via a wireless connection and so, only half of
small cells will need fiber connections (which increases the deployment cost).

3. Operators are able to share the small-cell infrastructure so only one network can be
deployed and not one personal network for each telecom operator.

4. The radius of each small cell is at least 200 meters. Having a radius of only 100m could
increase the cost by 98% from the current estimation.

But on the other hand, the gigabit society is expected to bring huge revenues. The investments
triggered by the new framework could boost the EU’s gross domestic product (GDP) by an
additional € 910 billion and create 1.3 million new jobs by 2025 [124]]. From 2025, benefits
could also reach € 113.1 billion per year in four key sectors (automotive, health, transport and
energy) since they are the first users of 5G connectivity. Other more optimistic studies [[125]
even estimate that 2.3 million jobs would be created by 2025 with 5G. One should also consider
the fact that 58% of the EU’s population live in rural areas whereas urban areas are better suited
to the roll out of fast speed infrastructure, rural areas do not have the same infrastructure
deployments and expected returns on investment given the relative lack of customers in such
areas.

Regarding the technology, working with CMOS technology is the most cost effective choice.
It is the most widely used technology, the more mature and because silicon is the second most
abundant element in earth crust, there is little risk of supply chain problem. Price for wafer !!

5.2.2 Society

The positive sides like increased data rates, better coverage, connected devices and other ben-
efits have already been cited in the first chapter of the work. Let’s instead talk about the
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controversial parts: the physiological and biological effects of electromagnetic waves on the
human body and especially the mmWave frequencies.

Some citizens, students or PhD’s have raised their voice against the deployment of 5G [[126]]
in Belgium. They ask for more testing on health and environmental aspects.

A recent study of the National Institutes of Health called the National Toxicology Program
(NTP) [127] showed the harmful effect from cell phone microwave radiation in general and not
especially for mmWave frequencies. The study was undertaken over 2 years. The preliminary
results show that exposure to RF radiation, at 900MHz, due to cell phone use was associated
with: "Clear evidence of tumors in the hearts of male rats. [...] Some evidence of tumors in
the brains of male rats. [...]. Some evidence of tumors in the adrenal glands of male rats. [...].
It was unclear if tumors observed in the studies were associated with exposure to RFR [Radio
Frequency Radiation] in female rats (900 MHz) and male and female mice (1900MHz)". They
also noted DNA damage significant increases in frontal cortex, the blood cells of female mice,
and the hippocampus of the subjects animal. The NTP plans to conduct more studies around
mmWave spectrum.

For higher frequencies, the wave does not penetrate as much as lower frequency wave. The
effect to consider is more a heating effect of the skin and the dermal tissues. Indeed mmWave
are well absorbed by water and heat the tissues around. In [[128], it is precised that more than
90% of the transmitted power is absorbed by the epidermal and dermal layers. Because the
depth is so superficial, higher heating occurs more quickly with less dissipation. It affects the
skin surface, the surface of the eye or bacteria, plants and small life forms. Surface effects can
be quite important on an organism as stimulation of skin receptors can affect nerve signaling
causing a whole body response with physiological effects on heart rate and the immune system
[129]. This absorption is characterized by the Specific Absorption Rate (SAR) in W /kg. The
lower the SAR, the better because it means that the tissues receive less energy. Some authors,
like in [[130]], try to consider this phenomenon when designing specific beamforming array
antenna with reduced value of SAR. But, attention is not drawn to this parameter in general
array antenna design. SAR metric depends on the type of tissue, the tissue orientation but also
effects of other objects in the field near the exposed body.

Other study also shown the influence of mmWave on heart rate variability on anesthetized
frogs [131] and [132] found certain frequencies from 53-78 GHz band (continuous wave signal)
changed the natural heart rate variability in anesthetized rats. He showed that some frequen-
cies had no effect (61 or 75 GHz) while other frequencies (55 and 73 GHz) caused pronounced
arrhythmia. There was no change in skin or whole body temperature. The sensitivity to an-
tibiotics was also questioned in [133]. Formation of cataracts in rat eyes was noted in [134] and
[135], authors looked at gene expression in keratinocytes with 60GHz exposure at upper limit
of current guidelines and concluded “In our experimental design, the high number of mod-
ified genes (665) shows that the ICNIRP current limit is probably too permissive to prevent
biological response". The keratinocytes are the cell that represent 90% of the skin.

More recently, in 2018, authors in [136] reviewed articles on the biological and health effects
of electromagnetic wave (EMW). After going through the different implications (cancer, re-
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productive effects, metabolic effects, neurological effects and microbiological effects) of the
electromagnetic waves in general, they do not focus especially on mmWaves but rather on
their dense deployment. Because of high density networks of small cells, a proliferation of de-
vices is expected. This will increase chance of human exposure to RF Electromagnetic Waves
(RF-EMW). Moreover, mmWaves systems will operate in parallel with current mobile systems,
at least at the beginning, with an unavoidable global increase in the exposure level. They con-
clude the review with "Evidences about the biological properties of RFE-EMW are progressively
accumulating and, although they are in some case still preliminary or controversial, clearly
point to the existence of multi-level interactions between high-frequency EMF and biologi-
cal systems". Also precising that further tests need to be conducted regarding mmWave to
fully understand the health effects and underestimating the relevance of available results is
not ethically acceptable. The precautionary principle is then applicable.

However other study [[137]] found that "There was no consistent relationship between power
density, exposure duration, or frequency, and exposure effects. The available studies do not
provide adequate and sufficient information for a meaningful safety assessment, or for the
question about non-thermal effects.". On the contrary, they said that "higher power densities
do not cause more frequent responses", considering a response rate of 70 % in general. It should
be noted that the study was mainly founded by Deutsche Telekom.

At the end, there are a large number of data from laboratory and epidemiological studies show-
ing that previous and present generations of wireless networking technology have significant
negative health impacts (around 50% of conducted studies have sown health impacts according
to [138]). Moreover, much of this data was obtained under conditions which do not reflect the
real-life conditions such as including the carrier frequencies and other toxic stimuli in combi-
nation with the wireless radiation. When superimposing the causes, harmful effects associated
with wireless radiation are increased substantially. Adding mmWaves radiation on an already
crowded toxic wireless radiation environment will increase the adverse health effects which
were already proved to exist.

With all results in mind, A 5G appeal was presented to the United Nations in 2015, and to the
European Union from 2017, with an increasing number of scientists’ signing (as of August 10,
2020, 398 scientists and medical doctors have signed the appeal.). The appeal recommends a
slowdown on the deployment of 5G for telecommunications until potential hazards for hu-
man health and the environment have been fully investigated by scientists independent of
industry. EU responded two times by saying their current exposure limits set by the European
legislation remain valid but also that the recourse to the EU’s Precautionary Principle to stop
the distribution of 5G products appears too drastic a measure [139]]. At the end, they precise
that the protection of population from negative effects of RF-EMW remains with the Member
States. In Belgium, the limitation of EMF exposure of the general population is a matter for
the three regions. For example, Wallonia applies the EU limits and Flanders applies a stricter
policy (10 % of the reference level in de EU recommendation).
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5.2.3 Legislation

5.2.3.1 Radiation and Safety

The absorption of Electromagnetic Waves (EMW) is characterized by the Specific Absorption
Rate (SAR) in W/kg. Between 100kHz and 10 GHz, the SAR is used as physical quantity to limit
the exposure. However above 10 GHz, the power density in 1W/m? is used because at higher
frequencies, energy absorption is increasingly confined to the surface layers of the skin, and
it is difficult to define a meaningful volume for SAR evaluation [140]. However, evaluations
based on the power density explain only the power traveling toward the tissue and do not
explain the power absorption and field distribution in the tissues. So, power density is not
considered useful to measure exposure in the near field at mmWaves, and SAR and temperature
elevation techniques are used to study exposure at mmWaves frequencies in [141]]. The ICNIRP
is the International Commission on Non-Ionizing Radiation Protection and they specify basic
restrictions on power density to be 10 1/m? and 50 W/m? for the general public, and the
occupational group, respectively, for frequencies between 10 and 300 GHz. In Europe, the
limit defined by the Commission is also of 10W/m?. These recommendations date from 1999.

5.2.3.2 European Proposals

In order to help with the 5G deployment, the European Commission has proposed three leg-
islative proposals and one non-legislative measure to reform the actual regulatory framework
of communications in EU:

« New European electronic communications code (ECC) that will review the current EU
telecommunications framework dating back to 2009 so as to increase investments in
infrastructure. It also includes simplified rules to make investing more attractive for
companies.

« WIifi4EU, of which the goal is to increase the number of free public Wi-Fi internet access
points for citizens, to help with reaching the new connectivity target.

« Updated regulation on the Body of European Regulators of Electronic Communications
(BEREC). This would reinforce BEREC’s role with national regulatory authorities.

« The non-legislative measure is a 5G action plan to give the main directive lines for all
the member states.

5.2.3.3 Infrastructure Share

Due to the large densification of the network and proliferation of small cells, it would be im-
possible that each network operator possesses its own network. First for economic reasons
established previously and second because of space restriction. With mmWaves, the competi-
tors would share the same hardware resources but have their own "virtual networks". This



5.2. Holistic Approach 63

concept raise some concerns regarding the funding and maintenance costs. How will these
costs be legally divided between the network operators? What will be the legal framework
surrounding the shared use of the small cells, like property?

5.2.4 Energy

If 5G and mmWaves are deployed with the same energy tactic as previous generations, the en-
ergy consumption of mobile network will increase drastically along with the traffic demands.
Indeed, the dense network and proliferation of small cells mean more devices to power up,
more energy to provide. Energy consumption in a small cell is much lower than in a conven-
tional cell but in the same time, they will be more frequently implemented. More frequency
bands also need to be handled by the base station meaning more hardware components per
base station. Power-hungry transceiver chains and complex signal processing techniques are
required. Chinese giant Huwaei has estimated an increase between 300 % to 350% when de-
ploying 2.6GHZ, 3.5GHz and mmWave bands as visible in 5.6|[142].
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Figure 5.6: Increase of power consumption with mmWaves deployment in base stations.

An other paper [143] estimated that by 2030, the percentage of global electricity usage due
to communication technology will increase from 10% in 2010 to 51% unless the electricity
efficiency of wireless network and data center is sufficiently improved. This roughly equals an
increase from 2500 TWh to 30000 TWh. In that specific worst case, ICT would be responsible
for 23 % of the total carbon footprint by human activity. In figure 3 different scenarios are
considered. The difference here lays in the annual energy efficiency improvement, 30% (best),
22% (expected), 10% (worst).

In the light of this, designing energy-efficient 5G networks is critical and necessary and there-
fore, people start to investigate the field of "green communication" [[144]. The goal is still to
roll out 5G but also reducing the energy consumption. It means for the operator networks to
use as little energy as possible while managing expected growth in data traffic. Another mo-
tivation is also the need to reduce energy cost and save money on OPerational EXpenditure
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Figure 5.7: Global electricity demand of communication technology 2010-2030

(OPEX) for network operators. To quantify the performances of a communication system, two
mains parameters have been used: the Spectral Efficiency (SE) and it is defined as:

SE = K x B x N x logs(1 + SINR(d)) (5.1)

And the other important parameter for "green communications" which is the Energy Efficiency
(EE) in bits/joule, defined as:

K x Bx N xlogy(1+ SINR(d)) SE

EFE =
pt+Pc Pt+Pc

(5.2)

where K is the frequency reuse factor. This is the rate at which a group of radio channels
or Frequency sub-bands can be re-allocated to a geographic area or a cell. To avoid cells
interference, different sub-bands need to be used for adjacent cells. The higher the frequency
reuse factor, the more efficient because the total band is not divided into too many sub-bands
and thus higher capacity of the network. Sometimes K is also noted 1/K, because one over
K cells can have specific frequency sub-bands. B is the total bandwidth of the signal. N is the
number of spatial beams (spatial multiplexing factor). d is the single link distance and SINR
is the signal-to-interference-plus-noise-ratio which is decreasing with d. P, is the consumed
transmit power and P, is the power consumed by the circuit. The trade-off between SE and EE
appears when one wants to increase the SE by, for example, increasing the SNR with higher
output power level. This will raise the SE but decrease the EE due to the increased P, of
the circuit. There are various distinctive approaches to reduce/optimize energy consumption
in a mobile cellular network. Approaches can be broadly classified into the following five
categories according to [[145]] and [[146]:

1. Improving energy efficiency of hardware components.
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2. Turning off components selectively.
3. Optimizing the radio transmission process.
4. Planning and deploying heterogeneous cells.

5. Adopting renewable energy resources.

5.2.4.1 Hardware Solutions

The first approach goal is to optimize the power efficiency inside the hardware components.
The biggest energy consumer of a cellular network is the base station with 57% of power
consumed and at the base station, the PA is the biggest energy-hungry component with
between 50-80% of the total power consumption. This is visible at figure [148]. This is
logically the part where one wants to have the most efficient components. According to [[148],
the PA’s efficiency has dropped for each generation due to higher Peak to Average Power
Ratio (PAPR). Indeed, for each new generation, more complicated modulations have led to
waveforms with higher PAPR. For these high PAPR signals, the power amplifier (PA) usually
operates at a backed-off power level where the efficiency is degraded in order to avoid too
high saturation when the peak levels come through [149].

Power Supply
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Power Amplifier
Including Feeder
50% - 80%

Cooling
10% — 25%

= Base station u Mobile telephone exchange
® Core metwork @ Data center
E Retail

{a) Power consumption of a wireless cellular network (b) Power consumptiondistributionin a BS

Figure 5.8: Caption

High power levels drive the PA in saturation mode where nonlinearity appears and nonlin-
earity introduces many undesirable effects such as harmonic distortion, gain compression,
intermodulation distortion, phase distortion, adjacent channel interference . So the PA
needs to work at lower power level to prevent the non-linarities but this also means that the
efficiency reduced. Developing high efficiency power amplifier while maintaining the linear-
ity is the challenge. One can cite 3 largely used techniques to increase the PA efficiency: At
the end-user’s side, the radio module comes in second place (after the touchscreen) in the list
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of functionalities that have the most impact on battery life [33]. This of course depends a lot
on the operating mode (videos watching, phone calls, standby state, ...). For example, during a
phone call the most energy draining component is the radio module, whereas, if a video is be-
ing played out, it is the display that consumes the most. It appears that the power consumption
also depends a lot on the specific brand.

5.2.4.2 ON/OFF Solutions

The second approach consist of turning ON and OFF specific components of the transmission
depending the data traffic demand. Figure 5.9/ [151] shows the typical variation in data traffic
load. We can see the large range of variations for the traffic load. It appears that cellular net-
works are designed to support traffic peaks (as for power amplifiers and the PAPR concern).
The number of BS’s and their capacity should be able to provide the require Quality of Service
(i.e. good cover and high data rates) to the users even during the highest peaks of the data
traffic. However, a non-negligible part of the day does not require high peak services, leading
to an inefficient use of spectrum resources and to an excessive energy consumption. The idea
is therefore to save energy by turning OFF (switching to sleep mode) and ON (active mode)
certain parts of the network. This avoids the unnecessary energy consumption of underuti-
lized components in the network. As BSs cannot serve any traffic when asleep, it is important
to properly configure to switch between the modes to avoid service outage. This interesting
approach cannot only be applied to PA’s but also extended further in the network, to complete
BS’s cells for example [152]. This approach has received lots of interest because it uses the
current network architecture and it is easier to test and implement.
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Figure 5.9: Daily traffic load pattern of a BS for a residential cell in week-end day.

Another idea is the concept of Cell Zooming. In this approach, a BS in HetNet can adap-
tively adjust its transmission power and consequently vary its cell size according to traffic
fluctuations. The transmission power can be increased for cover more UE’s in order to shut
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down lightly loaded cells while maintaining coverage. One can also imagine a load balancing
between highly to lightly congested BSs.

5.2.4.3 Optimization of Radio Transmission Process

The third concept aims to work on the radio transmission process. This refers to all the tech-
niques, protocoles used to transmit signal from one point to another without "“collisions" be-
tween the users information. One of the main technique for mmWave is the MIMO techniques,
that has already been introduced in the first chapter. Massive MIMO and beamforming are im-
portant factors in reducing the power consumption of base stations. Currently, the signals are
emitted in all directions and therefore less efficient. With MIMO and beamforming, there is
the channel efficiency, data rates, reduces interference and focuses radio energy directly at the
client devices. This also reduces the minimum power required for operation and the power
consumption for the base station as well for the user.
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Figure 5.10: Precoders for mMIMO Systems (a) Digital precoder (b) Analog precoder (c) Fully-
connected hybrid precoder (d) Partially-connected hybrid precoder.

Massive MIMO (mMIMO) is a scheme that took the concept of MU-MIMO to a next level by
largely increasing the number of antennas (from 4, 8 antennas to tens or hundreds). Specif-
ically, the number of Tx antennas largely exceeds the number of users (which is applicable
mainly for small cells). This leads to very directive signals and low interference leakage. Be-
cause of the directivity of the beams, less power can also be utilized for transmission (not quite
applicable for mmWave transmission). All of this leads to improvements in EE and SE [153].
For a practical implement of mMIMO it is important to consider the power consumption of
the digital (computational) baseband units computation and the power of the RF unit. In [[154],
it is shown that both power consumptions increase with the number of antennas. Different
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approaches are possible to implement beamforming: digital precoders, analog precoders and
hybrid precoders (fully-connected and partially connected). These variants are visible in figure
5.10

In digital precoders, each antenna is connected to a specific RF chain. This gives place to a full
flexibility system where any signal can be sent to any antenna. This is the conventionnal MIMo
architecture for frequencies below 6GHZz [[155] However, this technique is in practice hard to
implement, especially for the mmWave frequencies. Firstly for space reasons: one RF chain by
antenna means one PA’s, LNA’s, switches to be packed behind the antenna. Secondly, power
consumption also limits this architecture: PA’s and ADCs/DACs are power hungry compo-
nents at mmWave frequencies and digital signal processing (digital conversion stage), with
many parallel gigasamples per second data streams, also leads to excessive power consump-
tion. In analog precoders, the beamforming is performed by using digitally controlled phase
shifters. In this architecture, different antennas are connected via phase shifters to a single
RF chain. Regarding size concerns, this is more feasible than the previous technique but one
of the main drawbacks of this technique is limitation of single user and single stream trans-
mission. It is not possible to benefit from the other benefits of MIMO. Plus phase shifters also
occupy large areas. In hybrid precoders, the MIMO process is divided between analog and
digital parts. In that case, S, the number of data streams is smaller than K, the number of
RF chains also smaller than the number of antennas M. Two hybrid approaches are possible:
fully connected where each RF chains is connected to each antenna and partially connected
where each RF chain is connected to a subset of antennas. Having multiple subarrays reduces
hardware complexity at the expense of less overall array flexibility. From [156], it appears that
the first structure has a gain K bigger. However with practical X' = 4, 8 the capacity loss is not
significant and the structure complexity is much more lower for the partially-connected. The
problem that the fully connected structure arises is also the power consumption with the large
phase-shifting network. In [157], authors also analyse that fully-connected precoders lead to
energy efficiency degradation as the PAs can not compensate for the power losses of the phase
shifters. It also shoud be noted that alternatives to active phase shifting, with switches, were
proposed in [155] to even further reducing the power consumption, at the cost of lower data
throughput.

One last point to address is the good complementary between the small cells deployment
and mMIMO. As small Cells suffer from backhauling problems and interference management.
Intereference problem can be addressed with mMIMO though the high focused beams that
cancel out the inter-small cell users. As backhaul refers to the portion of the network that
makes the link between the core network and the small subnetworks, at the edge. Deploying
wired backhaul in the context of dense small cells is complicated regarding the cost [158].
mMIMO could be a solution as wireless backhaul and serve the users at the same time.

5.2.4.4 Network Planning and Deployment

The fourth approach tackles the problem of energy by a deployment of small cells including
micro, pico and femto cells, in the cellular network. The idea is to serve smaller antennas
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with higher data rates. They serve as a complement for the macro base stations. Such a
deployment is called a heterogeneous deployment or an Heterogeneous Network (HetNet).
With the benefits of small cells such as low cost deployment, reduced load for macro BS’s,
improved indoor throughput, and low power consumption, also come the drawbacks such as
increased complexity in network management and higher power consumption. Indeed, small
cells consume less power, but since they will be more frequently deployed, if it is not carefully
implemented, the consumption will certainly rise. And here for example , for small cells this
is not the Power amplifier that is the most energy-hungry component but well the baseband
and its going down the further the size and the rage of the cell is decreased ...

5.2.4.5 Renewable Energy Harvesting and RF Energy Transfer

The last idea is to adopt renewable energy sources to provide power to the network. Com-
pared to the actual main sources for electricity production such as which produce Green House
Gases (GHG), wind and solar alternatives seem interesting regarding the environmental as-
pect. However these sources may not be sustainable since their production vary on climate
conditions which can rapidly change over time and space. One practical method to avoid the
inconsistency of renewable energies is to store the energy via fuel cells and batteries, but en-
ergy storage is quite costly to deploy and therefore the this approach is quite limited with
BS’s. Another solution to overcome this problem: the smart grid approach is considered. The
distributed smart grid regroups different energy sources such as renewable and conventional
energy which can be redistributed to the parts of the cellular network in need. The goal is re-
ally to continuously provide a QoS, no matter the availability of renewable energies. Another
advantage of using renewable energy for the BS’s in dense networks is the fact that the new
BS’s will not only compensate for the power consumption for themselves but also reduces the
consumption in the power grid. In addition, a densified network also leads to more cooper-
ation between the different BS’s. For example, a BS sitting in a good spot (sunny or windy
area), could either serve more users and extend its cell or transfer its superfluous energy to a
BS situated in bad spot.

This concept of energy transfer raised some interests and in the same idea of getting the energy
from different sources than conventional energy sources, the idea of Radio-frequency Energy
Harvesting has emerged. This technique refers to harvesting energy from the radio signals
over the air, thus enabling the recycling of energy that would otherwise be wasted.The differ-
ent network components could share energy with one another. This seems to be a promising
solution, especially regarding all the expected connected devices (IoT). One of the main ad-
vantages is of course the possible prolonged battery lifetime of components (for example the
user’s smartphone where the battery capacity is limited by the size, or small cells). In the lit-
erature, they are two main lines for exploiting the concept of Wireless Power Transfer (WPT).
The first process is called Simultaneous Wireless Information and Power Transfer (SWIPT).
It focuses on transmitting information and energy in the same signal, which of course raises
problem regarding the cohabitation of information detection (ID) and energy harvesting (EH).
Power splitting is reviewed in [159] as techniques to recover energy and information on the
same signal. The power splitting technique divides the incoming RF signal into the classical



70 Chapter 5. Sustainability Analysis

RF chain and the energy harvester. The main problem is the difference in power level be-
tween data communication power and power required for operating connected devices. In
[160], the authors estimated that the first minimum power level as around 0dB and the second
was just above the noise floor, above -120dB. In other words, this represents a 10'? power dif-
ference. The second process is called Wireless Powered Communication Networks (WPCNs)
and consists of separating the energy harvesting and information over time. Specifically, the
devices first received energy from a specific power station and then perform wireless infor-
mation transmission with a classic BS with the harvested energy. This schemes needs careful
optimization between the "energy" and " information" duration times.

An interesting point to consider in the "rebound effect". As mmWaves will bring higher data
rates, people will consume more more data. So at the end, the gain in energy efficiency is can-
celed by the consumer’s behavior. In [161], they even say that "For every two steps forward we
take with below-cost efficiency, rebound effects mean we take one or more steps backwards,
sometimes enough to completely erode the initial gains made". The reasons behind this be-
havior are not well understood. One could think that because something costs less, people
will start to use more intensively. Or perhaps doing something beneficial to the environment
gives us "moral licence" to compensate with something less beneficial.

5.2.5 Materials

5.2.5.1 Need for critical raw materials

The problem was briefly introduced with the notion of European critical raw materials in the
introduction. Let’s clarify this concept now. The list, made by the European Commission, is
updated approximately every 3 years (2011, 2014, 2017). Each time, the materials judged as
economical and strategical important to the EU are added (some can also be removed) from
the list. It is important to note that the definition only consider the economic aspect linked to
the materials. More precisely, a raw material is determined as critical if [3]:

« They have a significant economic importance for key sectors in the European economy,

+ They present a high supply-risk due to a large import dependence and/or the main ex-
traction points are localized in particular countries,

« There is a lack of substitutes for the individual applications due to unique properties.
The substitutes quality are characterized in terms of performance and cost.

These materials are of course closely linked to all the different types of industry: environmen-
tal technologies, consumer electronics, health, steel-making, defense, space exploration, and
aviation. They are important to UE because they are involved in many supply chains and not
only they participate to the high quality of life, through the growing number of materials used
in today’s consumer electronic but also because they are important for "clean" technologies as
wind turbine, ...
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Figure 5.11: Critical Raw Materials for EU.

It is important to note that the materials are not only classified as critical because they are
scarce but rather because they fulfill the previous criteria. The last list proposed 27 materials,
visible in table [5.1| and figure with HREEs=heavy rare earth elements, LREEs=light rare
earth elements, PGMs=platinum group metals. The figure gives more precision since
one can see the supply risk and the economic importance of the materials. The economic
importance is calculated from the valued added for the sector, the number of sector which
need the resources and possible subsitutions for the applications. The supply risk also depends
on lots of factor as geo-political risks, legislative control risks, price volatility risk, ... But
the Herfindahl-Hirschman Index (HHI) is a simple measure of the risk when the extraction,
production of material is dominated by few nations, it shows the concentration of a product:

HHI =Y f] (5.3)

=1

where f; is the fraction of the worldwide quantity produced by a county i. The real supply
risk in the report is of course more complicated by adding trading parameters, World Gover-
nance Index or recycling possibilities. The simpler HHI ranges from 0 to 1, 0 is the perfectly
unconstrained supply and 1 is the value if only 1 country has all the production. Generally,
a value above 0.25 shows a severe supply chain concentration. As we take the example of
the Gallium in Europe and the database in [3], Gallium supply which is divide between China
(36%), Germany (27%), United States (8%), Ukraine (6%), South Korea (5%), Hungary (5%), it
gives:

36
87

27
87

8
87

o
’7

P () + () = 0287 (5.4)

HHIg, —
Ga = 87

P+ (=) + (=) + (

which means a supply risk which needs to be considered [162].

It is important to note that the 3 of the main materials used to make RF switches, previously
analyzed in the benchmark, are considered as CRMs. Precisely, from equation the HH I,
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Antimony | Fluorspar LREEs Phosphorus
Baryte Gallium Magnesium Scandium
Beryllium | Germanium | Natural graphite | Silicon metal
Bismuth Hafnium Natural rubber Tantalum
Borate Helium Niobium Tungsten
Cobalt HREEs PGMs Vanadium
Coking coal Indium Phosphate rock

Table 5.1: List of Critical Raw Materials for European Union

equals 0.37 and H HIg; equals 0.2, which is consistent with figure and the increasing
supply risk assigned to Si, Ga and Ge progressively.

5.2.6 Environment

5.2.6.1 Impact on Wildlife

The impact on the human has been previously considered. In this part, the impact on the
wildlife of mmWave is analyzed. Throughout the years, many studies were conducted to show
the effects of EMF on the environment. A 2014 study [163]] reviewed the literature for the fre-
quency range from 10MHz to 3.6GHz. The analysis was divided into 5 groups: birds, insects,
other vertebrates, other organisms, and plants. They found out that 50% of the animal studies
and about 75% of the plant studies (about 2/3 of all the studies) were showing effects of EMF,
both at high as well as at low dosages. No clear dose—effect relationship could be discerned. It
is also precised that most of the studies were conducted in laboratory and not in a real ecosys-
tems. From their work, the authors conclude that " The very low dosages are compatible with
real field situations, and could be found under environmental conditions. However, a lack of
standardisation and a limited number of observations limit the possibility of generalising re-
sults from an organism to an ecosystem level". An other study [164] investigated the impact of
exposure of Insects to EMW from 2 to 10GHz. Humans and animals are similarly exposed to
these fields, which are partially absorbed by their bodies. The absorbed dose depends on the
frequency and as for the humans, the absorbed energy can lead to dielectric heating that may
affect the insect behavior, physiology, and morphology. mmWaves have wavelengths compa-
rable to the body size of insects means that the absorption of RF-EMws in insects is expected
to increase. The researchers have numerically simulated the absorption of 4 types of insects:
Australian Bee, European Bee, Locust and Beetle. The insects have different sizes, so they
were first scanned and then 3D modelled. To quantify the difference in power absorption with
frequency, authors first measure the average P, from frequencies below 6GHz. They then
redo the measurement for frequencies above 6GHz. For the later frequencies, it is considered
that 10% of the incident field is distributed over the frequencies above 6GHz. The intensity of
the incident electrical field was 1 V/m. They found out that:
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Figure 5.12: 2017 Economic importance and supply risk assessment of raw materials in EU in
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Figure 5.13: Absorbed power for different insects at different frequencies.

1. Australian Bee: 0.71 nW below 6GHz, 2.6nW above 6G H z or a increase of 370%.
2. Beetle: 2.6nW below 6GH z, 7.7nW above 6(GH z or a increase 290%.
3. European Bee: 5.7nW below 6GGH z, 14nW above 6GGH z or a increase 240%.

4. Locust: 990nW below 6G Hz, 1.0 uW above 6GH z or a increase 3%.

The Locust, which was the biggest of the analyzed has an absorbed power which decreases
slightly at the studied frequencies >6GHz, but remains higher than at 2 and 3GHz. This is due
to its bigger body (55mm long) that resonates best with frequencies below 6GHz. The 3 other
insects show maximum F,;; above 6GHz. This study clearly shows the negative effects due to
higher absorption for insect even if the researches used a homogeneous dielectric simulation.
A 2020 study [165] also investigated the impact of EMF from 0.6GHZ to 120GHz and observed
the same results (for different insects this time). The results are visible on figure and one
can easily observes the increase of absorbed power with the frequency. They also proposed
measurments in real-life near beehives to get a realistic estimate of the exposure and absorbed
power values. They observed that a relatively small shift of 10% of the incident RF field strength
0.06V/m from frequencies below 3GHz to higher frequencies will lead to a relative increase in
absorbed power of a factor higher than 3.

Other studies show the impact on chicken eggs with higher mortality rate [166]], the dam-
ages of EMF on trees [[167] where burned or lesions were observed or the perturbations in-
volved with the with migratory birds’ ability to orient themselves using the Earth’s magnetic
field.[168]]. The previous works were exclusively conducted for frequencies below 6GHz and
therefore not in the range of mMWave. Few studies have been conduct on the mmWave spec-
trum and its impact of ecosystems. But as for the humans, superimposing mmWave on the
actual mobile spectrum will not reduce the actual proved impact of environment.
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5.2.6.2 Electronic Waste

Electronic and computer industries are the historical customers of the microelectronic indus-
try but lately, many new applications with electric and electronic devices have appeared and
became common, like coffee machines, cars, medical applications, etc. integrate electronic
functions. This leads to the increasing problem of electronic waste. E-waste is any electrical
or electronic equipment that has been discarded due to replacement or defects. It is an impor-
tant aspect to consider with the concept of sustainable development because of the negative
environmental and social impact it has. In 2019, a record 53.6 Mt was generated worldwide (up
21% in 5 years) and the projection estimate 70Mt by 2030 mainly due to higher consumption
rates of electric and electronic equipment, short life cycles, and few options for repair [169].
Worldwide, there is only 17.4% of the total e-waste recycled. The report from United Nations
University estimates that these 53.6Mt represent 57billion $ of raw material like copper, gold,
aluminum but only 10billion $ were documented, collected and properly recycled. Because of
the European Legislation from 2003 that gives a legal framework for the handling of e-waste,
the highest recycling rate is observed in Europe with 42.5% of its 12Mt recycled. The problem
appears with the unrecylceld rest, which is generally shipped to developing countries where
the labor is cheap. Africa is the main destination for those e-waste along wit some countries of
Asia. According to [170], the e-waste end up in open dumpsites, notably in Ghana and Nige-
ria, where the problem is the most concerning. It is a very complicated task to monitor all the
import of e-waste in Africa because reliable data statistic do not exist and there is also a im-
portant part of illegal import. [171] tried however to give an inventory of e-waste quantity in
Nigeria, they estimate 60 000t/year were imported in the country (of which 46 000t comes from
the EU and Belgium is the third biggest exporter with 5 700 t). The problem with these uncon-
trolled dumpsters is of course the pollution that arises from petrochemicals, glass, electrical
and electronic components which are not biodegradable. In [172]], the authors estimate the
presence and the concentration of the heavy metals and other hazardous stuffs in such place.
These are mostly endocrine disrupters, and most are neuro- and immune-toxic as well. A typ-
ical pathway of contamination can come from different sources: inhalation pathway due to
burning stuffs in the area, dermal pathway due to direct contact with hazardous components,
ingestion pathway due to food contamination of surrounding cattle or food sold nearby. Study
showed the presence of e-waste components in human breast milk, urine, ... The situation is
of course very problematic but opportunities could emerge from it. Indeed, under controlled
and regulated collection on e-waste, a sustainable management can combat poverty and create
jobs for the unemployed youth through collection, safer recycling and processing of e-waste,
and this would also safeguard the environment and human health from the hazards posed by
the toxic contaminants. An other advantage is the possible recovery and recycling for raw
materials. It could be a secondary source for industry supply chain. The recycling process
appears in the materials cycle after the end-of-line, as visible in figure The idea here is
to benefit from the "waste" of the users and of the manufacturers to reproduce raw materials.

Umicore, which is a global materials technology and recycling group dedicating most of its
R&D efforts to clean mobility materials and recycling, has declared in one presentation the
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opportunities in e-waste recycling for Ghana. The idea with Ghana is to develop the man-
ual dismantling and minimizing mechanical pre-processing to benefit from labor and fights
against poverty. But let’s take a look at the recycling process. The process is visible at figure
and the first step is logically the step of collection. An efficient recycling needs a large
collection because no collection means no input in the recycling chain. It means no more ille-
gal export and controlled, regulated "harvest". A second step is the inspection of the collected
devices. If refurbishment is possible or not, separation of the devices. After that, the devices
are dismantled, the components are separated and may also be inspected for possible reuse.
The batteries are taken away to specific treatment flow. If we focus on PCB, they are shredded
and then separated following their physical properties: ferrous materials are separated with
magnetic system, plastic materials with eddy-current system.

The next step is metal refining and for this, metallurgy is at the core of recycling e-waste. At
Umicore, they use Pb, Cu and Ni as collector materials to collect the pure metal, especially Cu
for precious metal (like gold, silver, platinum, ...). The affinity between those 3 metals and other
leads higher efficiency in recovery. They are using mainly two techniques: pyrometallurgy and
hydrometallurgy.
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The first one includes roasting, in which compounds are converted at temperatures just below
their melting points, and smelting, which involves higher temperatures to completely melt
the material which is then separated into two liquid layers, one of which contains the metals
for further refining. Oxygen-enriched air may be injected into the molten bath to remove any
volatile components present. An electric current can also be applied to separate further metal
and non-metal components, where the metals will be deposed on the cathode. Thermal energy
is used to melt down the inputs. This method is therefore quite energy intensive however, the
required fossil fuel can be partially compensated by exploiting the plastic part of PCBs as fuel
and reducing agent in the smelter [173]]. While pyrometallurgical recycling processes are a
cost-effective solution for electronic-waste recycling due to ability to deal with a broad range
of scrap materials with minimal pre-processing, they carry a large environmental burden.
Indeed, the PCB’s used as fuel contain flame retardants that leads to the creation of volatile
metals and give rise to environmental challenges. This type of recycling also displays poor
selectivity for individual metals, meaning that multiple stages are required to recover metals
in their pure elemental form.

Hydrometallurgy is used for further upgrading and purification of output streams from initial
pyrometallurgy. The precious metals refining for example mostly uses this technique. It of-
fers lower environment impact and greater scope for selective metal recovery which greatly
simplifies the production of highly purity metal. The idea is to use acidic or alkaline solutions
(with pressure/temperature effects) and chemical properties of substances to separate target
from non-target substances. This step is mostly based on the concept of leaching which con-
sists of treating the metal of interest with chemicals to transform it into soluble salt while the
other non-target metals stay insoluble. It should be noted that copper is generally leached out
firstly because of its high abundance in PCBs. The residue is then further refined for precious
metal. For example, in gold refining, the reagent in cyanide (CN) which cheap but highly toxic
and offers very good leaching properties for gold. The chemical reaction behind this process
are beyond the scope of this work. Drawbacks of leaching include its lower efficiency, the sig-
nificant quantities of waste produced, which are usually either highly acidic or alkali as well
as toxic and the nonexistent recovery for classical metals as Pb, Sn, Ni, ...

At the end, there is the need to handle all the "rest": cyanide solutions, toxic heavy metals.
These are sorted and then stocked or sent to other competent structures.

5.2.7 Synthesis

In this last part, the facts found in the 6 sectors are compared with the 3 pillars of the sustain-
able development. At the end of each column, the most important fact are chosen. The final
interpretation of this table is made in the conclusion.
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Sector Economic Pillar Environmental Pillar
[-] Huge investment
Economy [+] Expected important return
on investment.
) [-] Fear that could limit the
Society
customer
[+] Simplified rules to attract
L more investors. +/-] European law for e-waste recycling,
Legislation +/-] P yeune
[-] No exact laws for shared maybe not strong enough.
infrastructure.
[-] Increased power consumption and
) ) carbon footprint.
[-] Important investment in o
Energy Ficienc [-] Willingness towards clean energy
energy e
24 Y for small cells.
[-] Rebound effect
-] Need for critical raw -] Strong embodied energy for
Materials ] ) ' (-] ' g gy
materials that are expensive semiconductors
[+/-] E-waste recycling: recycling [-] Important gas emission with
Environment | is expensive but manufacturing processes
possibility to get back raw materials. | [-] Possible impact on wildlife and plants
-] Important investment at the
] . p' [+] E-waste recycling
. beginning for R&D, )
Conclusion ) : [-] Increase power consumption
materials and infrastructure. L
[-] Gas emission through processes

[+] Important return on investment.
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Sector

Social Pillar

Economy

[+] Jobs creation.

Society

[+] Better coverage and wireless
experience

[+] Better quality of life

[+] Improved sensors and monitoring
for health systems.

[-] Precaution Principle not applied
[-] Fear for human health
consequences

Legislation

[+] Wifi4EU initiative
[-] Need to adapt and standardize the
laws regarding exposure to mmWaves

Energy

Materials

[-] Bad work conditions for extraction

Environment

[-] E-waste harmful effects on health
[-] Bad work condition in developing
countries

[+] Possibility for employment in
developing countries but need

for legal framework.

Conclusion

[+] Better overall experience with
higher data rates?

[+] Better quality of life and health systems.

[-] Health concerns
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CONCLUSION

In this work, the review of the technologies for a RF switch applications at 28GHz was con-
ducted. After that the sustainability analysis of 5G and the mmWaves deployment was made.

The second chapter and third chapters were necessary to establish the background. This gives
the reader the opportunity to understand the context oh this thesis. The second chapter was
mainly focused on the mmWaves and especially the 28GHz frequency band. The disadvan-
tages such as higher attenuation and higher absorption were addressed as well as their pos-
sible solution. These consist of MIMO, beamforming but also small cells deployment. The
main concepts of 5G were also cited. The third chapter gave the reader the theoretical basics
needed to understand the benchmark of the technologies. One can cite the different types of
RF switch, the different topologies but also the different parameters useful to compare the RF
switches. Parameters such as RonCorp, insertion loss, isolation, 1dB compression point, ...
were presented. In order to be complete, other components of the front-end module, along
with their main parameters, were also presented. These are power amplifier, low-noise am-
plifier, filters, diplexers and antenna tuners. Main topologies like shunt, series, series-shunt
were not forgotten.

In chapter 4, the comparison of different technologies was conducted. These technologies are
Bulk CMOS, RF SOI MOSFET, GaAs HEMT, GaN HEMT, SiGe BiCMOS and GaAs PIN diode.
Based on their insertion loss, SOI based switches performed the best. For isolation, GaAs
based devices take a small lead. regarding 1dB compression point, the award goes to GaN
based devices which largely outperform its counterparts. It is however important to note that
trade offs are possible in the design of RF switches. These trade-offs (like topology, width of the
transistors or stacking) impact largely the ISO, IL and CP1dB. The previous results regarding
only the technology have to be considered with caution regarding this remark. PIN diodes are
among the best performers for each parameter. From this analysis, it appeared that SOI based
devices show the best compromise regarding IL, ISO with simpler design, mainly series-shunt
topology which also participates to have broadband applications. After that, a rapid review
of RF switches integrated into complete FEM SOC was conducted. The lower cost of Silicon
technology offers a huge advantage for the industry. Si based technology such as SiGe and
SOI are also very interesting regarding the integration possibilities with baseband circuits. In
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the contrary, III-V materials have good performances but lack of integration capability. A final
note on existing technology was also made.

In chapter 5, the sustainability analysis was performed. The impact of mmWave deployment
on legislative, economic, social, environmental, energetic and materials axes were reviewed.
After that, a synthesis was made were each fact in each sector was compared to the three
pillars: society, environment and economy. From this table, it appeared that they are two
main driving forces behind the deployment: an economic one with the important estimation
of return on investment and also the job possibilities that it will create (quite linked to social
pillar). The second main driving force is to enhance the quality of life of consumers in general.
Better smartphone coverage, higher data rates to offer VR experiences, better monitoring and
sensoring for health applications, autonomous cars. On the other hand, the negative impacts
find their place in each of the three pillars. In the economic pillar, biggest drawback is the in-
vestment necessary at the beginning. This investment is required for the deployment of small
cells, R&D investment to improve technologies to perform correctly in mmWaves frequen-
cies. The drawback for the environmental pillar is the increase in power consumption that
will follow the deployment of small cells and dense networks. Indeed, these cells individually
consumes less power but because they will be more frequently implemented, the total energy
consumption should increase. The willingness of including clean energies in the system is an
important subject of research that could decrease the carbon footprint but at the same times,
the energies are not consistent and it is necessary to compensate for that. The social pillar is
negatively impacted through the possible harmful effects of mmWaves. Indeed, adding new
frequency band will increase the exposition of the population to electromagnetic waves. There
are a large number of studies that show the impact of EMW on human health.

To conclude, I will speak for myself because the interpretation is personal and different for ev-
eryone. After the harvest of all the information regarding the deployment of 5G and mmWaves,
I can easily understand the reluctance and concerns raised by some people. Indeed, I have the
feeling that 5G is not a necessity for lots of people and that it is mostly pushed by the indus-
tries. I do not complain about the actual data rates and do find the purpose of Gbps data rates.
mmWaves deployment also means a whole arrival of new equipment and with it, the envi-
ronmental impact of extraction and manufacturing. At the same time, I understand the push
towards new technologies. These are very interesting and complicated technical subjects. But
I think that the energy and money invested in the 5G deployment could be invested in our
actual technology to make it more sustainable. As an example, I had the idea at the begin-
ning to compare each technology based on their environmental impact of the manufacturing
process. But there are very few recent databases, papers that address the subject. Even in the
industries, performances are the only goal and parameters such as electricity consumption,
gases emission, toxicity are not considered. Of course harvesting such data requires time and
money but this could be worth. Such data could lead to benchmark where not only IL, ISO
and CP1dB but also the environmental impact (EI) are considered.
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