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ABSTRACT

The last two decades have witnessed the CMOS processes and design techniques
develop and prosper with unprecedented speed. They have been widely employed in
contemporary integrated circuit (IC) commercial products resulting in highly added
value. Tremendous efforts have been devoted to extend and optimize the CMOS
process and its application for future wireless communication systems. Meanwhile,
the last twenty years have also seen the fast booming of the wireless communication
technology typically characterized by the mobile communication technology, WLAN
technology, WPAN technology, etc.

Nowadays, the spectral resource is getting increasingly scarce, particularly over
the frequency from 0.7 to 6 GHz, whether the employed frequency band is licensed
or not. To combat this dilemma, the ultra wideband (UWB) technology emerges to
provide a promising solution for short-range wireless communication while using an
unlicensed wide band in an overlay manner. Another trend of obtaining more spec-

trum is moving upwards to higher frequency bands. The WiFi-Alliance has already



v

developed a certification program of the 60-GHz band. On the other side, millimeter-
wave (mmWave) frequency bands such as 28-GHz, 38-GHz, and 71-GHz are likely
to be licensed for next generation wireless communication networks. This new trend
poses both a challenge and opportunity for the mmWave integrated circuits design.

This thesis combines the state-of-the-art IC and hardware technologies and design
techniques to implement and propose UWB and 5G prototyping systems. First of
all, by giving a thorough analysis of a transmitted reference pulse cluster (TRPC)
scheme and mathematical modeling, a TRPC-UWB transceiver structure is proposed
and its features and specifications are derived. Following that, the detailed design,
fabrication and verification of the TRPC-UWB transmitter front end and wideband
voltage-controlled oscillators (VCOs) in CMOS process is presented. The TRPC-
UWB transmitter demonstrates a state-of-the-art energy efficiency of 38.4 pJ/pulse.

Secondly, a novel system architecture named distributed phased array based MIMO
(DPA-MIMO) is proposed as a solution to overcome design challenges for the future
5G cellular user equipment (UE) design. In addition, a prototyping design of on-chip
mmWave antenna with radiation efficiency enhancement is presented for the IEEE
802.11ad application.

Furthermore, two wideband K-band VCO prototypes based on two different topolo-
gies are designed and fabricated in a standard CMOS process. They both show good
performance at center frequencies of 22.3 and 26.1 GHz. Finally, two CMOS mmWave
VCO prototypes working at the potential future 5G frequency bands are presented

with measurement results.
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Chapter 1

Introduction and Motivation

1.1 A Glimpse of The Philosophy and History of
Communication

Communication has existed since the Big Bang. It can be random or non-random
energy or information exchange among atoms, molecules, cells, machines, countries,
or even planets, and galaxies, whatever organic or not. Some are spontaneous and
random, while others show obvious purposes and execute specific missions, and they

all follow the universal rules.

Figure 1.1: Smoke signal of Great Wall in ancient China [1].

There is a long history of human civilization invent and utilize tools to commu-



nicate over long distance. There is evidence that in ancient China, soldiers stationed
along the Great Wall used smoke signals from tower to tower to alert incoming attack
from the enemy. The situation when smoke signals are launched along the Great Wall
is depicted in Fig. 1.1. By doing this relay communication, the message can transmit
over hundreds of kilometres in a few hours. In many countries, pigeons were trained
to deliver messages as far as one thousand kilometers due to their outstanding sense
of direction and endurance.

But the reliability, cost-effectiveness of such communication has been constantly
low until the introduction of the Morse telegraph in the year of 1832. Following the
rapid deployment of telephones in the late 1890s, Guglielmo Marconi’s first successful
demonstration of wireless communication over 14.4 kilometers claimed the coming of
a revolutionary era, which also won him the Nobel Prize in Physics in 1909, and the
IEEE Medal of Honor.

After World War II, the wireless communication technology has been largely
spurred by the third industrial revolution. A milestone furthermore accelerated the
prosperity of wireless communication in the year of 1947 when the transistor was in-
vented in Bell laboratories. A replica of the first bipolar junction transistor is shown
in Fig. 1.2. The invention won three scientists the Nobel Prize in Physics of 1956.
The meaning of this invention is self-evident, thanks to wide use of transistors, the
dimension of wireless communication systems significantly scale down and become
more compact and cost-effective. In 1979, the world’s first commercially automated
cellular network (the 1G generation) launched in Japan by NTT marks the advent
of the times of cellular communication, along with which satellite, WLAN, WPAN
technologies emerge and root deeply in contemporary human civilization.

Today, wireless communication technology is serving better the personal well-
being and the entire human society, and recently there are several new research
hotspots concerning wireless technologies such as wireless energy transfer, wireless
biomedical treatment, UWB technology, THz communication, 5G technology and

ete.



Figure 1.2: The first bipolar junction transistor [2].

1.2 Ultra Wideband Technology

1.2.1 General Basics About UWB

The earliest successful UWB-alike wireless communication experiment was conducted
by Guglielmo Marconi, the father of modern wireless communication. In 1901, he
successfully employed a set of spark-gap transmitter apparatus to generate the im-
pulse signals from Great Britain to Newfoundland in Canada, which realized the first
transatlantic wireless communication in history.

As from late 1960s to 1990s, modern ultra wideband communication techniques
were developed and deployed under highly confidential situations and constrained to
the projects of military and national defense apartments. UWB defines any wireless
communication technology that has a fractional bandwidth over 20 percent or larger
than 500 MHz. And UWB has its own bandwidth definition which is 10 dB lower
than the signal power spectral density with respect to the peak spectral point.

Current commercial wireless communication applications are highly crowded over
the frequency from 0.8 to 6 GHz. Originally motivated to solve the spectrum con-
gestion problem and also improve the data rate, in 2002, the Federal Communication
Commission (FCC) introduced the UWB frequency spectrum by regulating that over
the unlicensed frequency spectrum from 3.1 to 10.6 GHz, the maximum effective
isotropic radiated power (EIRP) at 1 MHz visual bandwidth (VBW) should not sur-



pass -41.25 dBm. Therefore, the maximum transmitting range is normally below 10
meters, and this is why UWB technology becomes a very attractive candidate for the

WPAN solution.

1.2.2 Advantages and Challenges of UWB Communication

Review the Shannon-Hartley theorem
C=B -log,(1 + SNR) (1.1)

where C' is the channel capacity, B represents the bandwidth, and SN R stands for
the signal to noise ratio. As observed, the channel capacity increases linearly with
bandwidth and logarithmically with SNR. Therefore for UWB applications, very large
bandwidth leads to higher channel capacity, but the maximum regulated emission
power is very small and thereby limits the SNR.

Therefore, here are several advantages that UWB communication holds and can
be listed as below [3]

e Coexisting with current wireless narrow band or wide band based standards

without paying the licensing fee.
e Large channel capacity brings the high rate data stream.
e Excellent performance under low SNR situations, e.g. the noisy environment.

e Superior capacities against interferences under hostile environments.

1.2.3 UWB Systems Categorization

There were two standardization alliances supporting different UWB techniques in
the IEEE 802.15.3a Working Group. One camp is in favor of Impulse Radio UWB
(IR-UWB) which employs narrow pulses, and another camp advocates the Multi-
band Orthogonal Frequency Division (MB-OFDM) UWB technology which divides
the whole UWB frequency spectrum into several smaller bands. They both have ad-
vantages and disadvantages; actually it really depends on the specific situation and
application to select the appropriate solution.

The TR-UWB techniques can be realized by non-coherent UWB communication

systems, and Fig. 1.3 shows two receiver architectures based on envelop detection



(ED) and auto-correlation receiver (AcR) topologies, respectively. There are three

main types of non-coherent UWB systems, namely:

e Transmitted reference (TR) UWB which uses TR signaling in conjunction with
AcR.

e Non-coherent pulse position modulation (NC-PPM) UWB which uses the binary
on-off keying or pulse position modulation scheme, and employs the energy

detector to realize the circuits.

e Transmitted reference pulse cluster (TRPC) UWB which will be mainly intro-

duced in this proposal.

Timing 1=t,,
W/ r( I) X( I) i TI ¥n [!]
L— he (1) %) fr (et
Front-End Energy
Filter Square-Law Integrator
Device
(@)
Timing £=1t;,

T v
L o L0 é?x(r) [rr+(_|)drym

Front-End D Energy
Filter n Integrator
Delay
(b)

Figure 1.3: (a) ED and (b) AcR UWB receiver architectures [4].

1.3 The 5th Generation Wireless Systems

1.3.1 General Basics About 5G Technology

Today’s big data challenge pushes up the speed of data transmission in wireless com-
munication. As can be observed from Fig. 1.4, about every 10 years, there comes a
whole new mobile generation since the first 1G system was introduced in 1981. As
soon as one generation is launched or standardized, new research focus is transferred

to the next generation mobile technology. For example, the first 3G system appeared



in 2001 which marked the official start of 4G R&D, and in 2012 4G systems fully
compliant with IMT-Advanced were standardized. On the other hand, for wireless
communications standard, the first gigabit IEEE standard was IEEE 802.11ac which
is followed by the multi-gigabit standard WiGig or IEEE 802.11ad in which the 60-
GHz frequency band is employed.
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Figure 1.4: Wireless communication data rate over time [5].

As early as in 2008, NASA has launched its pre-research on 5G technology. In the
following year, some governmental organizations in Japan, South Korea, European
Commission, UK, China, Israel, and India, or research institutions from both indus-
try and academics such as NYU, KTH, RWTH Aachen, Huawei, ERICSSON, NTT
DoCoMo, Alcatel Lucent, ERICSSON, Fujitsu, NEC, Nokia and Samsung, Vodafone,
Megafon, have either set up the research roadmaps or invested substantial funding in
the research of 5G technology.

Furthermore in particular, Nokia Siemens Networks has proposed the “1000x by
2020”7 principle that by 2020, the ubiquitous heterogeneous networks will provide
1000 times higher capacity than the current 4G technology through improving the
performance, spectral efficiency and base stations respectively by 10 times [6].

On the other hand, as shown in Fig. 1.5, the ME 2020 project initiated by 5G
Public and Private Partnership (5G-PPP), representing several telecommunication
companies, automobile companies and universities in the EU, specifies its roadmap
towards 5G. According to its METIS 2020 proposal, from 2012 to 2014, the ex-

ploratory research advances, and the pre-standardization activities commence for the



next several years. Commercialization will be eventually initialized in the year of

2020.
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Figure 1.5: METIS technical objectives [7].

However, before 2012, some skepticism was expressed by the industrial representa-
tives about 5G. For instance, at the very beginning, the CTO of ERICSSON believed,
‘There will be no 5G, as we have reached the channel limits’ as quoted, according
to an interview in 2011 [8]. Until the day when this dissertation is written, there
have been many uncertainties and debates about 5G. Recently published papers and
workshops demystify several new trends and technologies probably involved in 5G

technology:

e Not simply about higher peak data rate or capacity, but also about increase of

spectral density, and reduction of latency.

e Higher frequency bands which do not only entitle more spectrum but also higher
data rate. The feasibility of employing mm-wave frequency bands up to 90-GHz
has been explored and approved [9)].

e Ultra-dense network which includes flexible small cells and simultaneously serves

multiple users.

e Massive multiple-input and multiple-output (MIMO) technology, providing many

advantages but with other challenges.

e Pervasive network which enables a user to access 2.5G, 3G, 4G, WLAN, WPAN|
internet of things (IoT), etc.



e Direct device-to-device communications.

e Cognitive radio technology which allows different radio technologies to share

the same spectrum efficiently.

e Visible light communication or Li-Fi.

In Chapters 4 and 5, more details will be presented on the inter-disciplinary re-
search of next generation wireless systems and integrated silicon technology to indicate

the possible application solutions in future 5G terminals.

1.4 A Brief History of Communication Electronics

Electro-Magnetic (EM) theory lays the very foundation of contemporary wireless
communication. Since the very beginning, electricity, electronics, and magnetics have
established the relationship with wireless communication, as they function as the
medium, carrier, operator and finisher of the whole process of communication. More-
over, a communication system eventually needs a real entity to realize its functionality.
Therefore, it is impossible to bypass the real implementation to solely discuss com-
munication systems. In other words, all physical designs of communication systems
not only have to obey the classic physic principles, but also are constrained by the
available technologies which realize them.

For most wireless systems, they are nowadays implemented using electronic de-
vices such as capacitors, resistors, inductors, etc. The dimension was the first time
dramatically decreased since the invention of PCB technology. The earliest PCB
methods appeared in the beginning of the 20th century, but they were not widely
used at the first place in military until World War II. Before the 1950s, vacuum tubes
were often used functioning as diodes or transistors, however consuming too much
power, and they are quite fragile.

The history has totally changed in 1947 when the later Nobel Prize winners in-
vented the first semiconductor based point-contact transistor, which paved the road
of a new era of information technology. The invention of the transistor has gained
instant success as it incredibly reduced the dimension and power consumption of
electronic devices. As integrated circuit technology advanced, particularly after the
introduction of very-large-scale-integration (VLSI) and system-on-chip (SoC) tech-

nologies, commercial mass production of complicated systems on single chip becomes



feasible. This trend has made an incredible leap for contemporary wireless com-
munication systems because it has made the entire system smaller, smarter, more
compact, more endurable and more cost-effective. Not only the conventional digital
circuits such as CPU, GPU, but also analog, radio frequency (RF), mixed-signal cir-
cuits can be implemented using IC technology. Therefore, it largely facilitates the
co-design of data computing, digital processing, base band signal processing, and RF
front-end. These functional blocks which are designed and fabricated using different
processes and assembled separately, can nowadays be integrated together. As the
feature size of the IC process significantly goes down, power consumption is largely
reduced while frequency increases. An example of WLAN SoC is given in Fig. 1.6(a).
As can be seen, the analog, digital and baseband function blocks are co-designed and
integrated in one SoC. Fig. 1.6(b) shows a THz phased array chip working at 0.338
THz for the outer space probing application.

Figure 1.6: (a) 802.11a/b/g/n/ac MIMO WLAN SoC [9] and (b) 0.338 THz phased
array in 65nm CMOS [10].

1.5 Integrated Circuits Technology

1.5.1 General Basics About IC Technology

From the invention of the first semiconductor transistor, many candidate IC processes
have emerged and gradually taken market share according to their application areas.
Historically speaking, Indium Phosphide (InP), Gallium Arsenide (GaAs) and

Gallium Nitride (GaN) processes are conventionally suitable for monolithic microwave
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integrated circuit (MMIC) design, especially in the military or space application.
However, as obvious as its advantages, the very high cost, low yield and incompat-
ibilities to digital IC design prevents it from being widely used in other areas. For
example, GaAs is not a widely available resource and during the fabrication process,
there could be safety concern since As is a toxic element. Furthermore, a GaAs
device burns much higher the power than its counterparts such as complementary-
metal-oxide-semiconductor (CMOS).

On the other hand, silicon is the most accessible resource on Earth. The silicon
based technologies such as Silicon Germanium (SiGe), CMOS, have gained unprece-
dented development and deployment, particularly CMOS becomes the most widely
used and dominant process in recent years. This is why we have “Silicon Valley”

instead of “Gallium Valley”.

1.5.2 Why CMOS?

As discussed above, the CMOS process has gained large success to date, mainly
because of several apparent advantages it holds. First of all, from the aspect of solid-
state physics, silicon has higher hole mobility which makes it easier to function as fast
field-effect transistor (FET), and meanwhile it consumes less power to complete its
status transfer than other processes, e.g., GaAs. Therefore, it is intrinsically suitable
for high speed logic circuits.

Secondly, silicon is the most enriched element on Earth, and contemporary tech-
niques can assure very high purity of extraction from silicate. The silicon dioxide
(Si02) that forms the insulator in the CMOS process can also be massively produced
without technical difficulty. So the cost of CMOS is well controlled, as a result it is
largely welcomed and supported by industries.

Thirdly, compared to other silicon-based semiconductor processes such as SiGe,
CMOS does not only integrate the digital or baseband circuitry, but also the analog,
RF, mixed-signal circuitry, and even antennas.

By combining the above mentioned advantages, CMOS becomes the most popular
process for IC design and commercial mass production. According to the targeted
frequency of application, CMOS design has widely ranged from low frequency, such as
audio frequency application to mm-wave frequency application, e.g., IEEE 802.11ad
product [11], THz imager, THz radiator, etc. Recent years have even seen the CMOS
application in space technology, e.g., at NASA JPL scientists have employed standard
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CMOS technology to develop a spectrometer chip, as shown in Fig. 1.7, for future

gas detecting in outer space [12].
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Figure 1.7: Spectrometer chip with an RF front end running at 570 GHz from NASA
JPL [12].

The most critical prerequisite to enable this very high frequency application lies
in the fact that as the gate length or feature size of the FET decreases, the unit-gain
frequency and transition frequency f.x increases. The mainstream CMOS process
feature size has moved from 0.13-um in 2005 to 28-nm in 2014. Consequently, fiax
is significantly improved to hundreds of GHz, which makes application at very high
frequency such as THz (300 to 3000GHz) feasible. Another benefit gained from this
trend is the significantly reduced power that lays the foundation for wireless ultra-low
power design, e.g., ZigBee, Bluetooth low energy (BLE).

As predicted by Morgan Stanley, by 2030 when the Internet of Things (IoT)
technology is prevalent, there will be more than tens of billions of computing devices
globally. As depicted in Fig. 1.8, about every ten years, the quantity simply increases
by ten times. This trend is also in accordance with Moore’s law which claims that
every two years the number of transistors will double. According to international
data corporation (IDC), CMOS will drive a market of $32.3B by 2018 [13].
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Internet
10° of Things
‘S Mobile
S Internet
= 104 Desktop N
» Internet Tens of
2 Billions __ Billion
% — of units  of units
> 1Billion+
§ 10° Mini t Units/Users
> ME2TPEET 1 00Million+
O Mainframe 10Millions ~ —Mts
1 |e— Units
TMillion+
Units
1960 1970 1980 1990 2000 2010 2020 2030

Reproduced from Morgan Stanley Research, 2013

Figure 1.8: Computing devices increase over time [5].

In the near future, the advancement of CMOS technology will undoubtedly take

the wireless communication systems forward and play a more important role.

1.6 Contribution and Organization of the Thesis

In this thesis, we mainly address the design challenges of UWB and 5G systems by
presenting novel hardware structures, the fabricated prototypes demonstrating the
state-of-the-art performance.

First, in Chapter 2, the advantages of the TRPC scheme applied on the UWB
system design is analyzed and demonstrated, which results in an efficient design
method of UWB circuits and systems.

Second, in the first part of Chapter 3, a wideband continuous-tuning quadrature-
VCO (QVCO) for a TRPC-UWB transceiver is designed and fabricated in CMOS
process, with small phase error and low phase noise demonstrated. Furthermore, in
the second part, a novel TRPC-UWB transmitter design and verification is presented
based on carefully satisfying the system specifications. The entire TRPC-UWB trans-

mitter achieves a very high energy-efficiency.
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The third contribution is to unveil the critical design challenges of 5G user equip-
ment and provides an effective solution to deal with them. By giving a thorough
overview of the 4G UE hardware design at the beginning, Chapter 4 further pro-
poses a novel 5G UE hardware structure and design method to overcome the serious
challenges of future 5G applications based on mmWave frequency bands. The latter
sections present various 5G or mmWave hardware component designs. In Chapter
5, an on-chip mmWave antenna prototype is designed in CMOS process, and it uses
a special structure to significantly enhance radiation efficiency. Moreover, in Chap-
ter 6, K-band VCO design is analyzed and conducted; two types of VCO topologies
are fabricated and compared. Finally, in Chapter 7, based on the most recent 5G
standardization progress and ultra small on-chip inductors, two novel 5G wideband
CMOS VCO prototypes are designed and verified. In the end, Chapter 8 summarizes
the entire thesis and proposes the future work. Chapter 9 lists all the publications

associated with this thesis.



14

Chapter 2

Non-coherent UWB and
TRPC-UWB Transceiver

Architecture

As discussed in Chapter 1, UWB technology has many advantages as the candidate
solution for many challenging wireless communication situations. In this thesis, a
new non-coherent UWB architecture, TRPC-UWB transceiver, is introduced and

analyzed.

2.1 Non-coherent UWB and TRPC Scheme

Low-cost, low-complexity, and low power consumption solution has always been the
target of wireless communication systems. And this is the very motivation for the
application of non-coherent UWB (NC-UWB) systems. There are several advantages

of such systems [4].

e Compared to an MB-OFDM UWRB system, it does not require the complicated

and power-consuming fast fourier transform (FFT) processor.

e Simpler receiver structure as there is no need of multipath propagation channel

estimation, therefore no need for equalizers.
e Robust performance to time variation.

e Immunity to pulse distortion caused by frequency dependent antenna and chan-

nel effects.
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NC-UWRB systems can be realized by many modulation methods, for example pulse
position modulation (PPM), pulse amplitude modulation (PAM), 2 phase-shift keying
(2PSK), on-off keying (OOK), etc. To furthermore solve the channel estimation issue,
transmit-reference (TR) based modulation has been proposed for UWB systems. The
following describes the mathematical modeling of several types of NC-UWB systems.

e Non-coherent pulse position modulation (NC-PPM) signaling

1-b, [By,_ . 14+0b, [E
s(t)= — Q—J\ZS(LLH 5 ,/2—]$fs(t—Ts/2) (2.1)

where, b,, € {41, —1} is the mth bipolar information bit, Ej, is the average

energy per bit, N is the number of repeated dual pulse (DP) pairs in one

cluster, T is the symbol duration, and furthermore,
Ne—1
5= lg(t = mTy = 2iTa) + (—1) - g(t = mTs — (2i + 1)Ty)]
i=0
where Ty is the delay between the reference and data pulse.
e Transmitted reference (TR) signaling [14]
o Np—1
s(t 2Nf > gt —mTy —iTy) + bg(t — mTy — iTy = Ty)]  (2.2)

m=—oo =0

In order to avoid inter symbol interference (ISI) and interframe interface, the

following criteria should be satisfied
Td > Tmax + Tpan > 2TdaTs > Nfo

where Ty denotes the maximum channel delay, 7T}, is the pulse width, and 7%

is the frame length.

e Transmitted reference pulse cluster (TRPC) signaling [14]

s(t)= \/Q%f _Z i_: [g(t — mTy — 2iTy) + bng(t — mT, — (20 + 1)iTy)]
(2.3)
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. Where N; stands for the number of the dual pulse (DP) pairs in one cluster,
and Ej indicates the average energy per bit, and ¢(t) is the composite pulse time-
domain equation with a pulse width T3, T} is the symbol duration, Ty > T, and
Ty > 2N¢Ty + Tmax-

By giving a brief review of NC-UWB systems, the TR technique was first proposed
in a delay-hopped TR system in [16]. One obvious advantage held by the TR structure
is that it does not need explicit estimation of multipath UWB channels. In the TR-
UWRB scheme, as also indicated in ( 2.2), a pulse doublet represents the information
data and it consists of a reference pulse and a data pulse with a short time delay
isolating them. Normally, one bit is represented by multiple frames because of the
FCC regulations for power spectral density. Therefore, another advantage of the TR
receiver lies in the facts that it can employ the multiple-frame scheme to increase the
SNR.

However, the conventional TR has typical drawbacks. First of all, for real im-
plementations, a conventional TR receiver needs a long delay line to perform the
autocorrelation and even a longer one to execute the analog noise averaging. Fur-
thermore, it loses 3 dB in signal power due to the transmission of the reference pulse
that carries no signal information.

In order to solve the long delay line issues of conventional TR systems, the TRPC
scheme [14], as shown in Fig. 2.1, proposes to repeat a closely spaced pulse pair every
2Ty , where Ty is the short separation between the reference pulse and the data pulse
in one dual-pulse (DP) pair. If Ty equals T}, although it seems against the intuition,
as inter pulse interference (IPI) may be very severe in a UWB channel [14], it can be
proved through equation derivation that TRPC-UWB outperforms conventional TR,
NC-PPM based UWB by several dB. Unlike conventional TR, the reference pulses in
TRPC can be used with the data pulses in the previous pairs to collect energy for
data detection. This is indicated in the equation

E,

Ergrpc = (2Ny — 1) - N (2.4)
f

Furthermore, according to [17], the IEEE 802.15.4a channel models can describe the
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UWB channel, and it can be described

=

h(t) = Oék(S(t - Tk) (25)
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Figure 2.1: TRPC structure [14].
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Figure 2.2: BER of TRPC and noncoherent systems with Ny =4 in (a) CM1 channels
(b) CM8 channels [14].

Fig. 2.2 shows that when the BER equals 1073, in both channel mode 1 (CM1)
and channel mode 8 (CM8) channels, TRPC outperforms NC-PPM for both ‘+1" and

‘17 pulse scenarios.
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2.2 TRPC-UWB Transceiver Topology and Spec-

ifications

According to the above introductions and discussion about TRPC scheme and mathe-
matical modeling, we can give the following summary. The advantages and benefits of
TRPC include noise reduction, simple detector, and higher data rate. Particularly, it
largely reduces the complexity of the RF front end design of the transceiver, which is
very critical and beneficiary for the circuitry level implementation. The TRPC-UWB

transceiver structure is described below.
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Figure 2.3: TRPC-UWB transceiver block diagram [15].

As depicted in Fig. 2.3, a passband TRPC-UWB transceiver consists of base-
band signaling (pulse shaping), up-conversion, down-conversion, and baseband signal
processing and detection blocks.

Furthermore, the baseband signaling realizes the generation of the TRPC base-
band signals and its mathematical modeling is given in (2.3). For the up-conversion
part, the local oscillator will generate the in-phase/quadrature signals to modulate
the input TRPC baseband signal. The up-converted TRPC-UWB signal will comply
with the UWB standards for the frequency range (3.1 to 10.6 GHz), and also FCC
amplitude limit. So we can name the modulated TRPC-UWB signal in two paths
I (t) and Qy(t), respectively. Eventually, these two UWB signals will be combined
and transmitted through the UWB antenna and channel. The received signal r(t) at
the receiver end will be down-converted by the in-phase/quadrature LO signals, I,..(t)
and Q.. (t), respectively. After passing through low pass filters (LPFs), two baseband
components will be generated, r;(t) and r¢(t). And after autocorrelation, recombina-
tion, integration, and decimation, the real data information can be recovered at the

final output of the receiver.
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Then here comes something interesting about LO signals. In the real implemen-
tation scenario, LLO signals always have a frequency offset from the expected carrier
frequency f.. Furthermore, it also has phase noise, and constant frequency offset
between the transmitter and receiver end. Therefore, it will be quite valuable to
investigate how these parameters influence the performance of the proposed TRPC-
UWB transceiver system. For simplicity, instead of using a PLL based frequency
synthesizer, a free-running VCO is employed to function as the LO signal. Therefore,
a practical model of a noisy VCO in [18], [19] can be employed to model the LO
signals at both the transmitter and receiver ends, and the equations are formulated
in [15].

L1 (t) = cos 2 fet + 04(1)]

Qi(t) = —sin 27 fot + 0, (1)],

L. (t) = cos 2w (f. + Af)t + 0,.(t) + ¢], (2.6)
Qra(t) = —sin[27(fe + Af)t + 0,2(t) + 9],

where Af stands for the constant carrier frequency offset and ¢ is the initial phase
difference between the transmitter and receiver end, and this can be considered as two
uniformly distributed random variables over [—¢, +¢] MHz? and [0, 27), respectively.
0;.(t) and 6,,.(t) are the phase noise terms and they are described by independent
Brownian motion processes [15]. Furthermore, the random process can be expressed
as [17]

0(t) =27 /t,u(T)dT (for t > 0), (2.7)

where, according to [15], u(t) is a zero-mean white Gaussian noise process with a two-
sided PSD of Ny, and therefore (t) can be treated as a zero-mean Gaussian process

with variance

Var[0(t)] = (27)*Nit = 2nf3t, (2.8)

where 5 £ 27N, is used to indicate the severeness of the phase noise and it is also
referred to as half-power or 3-dB bandwidth of the noisy carrier, because the PSD
of a noisy cosine or sine carrier given by ( 2.7 has been shown to be a Lorentzian
spectrum with 3-dB bandwidth of 27Ny [17]). Then the transmitted passband TRPC



21

signal should be expressed as
st(t) = s(t) cos 2 fot + Op.(t)] — s(t) sin [27 fot + 01 (1)] . (2.9)

Then, after the transmitted signal sp(t) goes through the UWB channel, the
antenna, and the bandpass filter (BPF), the received signal r(¢) can be expressed
as [15]

r(t) = sr(t) @ h(t) +n(t)

= ags(t — Tk){ cos 2m fo(t — %) + O (t — 71)]

=

o

—sin 27 fo(t — %) + Op(t — 71)] } + n(t), (2.10)

where n(t) is the BPF-filtered complex additive white Gaussian noise (AWGN)
with a one-sided PSD of Ny. r(t) is then downconverted by LO signals I,,(t) and

Q.+ (t) , respectively, and we have

Fr(t) = r(t) ()
= r(t)cos 2m(fe + Af)t + 0,.(t) + ] (2.11)

and

fo(t) = r(t)Qr(t)
= —r(t)sin[27(f. + A+ 0,,(t) + @], (2.12)

respectively. After 7;(t) and 7g(t) are filtered by two LPFs with a bandwidth of
more than 500 MHz, the two respective baseband components r;(t) and r¢(t) can be
obtained [15].
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First, (2.10) can be rewritten as

K-1

mw;;}jwquw%%pwg+%@—mﬂ

k=0
—sin [27rfct + 04, (L — Tk)} } + n(t)

=

Q

ags(t — Tk){ coS [27rfct + Htx(t)]

—sin [27 fot + 05, (1)] } + n(t)
= 3(t) cos [2mfot + 04, (t)] — S(¢) sin [27 fot + 6,,(1)], (2.13)

B
Il

where we have, 5(t) £ s(t) ® h(t) + np(t), where np(t) denotes the complex baseband
AWGN with a one-sided PSD of Nj.
Using (2.13), (2.11) and (2.12) can also be rewritten as

ri(t) = §(t){ cos [27 fut + b;,(t)] — sin [27 fot + 0,0 (¢)] } cos [27(fe + Af)E+ 0,4(t) + o]

(2.14)
and
Folt) = —é(t){ cos [27 ft + O,0(£)] — sin [27 fot + 00 (£)] } sin [27(f. + Af)E+ 0,0(1) + 6]
(2.15)
respectively,

By using trigonometric formulas to (2.14) and (2.15), it is obivious that only four
uncertainties, namely 6;,(t), 0,.(t), Af, and ¢ remain in the low-frequency terms, and
the unwanted high frequency terms can be removed by the LPF filters [15]. Therefore,
the two LPF-filtered baseband components are

ri(t) = wﬂmqmw—%Aﬁ—@—aﬂmn—%Aﬁ—@} (2.16)

N —

and

ro(t) = mﬁaﬂm@—%Aﬁ—@+mqmw—%Aﬁ—ﬂ} (2.17)

N | —

respectively, where O(t) = 0,,(t) — 0,.(t). Using (2.16) and (2.17) and employing
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trigonometric formulas, the combined baseband signal can be given by

re(t) = ri(t)rp(t = Ta) +ro(t)rg(t — Ta)
(t)5*(t — Ty) cos [O(t) — O(t — Ty) — 2w AfTy)]

N =N =
VAl W

(t)8*(t — Ty) cos [®(1)], (2.18)

Q

where ®(t) £ O(t) — O(t — Ty), and the approximation holds because 27 A fT can be
negligible for the case that Af € [—5,45] MHz and T, = 2.02 ns [15]. It is worthy
mentioning that we use 5 MHz as an empirical value of offset frequency in the wireless
communication systems. Note that the receiver step in (2.18), together with the I-Q
up/down-conversion, can successfully cancel the constant carrier frequency offset A f
and the phase offset ¢ between the free-running transmitter and receiver VCO’s.

These advanced features brought by the TPRC scheme can largely mitigate the
UWRB transceiver design, and therefore enables a low cost, low complexity and low
power consumption design. For example, a phase-locked loop (PLL) is needed in
almost every contemporary direct conversion based RF front end, but it is not really
mandatory in TRPC-UWB transceiver structures since the frequency and phase offset
of a free-running VCO can be cancelled.

In summary, for the hardware implementation of a TRPC-UWB transceiver, a
block diagram has been proposed based on the I-Q modulation/demodulation struc-
ture. Through the mathematical modeling, this TRPC scheme can successfully
remove the frequency and phase offset. Therefore, in our proposed TRPC-UWB
transceiver and its circuitry implementation, a PLL is not needed to provide accu-
rate frequency /phase locking, and only a free-running quadrature VCO is employed
to provide the LO signal. Consequently, the complexity and power consumption is

largely reduced.
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Chapter 3

TRPC-UWB System-on-Chip
Design in CMOS Process

This chapter mainly explores the feasibility of implementing a TRPC-UWB system
using advanced integrated circuits technology through design, verification, test and
comparison of two most critical function blocks of the TRPC-UWB transceiver, i.e.,
the local oscillator (LO) and RF front end in the 0.13-um CMOS process.

3.1 Local Oscillator Design for TRPC-UWB

Transceiver

3.1.1 Specifications of Local Oscillator for TRPC-UWB

As discussed in the previous qualitative analysis, the advanced features of the TRPC
scheme make the performance requirement for the local oscillator less severe, however,
its superior characteristics to cancel the frequency and phase offset are based on
employing IQQ modulation and demodulation. That means, for the RF front end of
both TX and RX, not only IQQ modulator and demodulator are needed, but also the
quadrature signals should be generated. Therefore, for the implementation of the
UWB transceiver, the direct-conversion or ‘Zero-IF’ architecture is employed, which
is also well known for its image-rejection function [20].

On the other hand, a UWB signal normally occupies a bandwidth of more than
500 MHz, therefore the LO signals of TX and RX have to be separated at least

by 500 MHz. Normally, there are several ways of generating quadrature signals:
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a quadrature voltage-controlled oscillator (QVCO); one single VCO plus polyphase
filter (PPF); frequency division of a differential VCO working at twice the targeted
frequency. However, a passive PPF not only introduces attenuation on the LO signal
but also takes a large area to realize. On the other hand, an active PPF consumes DC
power with higher complexity of the circuits in order to suppress the phase error [21].
Moreover, a double frequency VCO consumes more DC power to combat the phase
noise, and a high-performance frequency divider also drains the power. Therefore, in
this thesis, a QVCO is adopted to generate the in-phase/quadrature LO signals.

In the field of oscillator design, recent years have seen LC-tank VCOs widely used
in wireless system-on-chip (SoC) front ends, mainly due to their superior performance
in phase noise and power consumption over ring-oscillator type VCOs. To furthermore
expand the tuning range, several topologies have been developed, e.g., MOS varactor
LC VCO, switched inductor LC VCO, switched-capacitor LC VCO [22], transformer
based LC VCO [23], [24], switched-transformer LC VCO [25], etc. There are trade-offs
for a designer when determining the topology for a specific application.

Moreover, a popular QVCO topology is to directly couple two symmetric LC VCOs
to force the output of four quadrature signals. However, the quadrature coupling
exists which degrades the figure of merit (FOM) when compared to an independent
VCO, and therefore careful considerations should be made when coupling two LC
VCO cores. This project proposes the design of a wideband quadrature LC VCO,

and investigates the optimum coupling of two LC VCO cores.

3.1.2 Quadrature VCO Architecture

By taking a glance at the generic block diagram of a QVCO in Fig. 3.1, two stand-
alone differential VCOs are directly coupled, and VCO_2 gives the negative feedback
to VCO_1. When the stable oscillation happens, the total phase shift of the loop has
to be an integer multiple of 27. Since the phase shift contributed by two individual
VCO is identical, the phase of VCO_2 lags behind VCO_1 by nm — 7/2 , hereby

generating the quadrature signals.
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Figure 3.1: Block Diagram of QVCO.

At the very beginning of implementing such a QVCO, a well know topology re-
ferred to as parallel QVCO (P-QVCO) was presented in [25]. As depicted in Fig. 3.2,
Meprir and Mepro, Mceprs and Mepry provide the coupling between two differential
VCOs, and the cross-coupled transistors Mgw; and Mgwa, Msws and Mgy, form the

negative-resistance pairs to compensate the energy loss of the LC tanks during the

oscillation.
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Figure 3.2: Schematic view of P-QVCO.

However, this parellel QVCO (P-QVCO) structure has not been widely used
mainly due to its comparatively poor phase noise performance and a tough trade-
off between the phase noise and phase error [26]. If a low phase noise is desired
for the system, the coulping between the two VCOs has to be comparatively small,
hereby leading to an increased phase error, which is eventually at the expense of the
image rejection ratio (IRR). This design trade-off for P-QVCO is unavoidable, no

matter how small the component mismatch can be controlled to.
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To overcome this defect, Andreani in [27] presented a novel series QVCO (S-
QVCO), or referred to as top-series QVCO (TS-QVCO) as redrawn in Fig.3.3. The
coupling pairs Mcpr,; and Mcpre, Mcprs and Mcprs are in series with the negative
resistance nMOS pairs Mgw; and Mgweo, Msws and Mgw,4. This cascode configuration
has been proved to largely reduce the noise 28], [29]. Moreover, there is no design
constraint between the phase noise and phase error for S-QVCO, which implies the

phase error is mainly determined by the component mismatch.
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Figure 3.3: Schematic view of S-QVCO.

3.1.3 Detailed Wideband LC Quadrature VCO Design

In the continued effort on expanding the tuning range (TR) and realizing multi-band
VCOs, several topologies have been developed. MOS varactor LC VCOs bring a large
tuning range. However, the consequent high tuning sensitivity brings the penalty of
degrading the phase noise performance [25]. The switched-inductor technique enables
frequency hopping. However, the parasitic capacitance and resistance introduced by
the active switch deteriorates the overall quality factor (Q) of the LC tank, hereby
leading to a worse phase noise.

It is worth particularly pointing out that, originally presented in [23], a transformer

based multi-mode VCOs topology connects multiple LC-tanks through a transformer.
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This frequency hopping operation is realized by configuring the transformer’s capac-
itive load, therefore a high inductor Q is feasible. However, it requires the center fre-
quency of each LC tank to separate significantly [30]. Moreover, due to the parasitic
capacitive coupling between the two LC tanks, the frequency pulling is unavoidable
which causes the shift of the oscillation frequency [24]. In the TRPC-UWB transceiver
application where a moderate tuning range, low phase noise, and small phase error
are preferably targeted, the switched-capacitor combined with MOS varactor tuning

technique is therefore chosen.

. B R Conk ____ 1 o Cuan ] i
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Figure 3.4: Schematic view of proposed wideband QVCO.
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A. QVCO Architecture

As depicted in Fig. 3.4, based on the top-series QVCO (TS-QVCO) topology, each
VCO core has employed the double-switch-pair VCO (DS-VCO) topology because of
its superior phase noise performance and efficient use of bias current [31]. A high
tuning sensitivity will bring many undesired penalties such as high phase noise, and
a large PLL loop filter to suppress the thermal noise [28], which leads to integration
difficulty on the chip. Therefore, in order to minimize the tuning sensitivity and at
the same time obtain a large tuning range, a 2-bit switched MIM capacitor bank is
designed for the digitally controlled tuning in each VCO core. Moreover, a small-sized

MOS varactor is used to provide the continuous analog tuning.

B. QVCO With Inductor Coils

For the design of a low nanohenry on-chip inductor which serves wideband multi-
GHz applications, the parasitic inductance introduced by the physical connections
of VCOs becomes significantly larger in the contribution of the total equivalent in-
ductance. This parasitic phenomenon becomes more apparent on the QVCO, and
therefore the ADS Electromagnetic (EM) solver, Momentum, was used to perform an
accurate calibration of both the inductor coils and the interconnections.

In order to obtain a high inductor @, two parallel thick metal layers (available
in this process) are employed to decrease the resistive loss. The ground plane is de-
signed in a special way so that the energy loss on the silicon substrate is diminished.
In addition, the magnetic coupling of two inductors and the mismatch of other com-
ponents both contribute to the phase error and therefore demands careful design in
the layout.

To lessen the magnetic coupling effect, a spacing of approximate one inductor’s
diameter is kept between the two coils. According to the EM simulation in ADS, the
coupling coefficient k is below 0.002 at the frequency of interest. As a result, it will

generate a quadrature angle difference explained in [28], and expressed as:
d = 2arctan(k) (3.1)

As a result, the quadrature phase error contributed by the magnetic coupling

should theoretically not surpass 0.3°.
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3.1.4 VCO Measurements Results

This prototype QVCO is fabricated in a 0.13-um CMOS process. The chip photo
is shown in Fig. 3.5, and the dimension is 0.69x0.48mm?, excluding the bond pads
and electrostatic discharge (ESD) protection. Fig.3.6 shows the measured analog
continuous tuning range versus control voltage, for 4 digital tuning modes. The
Boolean values ‘1’ and ‘0’ indicate the on and off status of switch SO and S1 in

Fig.3.4. The measured tuning sensitivity ranges from 106 to 127 MHz/V.

Figure 3.5: Chip photo of the fabricated quadrature VCO.
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Figure 3.6: Tuning range versus control voltage.
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In each VCO core, over the entire tuning range, the current drained is from 6.1 to
6.25 mA, which corresponds to a power consumption of 10.98 to 11.25 mW under the
1.8 V power supply. Fig. 3.7 shows that when working at 5.1 GHz, the phase noise at
1 MHz offset frequency for this QVCO is -116.46 dBc/Hz. And across the full tuning
range from 5.05 to 5.84 GHz, the measured worst phase noise is -113.9 dBc/Hz at 1
MHz offset.
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Figure 3.7: Measured phase noise of QVCO at (a) 5.1 GHz and (b) 5.46 GHz.

In order to evaluate the VCO’s overall performance, the phase-noise FOM equation
[27] is used:

FOM=10log (3.2)

(&) 7
where f. indicates the center frequency of QVCO, Af is the offset frequency, L(Af)

stands for the phase noise measured at the offset frequency of Af, and P,,w stands

for the power consumption in the unit of milli-watt. Across the tuning range, the
FOM ranges between 180.2 and 178.7 dB.
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Figure 3.8: Output quadrature waveforms of QVCO working at 5.51 GHz.

The time-averaged mean phase error was obtained by directly measuring and
comparing the in-phase and quadrature output waveforms of the QVCO in the time
domain. Fig. 3.8 indicates that the measured mean phase error for the QVCO working
at 5.51 GHz is 1.716° (90° minus 88.284° which is the measured mean value and
highlighted using red circle in Fig. 3.8). Moreover, the measured mean phase error ¢,
across the entire tuning range is below 1.8°. If a purely multiplicative, hard-switching

mixer is used [32], such a phase error corresponds to more than 36 dB of IRR.

3.1.5 Conclusion of Project

In this subsection, a top-series quadrature VCO using switchable capacitor banks
and MOS varactors has been designed and fabricated in 0.13-ym CMOS process. It
realizes a wideband tuning range of 14.67%, with small tuning sensitivity. And the
measured phase-noise FOM varies from 180.2 to 178.7 dB at 1 MHz offset across the

entire tuning range while the quadrature phase error is well controlled below 1.8°.
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3.2 A Wideband IQ Modulator for TRPC-UWB

Transmitter

3.2.1 TRPC-UWB Transmitter Specifications and Architec-

ture

According to the previous study of TRPC-UWB system-level specifications and FCC
regulations, over the frequency range from 3.1 to 10.6 GHz, the emission power spec-
tral density (PSD) should not exceed -41.3 dBm/MHz, so that UWB signals will not
intefere with other services. Direct-conversion topology is proved to be a reliable
solution for most transceiver systems due to its highly pure output without undesired

frequency products [20].
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Figure 3.9: Block diagram of TRPC-UWB RF front end.

As depicted in Fig. 3.9, pulse clusters which occupy a bandwidth from DC to more
than 500 MHz are directly fed into the wideband active baluns in the I and Q paths.
An IQ modulator realizes the frequency up-conversion and its performance dominates
the overall quality of the entire front-end. The proposed 1Q modulator consists of
two double-balanced mixers. Eventually, the up-converted differential RF signals are
transformed to the single-ended signal through a differential to single-ended (D-to-S)

converter.
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In a UWB system which has a pulse repetition frequency Rp, the relationship
between the entire power of full bandwidth (FBW) peak power and the average power
of the UWB signal is indicated by

P.=P

ave peak

A (3.3)

where A is the pulse duty cycle, and it equals the product of effective pulse width 7
and Rp.

However, due to limited resolution bandwidth (RBW) in measurements, the mea-
sured peak and average power vary from the theoretical calculations above. The
constraint considering the peak and average power of pulses in UWB systems has
been revealed in [33], and particularly when pulse rate Rp is higher than the RBW
filter bandwidth BR, the following equation is given:

P;;e = :elak = (RP : TR)2 ’ Ppeak ’ 7-2 ’ BR2 L peak ” 7-2 ’ Rp2 (3 4)
R, >> Bgp. '

As shown in the equation above, the RBW filter in the spectrum analyzer effectively
sums IR, - Tr pulses, consequently the amplitude increases by R, - 7 times, and the
power by (R, - TR)2 times. On the other hand, in the proposed TRPC scheme that
one symbol consists of Np (>1) pulses and transmits a data rate of R, the pulse
repetition rate Rp becomes R, - R. So when R is larger than BR, the expression for
measured peak and average power is:

P;Ze: ];Zak:(NP'R'TR)z'Ppeakz'TQ'BRQ:NpQ'Ppeak'T2-R2 (35)

R >> Bp.

As can be seen from the equation above, the measured power will increase by 6.02
dB when the number of the pulses is doubled. As regulated by FCC, the average

radiated emission from a UWB system should meet the requirement below:

P" < —41.25 dBm or 75nW in 1 MHz RBW

ave

(3.6)

B
pro< ([ ==E =) x1mW for 10° < B < 50 x 10°.
P 50 x 10

As calculated, P, ranges from 400 nW to 1 mW. In this work, the designed date
rate ranges from 10 to 300 Mbps, which is much larger than RBW. So the FBW peak
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power Ppex is FCC average power constrained and can be calculated accordingly.
However, the exact corresponding amplitude of the pulse largely depends on the
pulse‘s characteristics and can be analyzed as follows. As described earlier, the TRPC
scheme employs the root raised cosine (RRC) pulse based clusters to modulate one
symbol. Each RRC pulse occupies a time duration of 7},, and its time-domain function

is expressed as:

28 cos[(1+B)7t/T] + W

S0 =Ar- 1 — (48t/T)’

(3.7)

where (= 0.25 in this work) is the roll-off factor, AF' is the amplitude factor and 7" is
the sampling time. Furthermore, if a local oscillation (LO) is employed to modulate
the RRC pulse to realize the frequency up-conversion, the up-converted signal at the

transmitter output is simply expressed as
H(t) = Arx - S(t) - cos (wro - ). (3.8)

As shown in the equation, Arx is the peak amplitude of the output UWB signal
and its value depends on the conversion gain of the modulator and also the pulse
amplitude. Therefore, its FBW power peak of the UWB transmit signal can be

calculated as
Tp/2

H2(t)
dt 3.9
Z . Tp b ( )
—Tp/2

PPeak,RRC =

where Z is the load impedance of the measurement instrument, and 7p is the time
duration of the pulse. Due to the carrier modulation, the peak amplitude will be
approximately several times larger than the base band signal while their powers are
equal. By utilizing equations above, the exact amplitude of the RRC pulse under

FCC average power constraint can be calculated.

Wideband Active Balun

Since a passive balun normally occupies large physical area and introduces loss that
increases the NF, an active balun is thus chosen to transform the differential baseband
signal to single-ended basedband signal. Although a high gain, as mentioned earlier, is
not required, the gain flatness, NF, and linearity need to be optimized. Furthermore,

the phase and amplitude imbalance should be well controlled.
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Figure 3.10: Schematic of the wideband active balun.

As shown in Fig. 3.10, the polysilicon resistors provide biasing without addition-
ally inducing the flicker-noise. The input signals are separated in two paths. In
the first path, Mg,1, Mgus and Ry consist of the common-gate (CG) amplifier with
NMOS current source, which has a positive voltage gain. In the second path, a cas-
code structure is employed by stacking the common-source (CS) stage and CG stage
together. NMOS transistor Mgy is the input device configured in the CS stage, and
Mg,o forms the CG stage. The two paths are separated by C;, which functions as both
DC blocking and phase/amplitude compensation. By using this topology, not only
the noise but also the distortion of the CG transistor is cancelled [34]. Simulation
results indicate that, from DC to 1 GHz, the single-ended gain ranges from 2 to 4
dB, the maximum NF is 8 dB. The phase imbalance is smaller than 1°, while the

magnitude distortion is lower than -49 dB.

3.2.2 Up-conversion Mixer Design

The double-balanced Gilbert mixer topology is employed for holding the merits such
as low even-order distortion products, high input second-order interception point

(ITP2), high isolation among ports, etc.
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Figure 3.11: Schematic of up-conversion mixer based on the current injection tech-
nique.

As depicted in Fig. 3.11, an up-conversion mixer consists of an input trans-conductance
amplifier, LO switches, and passive loads. The switches do not contribute flicker
noise at the RF output, but the trans-conductor contributes its flicker noise to frp
at the output through the frequency translation [35]. The third-order intercept point
(IP3) is primarily determined by the overdrive voltage of the input transistor in the
trans-conductance stage. Thus, the linearity needs to be maximized while keeping a
reasonable NF and conversion gain. A quasi-differential pair with the sources touched
to the ac ground consists of the trans-conductance part as this topology can achieve a
higher IP3. PMOS transistors My, M2 and Mg will dynamically inject the current
to M5 and Myg only when the zero-crossings of the LO signal happen. Therefore,
the LO signal is biased at a voltage level which conducts My only during the time of
zero-crossing. The current injection significantly reduces the flicker-noise translation
to the RF output. Current injection is found to increase the bias current of M5,
M6, without changing the bias current of My; to My, [36], and as a result, IP3 is
improved. In simulations, at the frequency of interest, the single-side band (SSB)
noise figure varies from 16.2 to 19.3 dB while IIP3 is from 3.8 to 7.8 dBm. The LO
to RF feed-through is smaller than -40 dBc.
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3.2.3 Differential to Single-ended Converter
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Figure 3.12: Schematic of the D-to-S converter.

A D-to-S converter combines the differential input RF signals to the single-ended
in-phase signal at the RF output. As depicted in Fig. 3.12, in the small signal model,
signal IN+ goes through a source follower to the output, while IN- is fed into a CS
amplifier. The inductor compensates the phase shifted by the parasitic capacitance
[37]. The dimensions of the transistors and the value of the inductor are set properly
according to a trade-off among NF, phase and gain imbalance. Two bias voltages
are provided so that the gain of the converter can be adjusted in order to comply
with the FCC mask under different working modes. By using the current sharing
technology, the maximum power consumption is reduced to around 4 mA under a
1.2-V power supply. Simulation shows that, in the frequency range of 1 GHz to 10
GHz, the maximum amplitude imbalance is 0.61 dB, the maximum phase imbalance

is 8°, and the unloaded single-ended gain is from 3.6 to 2.8 dB.

3.2.4 Fabrication and Measurements

As shown in Fig. 3.13, the fabricated chip occupies an area of 1.25x0.78mm?, exclud-

ing the bond pads. The die is packaged in open cavity package (OCP) - quad flat
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no-lead (QFN) 40 ceramic package. A two-layer PCB of FR-4 material is designed as
test board as shown in Fig. 3.14.
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Figure 3.14: Test PCB of UWB TX front end.

An arbitrary waveform generator (AWG) is programmed to generate baseband
pulse clusters at a symbol rate from 10 to 300 Mbps. As summarized in the Table
3.1, the number of pulses and the pulse durations are varied according to different TX
working modes. The measured maximum current over the operational frequency for
the whole system is 24.5 mA under the 1.2-V power supply. The current consumed
in active baluns, up-conversion mixer, and D-to-S converter is 8.7, 11.8, and 4 mA,
respectively. Besides the function test, several RF characterization measurements
have been done. As can be seen from Fig. 3.15, the carrier leakage at 3.711GHz

is only -80.19 dBm which corresponds to a carrier leakage suppression of 37 dBc.



40

Table 3.1: TRPC-UWB TX working modes

Operation Mode | Np | Tpns | Pulse BW (MHz)
10 Mbps 8 1.65 650
20 Mbps 8 1.65 650
40 Mbps 8 0.85 1180
100 Mbps 4 0.85 1180
200 Mbps 4 0.85 1180
250 Mbps 3 0.85 1180
300 Mbps 2 0.85 1180

The sideband suppression achieves 29 dB. The time-measured basedband signals are
shown in Fig. 3.16(b).

Mkr1 3.711 0 GHz
fo gBJdiv Ref -23.00 dBm -80.19 dBm

-330

-430

Start 3.0000 GHz Stop 4.5000 GHz
#Res BW 16 kHz VBW 16 kHz Sweep 7.06 s (1001 pts)

Figure 3.15: Carrier leakage and SSBS measurement at 3.711 GHz.
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Figure 3.16: Measured time-domain signals of (a) TRPC baseband and (b) TRPC-
UWB TX.
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Figure 3.17: TRPC-UWB output spectrum under 10 Mbps 8 pulses and 3.827GHz
carrier mode.

Fig. 3.17 shows the measured output spectrum when the carrier frequency works
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at 3.827 GHz, which fulfills the FCC emission mask. 10 Mbps to 300Mbps date rate
under both low and high frequency bands have been tested and verified. The TRPC-
UWB TX time-domain signals are given in Fig. 3.18 under 100 Mbps and 250 Mbps,

respectively.
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Figure 3.18: Time-domain signal of 7.88 GHz carrier TRPC-UWB TX mode (a) 100
Mbps and (b) 250 Mbps.
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Fig. 3.19 shows the measured output spectrum when the carrier frequency works
at 7.88 GHz, and it still fulfills the FCC mask. Under the 250 Mbps mode and high

carrier frequency, the energy efficiency can achieve a state-of-the-art value of 38.4

pd/pulse.
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Figure 3.19: TRPC-UWB output spectrum under 250 Mbps 3 pulses and 7.88 GHz
carrier mode.

3.2.5 Summary

A novel TRPC-UWB transmitter front-end is realized in the 0.13-um CMOS pro-
cess. It achieves a very wide frequency range from 3.1 to 8.2 GHz, with good carrier

suppression, single sideband suppression and linearity, while consuming low power.
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Chapter 4

The 5G Wireless Systems and

Hardware Design

Research and development on the next generation wireless systems, namely 5G, has
experienced explosive growth in recent years. In the physical layer (PHY), the massive
multiple-input-multiple-output (MIMO) technique and the use of high GHz frequency
bands are two promising trends for adoption. Millimeter-wave (mmWave) bands such
as 28 GHz, 38 GHz, 64 GHz and 71 GHz which were previously considered not suit-
able for commercial cellular networks, will play an important role in 5G. Currently,
most 5G research deals with the algorithms and implementations of modulation and
coding schemes, new spatial signal processing technologies, new spectrum opportu-
nities, channel modeling, 5G proof of concept (PoC) systems, and other system-level
enabling technologies. In this chapter, based on a review of leading mainstream
mobile handset devices, we conduct a thorough investigation on the contemporary
wireless user equipment (UE) hardware design, and unveil the critical 5G UE hard-
ware design constraints on the radio frequency (RF) architecture, antenna system,
RF and baseband (BB) circuits, etc. On top of the said investigation and design
trade-offs analysis, a new highly reconfigurable system architecture for 5G cellular
user equipment, namely distributed phased arrays based MIMO (DPA-MIMO) is
proposed. Finally, the link budget calculation and data throughput numerical results

are presented for the evaluation of the proposed architecture.
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4.1 How to Achieve 1000x Wireless Data Capacity
by 20207 Opportunities and Challenges

In the cellular world, tremendous efforts have been devoted to delivering higher quality
of service (QoS) and quality of experience (QoE) since the very first cell phone call
was made in 1973. In the 3rd Generation Partnership Project (3GPP) roadmap,
several representative techniques have marked the milestones to further accelerate
such trend, namely, device-to-device (D2D) communication for boosting geographic
spectrum reusability [38]; heterogeneous and small-cell network (HetSNet) targeting
at deploying small cells in addition to macro cells at the same or different carrier
frequencies [39]; carrier aggregation (CA) for larger radio frequency (RF) bandwidths;
new carrier type (NCT) for exploring more spectral resource; enabling higher order
modulation scheme and more layers of spatial multiplexing (SM) for higher spectral
efficiency (SE). In the 3GPP release 12, 8 x 8 multiple-input-multiple-output (MIMO)
for downlink, 4 x 4 MIMO for uplink, 5 carrier components (CCs) and 256 quadrature
amplitude modulation (QAM) are supported to satisfy the increasing wireless capacity

needs. Fig. 4.1 describes how a future 5G heterogeneous network looks like.

Large MIMO
network

Mobile femtocell
network

.....

Figure 4.1: 5G heterogeneous wireless cellular architecture [40].

As one critical index in both QoS and QoE, 5G peak downlink throughput (PDLT)
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is expected to achieve 10 Gbps in the dense urban environments [41]. This can be
translated to a very high SE requirement of at least 100 bits/s/Hz based on the
maximum 100 MHz bandwidth (BW) that a mobile network operator currently can
support through enabling five CCs. If the RF bandwidth is fixed, such high SE
requirement leads to using either a higher order modulation scheme or more layers of
SM, or both. The PDLT is given by

PDLT (BRF X NQAM X NCA X NMIMO) (41)

where Bgp is the RF bandwidth for one single carrier, Ngoam represents the modu-
lation order, Nca is the number of aggregated carriers, and Nymvo stands for the

number of MIMO spatial multiplexing layer. Therefore, the SE can be expressed as
SE (NQAM X NCA X NMIMO). (42)

Nevertheless, from the implementation point of view, high modulation order and wide
RF bandwidth unavoidably require power-hungry, complicated and high-performance
RF and baseband circuits. On the other hand, a high order of MIMO is confronted
with the limitation of antennas’ physical dimension, spacing, and radiation efficiency
(RE). Based on emerging user equipment (UE) design techniques, a mobile phone
handset can accommodate at most 4 x 4 MIMO antennas with 256-QAM modulation
adopted [42], which theoretically boosts PDLT up to approximately 1960 Mbps when
using five CCs. On the other hand, such UE design already reaches the maximum
spatial multiplexing gain due to the limited hardware area for embedding MIMO
antennas of low GHz frequency bands. This also indicates that, at the UE end, the
highest achievable SE; in existing cellular frequency bands is around 20 bits/s/Hz.
In other words, achieving 10 Gbps PDLT would require larger RF bandwidths under
the capability of current cellular standards and design techniques.

In the meantime, Wi-Fi technologies have been advancing rapidly. The cutting-
edge off-the-shelf IEEE 802.11ac compatible wireless products can support 4 x 4 multi-
user MIMO (MU-MIMO) for downlink. By using unlincensed 60 GHz millimeter-wave
(mmWave) frequency bands, wireless gigabit alliance (WiGig) IEEE 802.11ad prod-
ucts deliver even higher data rate for short-range communications [42]. The yet to be
released IEEE 802.11ax and 802.11ay standards that are deemed as the successors of
802.11ac and 802.11ad, respectively, are expected to provide improved QoS such as
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better communication coverage and reduced latency. Besides WiFi, Bluetooth, near-
field communication (NFC) and global navigation satellite system (GNSS) are also
integrated in contemporary mobile handset terminals such as smartphones, tablet
computers, wearable devices, etc. These wireless technologies desired by the mar-
ket, however, will compete with cellular design for more hardware resources and de-
sign budget on an already highly compact, multi-functional, multi-standard wireless
handset terminal. For example, a huge challenge is to integrate antenna systems for
different wireless technologies that occupy a very wide range of frequencies (from 700
MHz to almost 6 GHz), and a high order of MIMO can make it even more difficult
in considering typical dimension of a mobile handset device.

Spectrum sharing has been proposed as an alternative solution to mitigate scarce
spectral resources. In particular, LTE in unlicensed spectrum (LTE-U), LTE license
assisted access (LTE-LAA), and LTE link Wi-Fi aggregation (LWA) are proposed
to leverage the unlicensed spectrum [44]. These technologies can be considered as
complements to the current 3GPP standards or pre-stage of 5G.

In light of these practical challenging issues in the sub-6 GHz region, more at-
tention has been paid to the high GHz frequency bands to be considered unsuitable
for commercial cellular networks. On July 14, 2016, the Federal Communications
Commission (FCC) voted to adopt a new Upper Microwave Flexible Use service in
the licensed bands, namely 28 GHz (27.5-28.35 GHz), 37 GHz (37-38.6 GHz), 39 GHz
(38.6-40 GHz), 64-71 GHz, and the bandwidth is at least 200 MHz [45]. This initiative
taken by the FCC brings several advantages to mitigate the design challenges of next
generation wireless UE. First, larger continuous RF channel bandwidths can enable
higher peak data rates, as each carrier operator may be allocated with several times
wider spectrum than the present sub-6 GHz frequency bands. Second, from the imple-
mentation point of view, using mmWave frequencies leads to a significant reduction
of antenna dimensions, and as a result, the form factor of wireless UE is maintained
while facilitating beamforming (BF) and a higher order of spatial multiplexing.

In terms of the duplexing technique, time-division duplexing (TDD) is preferable
because it does not require a frequency duplexer as in frequency-division duplexing
(FDD) which can be lossy, expensive, and technically challenging. Moreover, it allows
flexible downlink-uplink ratios that depend on the actual wireless traffic, resulting in
efficient spectrum utilization.

Another requirement for future 5G mobile devices is the backward compatibility to

the legacy 3GPP cellular standards and accommodation of several other mainstream
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wireless technologies. Therefore, before diving into the next generation wireless UE
design, it is of great importance and interest to investigate the state-of-the-art and

emerging wireless UE designs.

4.2 Wireless UE Design Overview

Contemporary wireless UE design becomes more challenging and complicated than
ever. In any mainstream mobile phone, it does not only need to co-exist with sev-
eral prevailing wireless technologies, but also integrate the camera(s), audio, battery,
display, fingerprint scanner, vibrator, gyroscope, wireless charging, etc. In the near
future, there will be stronger needs to enable or enhance various functions and tech-
nologies, such as artificial intelligence (AI), virtual reality (VR), augmented reality
(AR), internet of vehicles (IoV) [46], and so on, which further increase the difficulty
level of UE design. In this section, the major design methods and constraints are dis-
cussed from several aspects, namely battery, circuit and system, antenna and product

design, and other system design trade-offs.

4.2.1 Battery Design Constraints

As plotted in Fig. 4.2, the data rates of both WiFi and cellular increase by around
10 fold for every five years. On the other hand, during the last 20 years, the battery
technique for mobile devices has been through three major technical transitions, which
start with nickel-cadmium (NiCd) battery, then nickel-metal hydride (NiMH) battery,
and eventually the current mainstream lithium-ion (Li-ion) battery [47]. From 1995
to 2014, the wireless capacity has increased by around 10,000 times [5], while only
4-5 fold increments of battery specific power have been achieved for the same period.
Apparently, this mismatch becomes one of the current bottlenecks for mobile handset
devices and affects the quality of user experience. Despite the recent battery research
on new anode materials [48], before the advent of significant breakthrough in battery
performance and feasibility for mass production, higher energy efficiency of the UE

wireless system will be critically relevant.
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Figure 4.2: Increment of the wireless capacity versus the battery performance im-
provement.

4.2.2 Circuit and System Design

The performance of a wireless system, from a hardware perspective, depends on
the evolution of design arts in system-on-chip (SoC), printed-circuit board (PCB),
mechanical design, and antenna design. The SoCs of high energy efficiency, small
area, low cost and high yield, are always strongly desired. For the current SoC
design, a widespread fact is that Moore’s law slows down when the process dimension
enters the deep-nanometer regime [49]. Consequently, the speed of energy efficiency
improvement is moderate. Before any proven success with novel IC processes based on
new materials, the contemporary silicon and III-IV compound based semiconductor
processes, such as complementary metal-oxide-semiconductor (CMOS), CMOS silicon
on insulator (SOI), fin field effect transistor (FinFET), silicon germanium (SiGe),
gallium arsenide (GaAs), gallium nitride (GaN) and indium phosphide (InP), still
play a dominant and critical role in the future 5G SoC designs.

Likewise, the multi-layer board design of a 5G mobile handset will become more
compact and integrated to accommodate increasing SoC chipsets for enabling various
functions, standards, and technologies. On the main logic board (MLB) of a mobile
handset as depicted in Fig. 4.3, there are cellular/WiFi RF transceivers, antenna

switch modules, power amplifier (PA) modules, baseband (BB) modem, NFC, blue-
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tooth, GNSS, application processor (AP), PA management unit, static random-access
memory (SRAM), power management unit (PMU), etc. Nowadays, these highly cus-
tomized chipsets are supplied by various vendors who design and fabricate them with
different processes.

Similar to the trend in IC design, the footprint of PCB is continuously downsizing
to smaller trace width and trace spacing. As a result, more chipsets can be embedded
on one single main logic board, which results in less insertion loss (IL) and easier

impedance matching.
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Figure 4.3: An example of main logic board in contemporary smartphones.

Therefore, the RF front-end loss caused by IL and impedance mismatching are
reduced, and the receiver (RX) sensitivity and transmitter (TX) power can be im-
proved. On the other hand, signal integrity is an issue in a more complicated MLB
design. For example, the reference or clock signal and its harmonics, through com-
plicated signal paths and modulation, can end up at the receiver end in the form
of spur. Therefore, a microwave shield cover is normally used on MLB to improve
the electromagnetic compatibility/electromagnetic interference (EMC/EMI) perfor-
mance. Another frequently seen issue is the degradation of sensitivity, or ‘desense’,
which is caused by TX output leaked into the RX path due to insufficient isolation be-

tween TX and RX ports. This issue is more serious in the case of carrier aggregation
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when intermodulation causes the desense between different bands under a poor TX-
RX isolation scenario. As can be predicted, these issues will become more prevailing

in a 5G terminal device.

4.2.3 Antenna and Product Design

Antenna design is another matter of importance in wireless systems. Unlike any
of its priors [50] in the 2G/3G era, current mobile handset antennas are expected
to support not only multi-bands and multi-standards in a wide range of frequencies
from 700 MHz to 6 GHz (with some uncovered gaps), but also enable certain degrees
of diversity and SM. At the same time, there is requirement that high efficiency and
low specific absorption rate (SAR) are both fulfilled after assembling antennas into

the handset housing made of metallic casing.

Table 4.1: Dimension information of smartphones.

Dimension Display | Weight
Model o
( HxW x D, mm) | Size (inch) (g)
Samsung
150.9 x 72.6 x 7.7 5.5 157
ST edge
Apple
. 158.2 x 77.9 x 7.3 2.5 188
iPhone 7 plus
Huawei
156.9 x 78.9 x 7.9 2.9 190
Mate 9
Google
. 154.7 x 75.7 x 7.3 2.5 168
Pixel XL

Therefore, the co-design of antennas, metal casing, and handset housing is enor-
mously challenging since the latter two factors could generate substantial effects on
antenna performance [51]. Narrow frame and metallic casing are still the unswerving
trends currently and in the near future, because they enable better protection, porta-
bility, heat dissipation and aesthetic appearance. The slim form factor improves the
user experience, and can be seen in several recent mainstream smartphones as shown
in Table 4.1.

The antenna dimension is proportional to the effective wavelength, and this rela-
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tion can be approximated as
Co

NG

where ¢q is the speed of light in vacuum, f is the frequency, and ¢, is the effective

Ae

(4.3)

relative dielectric constant that makes the effective wavelength shorter. Furthermore,

the effective dielectric constant can be derived using the following equations [52]
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where ¢, stands for the relative dielectric constant, W is the width of the antenna,
and H is the thickness of the antenna substrate. Therefore, the antenna dimension is
mainly determined by the frequency and substrate material. Although higher dielec-
tric constant reduces the antenna dimension, it degrades the antenna performance as
more radiation energy will be confined inside the substrate instead of being radiated.

In the 5G era, the handset antenna design faces more challenges in order to cover
the legacy standards and new spectrum enabling standards. From this point of view,
implementing large scale MIMO at low GHz frequencies becomes very difficult as it
normally requires a minimum spacing (half of the free space wavelength) to guarantee
good isolation. As for the mmWave antenna design, more antenna elements can
be accommodated thanks to downsizing, but the metal casing can deteriorate the

antenna performance.

4.2.4 System Design Trade-offs

In addition to the aforementioned three major design considerations, there are also
high-level design constraints between the wireless subsystem and other UE compo-
nents. Besides the power budget and hardware area allocation, one more critical
technical challenge originates from the interference among different components. For
example, the display screen can cause RF sensitivity degradation. Therefore, a sheet

of metallic microwave (MW) shield is normally put between the display unit and
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hardware part to enhance the isolation as shown in Fig. 4.4 which briefly depicts a
cell phone opened at the middle. Moreover, this MW shield can minimize the SAR in
the common use cases when the screen side is held close to the head of a smartphone

user, as illustrated in Fig. 4.5.

e ~
°©
MLB
Battery
\ y,
Back Front

Figure 4.4: Disassembly of a smartphone to front and back parts.

Figure 4.5: Talk mode using a specific anthropomorphic mannequin (SAM) head
phantom.

In other words, antennas radiate minimal signal through the screen, and there-

fore it can only propagate the signal in the direction away from the human head.
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Nevertheless, the shield increases the thickness of the handset and degrades the form
factor. The placements of camera, speaker, finger scanner, battery, MLB, also require
careful consideration as they can change the electro-magnetic (EM) field and lead to
undesired effects. To summarize here, contemporary wireless UEs need to provide
high quality of user experience determined and contributed by comprehensive factors
which not only lie in the wireless system design, but also mechanical design, prod-
uct design, operating system design, etc. Consequently, many design trade-offs must
be considered for a high-performance 5G UE. By taking the cellular standard as an
example, the figure-of-merit (FOM) of a cellular UE can be formulated as

FOMCellular UE —

o mmaz PDLTE:EanA 4 Y mmas PDLT%?JIT?S (4.6)
n=1 eff nPn eff um
VuE - Mug

where PDLTP®EY is the PDLT of the 3GPP band n when carrier aggregation is
not enabled (non-CA). Beg, and P, stand for the effective bandwidth and power
consumption respectively, when the wireless UE works in the non-CA mode. Ac-
cordingly, PDLTE%I"fnS represents the PDLT of the carrier aggregation of m CCs, and
the superscript m, max is the maximum number of CCs, defined to be up to 5 in
3GPP Release 13. Thus, the first and second item of the numerator add up the
energy-spectral efficiency of both non-CA and CA cases for all cellular bands and CA
combinations supported by the wireless UE. Then we divide the result by the vol-
ume Vyg and weight Myg of the wireless UE. The denominator reflects the ‘score’ of
electrical-mechanical co-design and the portability of the wireless UE. Therefore, the
unit of FOMcenular,ug is bit/Hz/Joule/mm? /gram. It is obvious that more bands and
CCs, higher SE, smaller volume and weight, can result in a higher FOM of wireless
UE, which means a better comprehensive design. Note that the affecting factors of

the UE cost is excluded in this formula for easier and fairer comparison.

4.3 5G Cellular UE Based On A Novel System Ar-

chitecture

The foremost challenge of using high GHz frequency bands comes from the propaga-

tion loss that is significantly higher and more complicated than sub-6 GHz frequency
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bands. Based on the close-in path loss models [53], atmospheric absorption and rain
attenuation models in [54], [55], path loss comparisons for different propagation sce-
narios are given in Table 4.2 for three frequency bands, namely 2.6 GHz, 28 GHz,
and 39 GHz.

4.3.1 Channel Model Analysis

Table 4.2: Calculation and comparison of path loss.

Path loss of popular deployment scenarios (dB)
. UMi-Street UMi-Street UMi-Street UMi-Street
Frequency/distance | UMa-LOS | UMa-NLOS | o/ "0/ 105 | Canyon-NLOS | Open-LOS | Open-NLOS
LTE Band 41
2.6 GHz, d=100m 84.8 107.5 83.4 112.7 81.9 105.6
28 GHz, d=100m 105.5 128.2 104.1 133.4 102.6 126.3
39 GHz, d=100m 108.4 131.1 107 136.3 105.5 129.2
39 GHz, d=100m, 109.4 132.1 108 137.3 106.5 139.2
rain and oxygen loss
LTE Band 41
2.6 GHz, d=1 km 104.9 137.5 103.2 144.6 100.4 134.5
28 GHz, d=1 km 125.5 158.2 123.9 165.3 121.1 155.2
39 GHz, d=1 km 128.4 161.1 126.8 168.2 124 158.1
39 GHz, d=1 km, 136.5 169.2 134.9 176.3 132.1 166.2
rain and oxygen loss

! Heavy rain of 25mm/h model is used

As presented in Table 4.2, the path loss of non-line-of-sight (NLOS) is much larger
than that of line-of-sight (LOS), and LOS of the urban macro (UMa) scenario has
similar path loss to the LOS urban microcell (UMi) scenario. However, the path loss
in UMi Street Canyon NLOS is much more severe than UMa NLOS or UMi Street
Open. In addition, for all scenarios, the path loss of 28 and 39 GHz are at least 20 dB
larger than LTE band 41. In order to combat such large path loss, the FCC regulation
allows a base station (BS) to transmit at 75 dBm per 100 MHz [45]. Moreover, the
power loss caused by oxygen absorption and rain attenuation are comparatively small.

Apart from the path loss and atmospheric or rain attenuation loss, the building
penetration loss depends on different materials. Particularly for the concrete wall,
the penetration loss significantly increases with frequency [53], and it can be as high
as 117 dB for 28 GHz. In light of these challenges, beamforming is mandatory at
both the BS and UE end.
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Novel Distributed Phased Array Based MIMO Archi-

Top
Corners

Central
Part

Figure 4.6: Proposed DPA-MIMO architecture in mobile phone handset from back
side transparent view.

Implementing mmWave beamforming at the UE end is more difficult since it is largely

constrained by the high energy efficiency requirement and limitations in battery life

and hardware dimension which are key FOM contributors. The conventional concept

of BF is a method to increase the signal-to-noise ratio (SNR) and reduce channel

interference, but it does not provide spatial multiplexing gain by delivering multiple

streams. For the antenna array design of a BF module, the spacing among antenna

elements is normally smaller than one free space wavelength, or empirically equal

to half of the free space wavelength, because otherwise the side lobes in radiation
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patterns will increase while the gain decreases. On the other hand, to achieve spatial
multiplexing of a MIMO structure, antenna spacing needs to be at least half of the
free space wavelength for sufficient decorrelation. Therefore, at the UE end, new
system architecture needs to be proposed to enable the functionality including both

beamforming and spatial multiplexing, for different application scenarios.

Steerable beam

® (i) (iif) (iv)

Figure 4.7: Four popular positions of holding mobile phone handsets.

Assuming the appearance of 5G mobile phone is similar to the emerging 4G ones,
say, the anticipated volume is around 160 x 80 x 8 mm, and the SIM card slot is
removed due to the use of eSIM or virtual SIM card that can be integrated into
a chipset. A proposed 5G prototyping hardware design is illustrated in Fig. 4.6
where eight identical 8-element phased array based BF modules are distributed and
placed in the back housing of a mobile handset. This new architecture is referred to
as the distributed phased arrays based MIMO (DPA-MIMO) architecture. Several
advantages can be observed.

First, each BF module, embedding one RF transceiver chain, realizes an active
phased array of Nant (=8 in this example) antenna elements. An ideal phased array
antenna of this size can increase the antenna gain by 10log,y(Nant) (=9) dB. When
the individual amplifier power is not scaled down with the increased number of front-
ends, it can boost the effective isotropic radiated power (EIRP) by 20log,o(Nan)
(=18) dB.

Second, a total number of Ngg (=8 in this example) BF modules, with enough
spacing and isolation, can also cooperate as MIMO antennas to process a maximum
number of eight independent streams. Thus, the spatial multiplexing gain can be

obtained to further increase the link throughput by multiple times.
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Third, the DPA-MIMO topology provides a solution to human body blockage
which could lead to severe attenuation at mmWave frequencies [56]. For example,
the attenuation can be as high as 30 to 40 dB for the 73 GHz band as given in [57].
According to the study of mobile phone user habits, the mobile handset is usually
held in several popular positions as depicted in Fig. 4.7. In position (i) and (ii),
due to the DPA-MIMO architecture, BF modules 1 and 2 can still work normally,
either independently or cooperatively in a 2 x 2 MIMO SM mode; in case (iii), BF
modules 3-6 can work either independently or cooperatively in a 4 x 4 MIMO SM
mode. Finally, in position (iv), all BF modules can work simultaneously and support
a 8 x 8 MIMO SM mode. In general, placing BF modules at the top two corners,
bottom two corners, and the central part of the mobile device is mandatory in order
to overcome the human body (hand) blockage issue. Therefore, Ngp is flexible but
has to be more than 5 as long as it satisfies the minimum isolation spacing. It is worth
mentioning that efficient adaptive beam tracking algorithms need to be employed for
both BS and UE ends so that the two beams from BS and UE can be precisely aligned
with acceptable latency.

In addition, from the wireless hardware design point of view, the distributed
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phased arrays based architecture can help heat dissipation which is largely contributed
by the PAs. In the state-of-the-art PA design for 5G phased arrays, the power added
efficiency (PAE) is below 20% [58]. Therefore, the majority of the DC power will
be converted into thermal energy which increases the inner temperature of a mobile
handset and potentially leads to a critical failure of the entire system. This issue
is more pronounced when multiple mmWave PAs are integrated in the BF modules
and the handset is operated at cell edge or with heavy traffic load. By arranging the
mmWave BF modules in a distributed manner, it can largely mitigate this self-heating
issue. Otherwise a cooling device is required [59] which is difficult to implement in a

compact mobile handset.

4.3.3 Beamforming Module Hardware Design

The details of a BF module design are given in Fig. 4.8. First, the antenna array
top-down view is shown in Fig. 4.8(a). Second, the layer on which the chipsets are
mounted is shown in Fig. 4.8(b). A type of material with low dielectric constant
and small loss tangent is desired. As a matter of fact, there are several suitable
integration technology candidates such as low temperature co-fired ceramics (LTCC),
hybrid LTCC [60], multi-layer organics (MLO) [61], liquid crystal polymer (LCP) [62],
etc. Considering the cost, mass production and industrial maturity [63], an MLO-like
structure is adopted as it has shown profound value on commercial mass production
in IEEE 802.11ad products [43].

In the cross section view of the BF module in Fig. 4.8(c), Rogers RO4003C material
is used for both antenna and PCB substrate because it has a low loss tangent and
a suitable dielectric constant at the high GHz frequency. Accordingly, the effective
wavelength A, for the 28 GHz carrier can be calculated using (4.3)-(4.5). Moreover,
the spacing among antenna elements is set to Ag/2 where )y stands for the free
space wavelength, thus W and L of the BF module are calculated as 25 and 18 mm,
respectively, with some dimension margin.

Each BF module is connected with the MLB by coaxial cables and coaxial con-
nectors on PCBs, and BF modules are arranged in the back housing of the mobile
devices. There are several critical factors in BF module arrangements. First, the
spacing among BF modules, digolation, should be kept sufficiently large (> 0.5)\g) so
that a high spatial multiplexing gain can be obtained. Second, as long as a good

spacing is guaranteed, more BF modules can be embedded on the back housing of
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the mobile device, thus higher order MIMO can be obtained. However, this involves
trade-offs between wireless performance and limited hardware area or resource on
mobile devices. These constraints are much alleviated on tablet computers. The
mmWave front-end, control and calibration circuits can be designed and fabricated
using various conventional IC processes according to different design specifications
and features. Connection between the PAs, LNAs and antenna elements is built by
the stud bumps and the antenna feed lines routed inside the package. The through
package vias (TPVs) route the signals between the dies and the PCB, and they also
dissipate the heat of the BF module, which is quite critical considering the significant
heat generated by multiple 5G PAs in a small space.

Normally, more than one IC processes are used to implement the mmWave RF
transceiver chipsets, and therefore, more than one die are shown in Fig. 4.8(c). With
current mainstream IC processes, based on emerging commercial products and the
previous IC design experience, the total area of chipsets can be well managed below
10 x 10 mm, and the thickness of the BF module including surface mounted coaxial
connector is below 1.5 mm so that a good form factor of UE can be maintained.

Moreover, the type, shape or detailed design of an antenna element can be flexible
and tailored to the specific needs. For example, it can be a rectangular/circular mi-
crostrip patch, slot loop, Yagi-Uda, planar inverted-F, substrate integrated waveguide
(SIW), etc. As long as they fit into the BF module to construct a phased array, they
can be used in our DPA-MIMO architecture. The frequency band can be 28, 37, 39,
or 64-71 GHz frequency bands proposed for 5G cellular networks.

4.3.4 RF Circuit Design of 5G Cellular UE

Another important feature in the proposed RF circuit design is a split-IF architecture
whose block diagram is depicted in Fig. 4.9. The BF module not only integrates the
active antenna array to realize beamforming, but also enables frequency conversion
for both uplink and downlink. As shown in Fig. 4.9, the BF module down-converts
a high GHz 5G band signal to a low GHz intermediate frequency (IF) signal in the
downlink path, and up-converts an IF signal to a 5G band signal in the uplink path.
The local oscillator (LO) signal fi,01 can be tuned and allows the frequency conversion
for a 28 GHz frequency band 5G TDD signal. Furthermore, this RF architecture can
be applied to 37 GHz, 39 GHz, and other 5G frequency bands after changing the LO

frequency and corresponding hardware characteristics.
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Figure 4.9: Block diagram of 5G user equipment wireless system architecture.

The motivation and benefits of utilizing this RF architecture lie in several aspects.
First, the challenging requirement for the slim form factor of a contemporary handset
design strictly limits the hardware dimension, and therefore it is not feasible to em-
bed all BF modules on a larger MLB. Second, the high-performance mmWave circuits
design necessitates mmWave-enabled PCB such as Rogers RO4003C which is more
costly but electrically less lossy than the FR-4 laminate widely used for the MLB
design in contemporary smartphones. Therefore, separating BF modules and MLB
design leads to cost effective manufacturing for mass production. Third, converting
the mmWave frequency to the IF frequency directly and immediately on a BF mod-
ule minimizes the front-end insertion loss. Moreover, better signal integrity can be
achieved since the connection is through coaxial cables instead of routing traces on
the MLB. Fourth, it offers the flexibility to handle various applications and scenarios
without the need to reconfigure the entire wireless system design. For example, the
placement and number of BF modules in the handset can be adjusted according to
different system specifications and use cases, which makes it cost-effective. As shown
in Fig. 4.10, 16 BF modules can be placed in a tablet computer when larger area is
available. Fifth, implementing the low GHz IF radio is less challenging and therefore
can be co-designed and manufactured in the same IC processes and integrated in the
same SoCs for legacy cellular standards such as 3G and 4G. In addition, it can facil-
itate the test in mass production for both BF modules and IF radio plus baseband
modules [43] .
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Figure 4.10: DPA-MIMO architecture applied to a tablet computer.

Furthermore, a frequency plan is proposed as follows. Take the 28 GHz frequency
band as an example. As shown in Fig. 41, the IF frequency is set to 4.4 GHz,
the radio control signal is at 600 MHz, the reference clock signal is set to below
100 MHz, and power supply is a DC signal. These signals are all supplied over the
coaxial cable, and separated or combined using quadplexers on both the BF modules
and IF radio ends. The IF frequency is chosen at 4.4 GHz due to several reasons.
First, it does not fall in any LTE band, nor any WiFi/GNSS frequency; second, when
conducting frequency up-conversion, its image frequency can be easily filtered out;
third, the IF frequency is not too high thus using inexpensive coaxial cable is feasible.
In addition, the control signal is chosen to operate at 600 MHz in order to minimize
the signal integrity issue caused by its harmonics as shown in Fig. 41. Higher order

harmonics of the control signal do not interfere with the IF signal. A control interface
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provides supervision and operation of BF modules through read-write to the registers
using radio control signals such as RF front-end (RFFE) control interface signals.
The RFFE signals carry the information of the transmitter signal strength indicator
(T'SSI), the receiver signal strength indicator (RSSI), and it executes the calibration

and temperature control of a BF module.

DC
- Control
\ IF-Radio
A
Ret. 3rd harmonic 5th harmonic
T 2nd harmonic m T
‘ | ‘ 14
1.1 2.2 3.3 4.4 5.5 Freq. (GH2)

Figure 4.11: 5G user equipment wireless system frequency plan.
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Figure 4.12: Block diagram of 5G beamforming module supporting FDD duplex
scheme.

Assume the 28 GHz band contains four sub-bands with each one occupying a
bandwidth of 200 MHz and some guard bands. The BF module can support a wide
bandwidth up to 800 MHz which is equivalent to four intra sub-bands aggregated.
The local oscillator in the BF module should cover a frequency range at least from
23.2 to 23.9 GHz. Therefore, for down-conversion of different sub-bands, an IF radio
signal at the 4.4 GHz carrier frequency is obtained, and for up-conversion, the 5G
signal ranging from 27.5 to 28.4 GHz can be achieved at the output. Totally, Ngp
BF modules and Ngp IF radios are integrated to support a maximum of Ngp streams

communicating simultaneously.
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As to the detailed BF module implementations, PMUs and low drop-out regula-
tors (LDOs) in each 5G BF module transform the DC voltage of the coax cable to
different power supplies for different dies. At the RF front-end, each antenna element
is connected to one single port double throw (SPDT) switch which is controlled by a
radio control signal to enable time domain duplexing. PAs and low noise amplifiers
(LNAs) are respectively placed in the uplink and downlink paths followed by digi-
tally controlled phase shifters (DCPS) which determine the step resolution of beam
steering. For the IF radio module design, the direct conversion RF architecture is
employed. Moreover, the differential to single-ended (D-to-S) amplifier and the single-
ended to different (S-to-D) converter are situated in the uplink and downlink paths,
respectively. The variable gain amplifier (VGA) realizes the function of automatic
gain control (AGC) so that the dynamic range (DR) requirement of the analog-to-
digital converter (ADC) can be mitigated. On the other hand, for a FDD based 5G
beamforming module, the SPDT switch and filters in the TDD mode are replaced
with the diplexers as depicted in Fig. 4.12.

4.3.5 Advancement of Data Converter Techniques

With respect to the ADCs and digital-to-analog converters (DACs), they should sup-
port a wide RF bandwidth with high resolution which depends on the actual appli-
cation, for example the order of digital modulation and the performance of VGA. In
this proposed 5G cellular UE, 256-QAM is supported, which needs a resolution of 12
bits or above. Furthermore, a high spur free dynamic range of ADC needs to be main-
tained considering that the input signal at the receiver end can range from around
-25 dBm to -110 dBm [64]. The high dynamic range requirement of the wideband
VGA can be alleviated by using high-performance data converters.

There has been a concern of the high power consumption and poor cost effective-
ness of ADC for 5G applications [65]. In fact, several state-of-the-art designs have
recently demonstrated satisfying performance such as low power consumption and
small chip area. In [66], a 12-bit, 1.6 GS/s time interleaved ADC only consumes 37.7
mW with 0.9 mm? chip area, and it achieves 17.8 fJ/conversion. In other words, such
ADC can enable a theoretical absolute physical data throughput of 10.8 Gb/s for an
ideal 256-QAM demodulation. Moreover, [67]- [69] have presented high-performance,
energy and area efficient ADC and DAC which can be considered as good proto-
type candidates for future 5G UE data converters. Schreier’s figure of merit (FOMs)
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and Walden’s figure of merit (FOMy) [70] are commonly used to evaluate the data

converter performances, as expressed below
FOMg = SNDR + 10log,,(B/P) (4.7)

FOMy = P/(2"N°B x min(2B, f.)), (4.8)

where SNDR is the signal to noise distortion ratio, ENOB stands for the effective
number of bits, B is the analog bandwidth, P is the power consumption, and fs is
the sampling rate. Fig. 4.13 is drawn according to the data collected in [71], and it
shows the FOMyy of state-of-the-art ADCs published in the International Solid-State
Circuits Conference (ISSCC) and the Symposia on VLSI Technology and Circuits
(VLSI Symposia). As can be observed, there are a couple of designs suitable for 200
MHz wide or even 800 MHz wide analog frequency, with a FOMy smaller than 50
fJ/conversion. Moreover, the FOM of data converters keeps improving at a steady
pace which will further facilitate the 5G UE hardware design .
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Figure 4.13: FOMw of ADCs published in ISSCC and VLSI symposia in recent 20
years, according to the data collected from [71].
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4.4 Link Budget Calculation And Wireless Perfor-

mance Evaluation

In this section, link budget analysis and throughput estimation are conducted for the
downlink and uplink of the proposed DPA-MIMO UE design. The numbers used for
insertion loss, noise figure (NF) and antenna gain are explained first. The performance
of a mmWave antenna switch in [72] shows that IL can be well managed below 1.9
dB with a TX-RX isolation better than 38 dB. On the other hand, according to the
state-of-the-art band pass filter (BPF) design [73], the IL is below 1.5 dB. Therefore,
in Table 4.3 and Table 4.4, the RX front-end loss before the LNA is set to 4.0 dB
including extra loss due to the interface between the LNA and the antenna elements.
The noise figure of the mmWave receiver varies with different IC processes, and for
the state-of-the-art CMOS designs in [43] and [74], the NFs are 7.1 dB and 8 dB,
respectively. For the design using more advanced IC process such as SiGe BiCMOS,
the NF of a receiver can achieve 6.8 dB [61] and 5.5 dB [75]. Considering the superior
cost-effectiveness of the CMOS process and its widespread use, it is reasonable to
assume that 5G receiver NF is around 7 dB. Furthermore, the calculated antenna
gain of one single patch antenna element can achieve 5 to 7 dBi in state-of-the-art
designs [59], [60]. Therefore, in the following tables, the single antenna element gain
is set to 5 dBi.

4.4.1 Downlink Budget and Data Throughput Analysis

The downlink budget calculation under several popular deployment scenarios is given
in Table 4.3, also with the results from numerical analysis for the data throughput.
The UMi Street Canyon NLOS and UMa NLOS scenarios have been chosen for their
larger path loss and shadowing coefficients as the worst-case calculation. Typically,
the maximum radius of a microcell is 200 meters, and a macrocell BS can cover up to
more than 1 km. Therefore, the UMa NLOS model is used to represent communication
distance more than 200 meters.

As can be analyzed from the results in Table 4.3, in some cases, SE becomes smaller
as the SNR decreases because when the SNR goes down below some threshold value,
a lower digital modulation order is enabled. Furthermore, two sets of data are given
in Table 4.3 based on 8 and 16 antenna elements per BF module respectively. The

16 antenna elements based UE architecture is drawn in Fig. 4.14 which shows that a



Table 4.3: Calculation and comparison of downlink budget at 28 GHz.
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Popular deployment scenarios

5G cellular
service link
budget

UMi-street
open-NLOS
d=100 m

UMi-street
open-NLOS
d=200 m

UMi-street
canyon-NLOS
d=100 m

UMi-street
canyon-NLOS

d=200

m

UMa-NLOS
d=200 m

UMa-NLOS
d=500 m

UMa-NLOS
d=1000 m

Bandwidth
(MHz)

200

200

200

200

200

200

200

Max EIRP
(dBm)

78

78

78

78

78

78

78

Path loss (dB)

126.3

135.0

133.4

143.0

137.2

149.2

158.2

Received
power (dBm)

-48.3

-57.0

-55.4

-65.0

-59.2

-71.2

-80.2

Thermal
noise (dBm)

-91.0

-91.0

-91.0

-91.0

-91.0

-91.0

-91.0

SNR before
BF (dB)

42.7

34.0

35.6

20.0

31.8

19.8

10.8

Rx front
end loss!(dB)

4.0

4.0

4.0

4.0

4.0

4.0

4.0

Single antenna
element gain (dB)

5.0

5.0

5.0

5.0

5.0

5.0

5.0

NaNT

16

Total antenna
array gain (dB)

14 17

14 17

14 17

14

17

14 17

14 17

14 17

Noise figure
(dB)

7.0 7.0

7.0 7.0

7.0 7.0

7.0

7.0

7.0 7.0

7.0 7.0

7.0 7.0

SNR after
BF (dB)

45.7 48.7

37.0 40.0

38.6 41.6

29.0

32.0

34.8 37.8

22.8 25.8

13.8 16.8

Spectral efficiency
SISO(bits/s/Hz)

7.98

7.11 7.76

4.35 5.18

BW=200 MHz
S1503
throughput (Mbps)

1280

1280

1280

1280

1280

1280

1138 1242

696 828

BW=200 MHz
8 x 8 MIMO
throughput (Mbps)

10240

10240

10240

10240 10240

10240

9104 9936

5568 6624

BW=800 MHz
SISO
throughput (Mbps)

5120

5120

5120

5120

5120

5120

4552 4968

2784 3312

BW=800 MHz
8 x 8 MIMO
throughput (Mbps)

40960

40960

40960

40960 40960

40960

36416 39744

22272 26496

1. Before the LNA stage of the BF, the front-end loss includes insertion loss of signal traces, switches and filters

2. Based on 256-QAM modulation

3. Based on 20% system overhead which is a typical case in LTE

sufficiently large isolation is well maintained. By using more antenna elements, it can

increase the receiver gain, boost the SNR and EIRP so that the mobile handset can

operate in a more challenging environment and handle larger path loss and penetration

loss of buildings, particularly for mmWave frequency bands.
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Figure 4.14: DPA-MIMO system in a mobile phone handset when NanT=16.
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Figure 4.15: 8 x 8 MIMO, BW=200 MHz, N,=8 x 8, peak downlink throughput

versus various deployment scenarios.
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In Fig. 4.15, the PDLT under several deployment scenarios is given for 28 GHz
and 39 GHz, respectively. The number of antenna elements in one UE, denoted as
Nye (equals Nant X Npp), is set to 8 X8 (=64). The bandwidth is set to 200 MHz, and
the UE is configured in MIMO with a maximum of Ngg (equals 8 in Fig. 4.15) . The
penetration loss models of regular glass and infrared reflective (IRR) glass presented in
[53] are also added into the propagation loss models for analysis. Note that the results
under UMi scenarios are not drawn because they are all above 10 Gbps or around
it. As can be observed, IRR glass that is widely used in energy-saving buildings can
significantly lower the PDLT and shorten communication distance. Moreover, if the
human body blockage model is taken into consideration, the SNR will decrease by 30
to 40 dB and thus PDLT will be significantly lowered. As explained in the previous
sections, the DPA-MIMO architecture can mitigate this issue by providing various

diversity when coping with the human body blockage situation.

4.4.2 Uplink Budget and Data Throughput Analysis

For the uplink, the link budget calculation is given in Table 4.4. The maximum EIRP
is regulated to be 43 dBm for mobile stations by the FCC [45]. Such level of trans-
mission power is translated to a substantial challenge for long distance transmission
at 5G mmWave frequency bands. Therefore, it is necessary for the BS to enable the
use of large antenna arrays at the receiver end to compensate for the propagation
loss. Since the UE can operate with Nggp x Ngr MIMO to receive Ngp streams si-
multaneously, the BS needs to enable Ngp arrays of antenna elements as well, where
each array of antenna elements is referred to as a base station unit. The number of
antenna elements in each base station unit, Nayay, is determined by the link budget
calculation and constrained by the hardware resource and implementation feasibility
on the BS end. Thus, the total number of antenna elements on the base station, Ny
is equal to Ngp X Nypray. Assuming Npp is 8, two sets of data are given in Table 4.4,

based on 64 and 256 antenna elements in one antenna array of the BS, respectively.
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Table 4.4: Calculation and comparison of uplink budget at 28 GHz.

Popular deployment scenarios

5G (.:ellullar UMi-street UMi-street UMi-street UMi-street UMa-NLOS UMa-NLOS UMa-NLOS
service link open-NLOS open-NLOS canyon-NLOS canyon-NLOS d=200 m d=500 m d=1000 m
budget d=100 m d=200 m d=100 m d=200 m B — -

Bandwidth
(MHz) 200 200 200 200 200 200 200

Max EIRP
(dBm) 43 43 43 43 43 43 43

Path loss (dB) 126.3 135.0 133.4 143.0 137.2 149.2 158.2

Received

-83.3 -92.0 -90.4 -100.0 -94.2 -106.2 -115.2
power (dBm)

Thermal -91.0 -91.0 -91.0 -91.0 -91.0 -91.0 -91.0
noise (dBm)

SNR before
BF (dB) 7.7 -1.0 0.6 -9.0 -3.2 -15.2 -24.2

Rx front
end loss (dB) 4.0 4.0 4.0 4.0 4.0 4.0 4.0

Single antenna
element gain (dB) 5.0 5.0 5.0 5.0 5.0 5.0 5.0

Narra; 64 256 64 256 64 256 64 256 64 256 64 256 64 256

Total antenna 23 29 23 29 23 29 23 29 23 29 23 29 23 29
array gain (dB)

N‘”S(‘Z'ig;é“e 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0

SNR after
BF (dB) 19.8 25.8 11.1 17.1 12.6 18.6 3.0 9.0 8.8 14.8 -3.2 2.8 -12.2 -6.2

Spectral efficiency
SISO (bits/s/Hz) 6.19 7.75 3.56 5.25 4.01 5.6 1.55 2.95 2.90 4.64 0.57 1.52 0.08 0.31

BW=200 MHz

SISO 989 1240 570 839 642 896 248 472 464 742 92 244 13.7 50
throughput (Mbps)

Total antenna 512 2048 512 2048 512 2048 | 512 | 2048 512 2048 | 512 | 2048 | 512 | 2048
elements of BS

BW=200 MHz

8 x 8 MIMO 7912 9920 4560 6952 5136 7168 1984 3776 3712 5936 736 1952 109.6 400
throughput (Mbps)

BW=800 MHz

SISO 3956 4960 2280 3476 2568 3584 992 1888 1856 2968 368 976 54.86 200
throughput (Mbps)

BW=800 MHz

8 x 8 MIMO 31648 39680 18240 27808 20544 28672 7936 15104 14848 23744 2944 7808 438.4 1600
throughput (Mbps)
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Figure 4.16: Communication between user equipment and base station in 8 x 8 MIMO
mode.
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Fig. 4.16 illustrates the communication between the DPA-MIMO architecture
based UE and the BS in 8 x 8 MIMO to deliver 8 streams simultaneously. When
Narray 18 256 and the carrier frequency is 28 GHz, the dimension of the 256-antenna
elements array is approximately 100 x 100 mm. In the given example, there are to-
tally eight such BS units. It is feasible to embed eight or even more groups of such
mmWave antenna arrays for the practical hardware design of microcells and marco-
cells. As a matter of fact, the antenna array dimension can be further expanded to
200 x 200 mm so as to embed a 1024-antenna elements array, thereby increasing the
SNR by an additional 6 dB ideally (it should be slightly smaller than 6 dB in the

practical implementation due to mutual coupling effect).

® UMi-Street Open NLOS, N_bs=64x8

©® UMi Canyon Open NLOS, N_bs=64x8

UMa NLOS, N_bs=64x8

B UMi Street Open NLOS, N_bs=256x8

UMi Canyon Open NLOS, N_bs=256x8

UMa NLOS, N_bs=256x8

Peak Uplink Throughput (Gb/s)

#UMa NLOS, N_bs=64x8, IRR glass

UMa NLOS, N_bs=64x8, Regular glass

1000 10000
Distance (m)

Figure 4.17: 28 GHz, 8 x 8 MIMO, BW=200 MHz, peak uplink throughput versus
various deployment scenarios.

Furthermore, Fig. 4.17 plots the peak uplink throughput (PULT) versus distance
for various deployment scenarios and different numbers of antenna units on the BS
end. It shows that a large number of receiver antenna elements in the antenna array
need to be enabled at the BS to compensate for the large propagation loss. Again, the
IRR glass induced attenuation largely degrades the uplink performance, and there-
fore more antenna elements should be used at the base station to enable stronger
beamforming gain. Also, at the mobile station, a maximum output of 43 dBm EIRP

will limit the maximum output power of one single PA in the phased array, and the
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relation can be expressed in the equation below:

EIRPUE,maX = PPA,out + 2OloglO(JVANT> (49)

where Ppa oyt is the output power of one single PA, and Nant stands for the number of
antenna elements in the BF module. This equation is valid only when each antenna
element is connected to one PA. Therefore, when Nyt euqals 16, the maximum
Pra out 1s limited to 19 dBm, and the maximum Ppa o Will increase to 25 dBm if
Nanr is set to 8. The specification of 19 dBm output power is less challenging and

more implementable according to the current state-of-the-art mmWave PA designs
[76], [77].

4.4.3 Analysis with Attenuation Models

As previously mentioned, the IRR glass can cause very serious degradation to the
uplink performance. More numerical results of data throughput under various de-
ployment scenarios are plotted for both downlink and uplink modes with two types of
penetration loss in Fig. 4.18 and Fig. 4.19, respectively. It is observed that the strong
attenuation caused by IRR glass can be overcome at the cost of embedding more
antennas at both the UE and BS ends. However, when the hardware design on UE

or BS is constrained, this issue may be mitigated by using the small cell technology.

12

O®Uplink 28 GHz, N_bs=64x8
®Uplink 39 GHz, N_bs=64x8
Uplink 28 GHz, N_bs=256x8
#Uplink 39 GHz, N_bs=256%8
#Downlink 28 GHz, N_ue=8

Downlink 39 GHz, N_ue=8

Peak Data Throughput (Gb/s)

EDownlink 28 GHz, N_ue=16

EDownlink 39 GHz, N_ue=16

10 100 1000 10000
Distance (m)

Figure 4.18: Regular glass, UMa NLOS, 8 x 8 MIMO, BW=200 MHz, peak data
throughput versus distance for various number of antenna elements on BS and UE
ends.
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On the other hand, the inter-bands carrier aggregation (Inter-CA) may be needed
for 5G mmWave frequency bands. For example, the 28 GHz, 37/39 GHz band, 64-71
GHz band, etc., are aggregated to provide even larger bandwidths. In that situation,
the DPA-MIMO architecture can still be adopted for a practical mulit-band, multi-
mode 5G UE design. As a matter of fact, some multi-band 5G hardware components
have been presented in the literature and can be used in the DPA-MIMO architecture.
Two dual-band 5G mmWave antenna prototypes are demonstrated in [78], [79], and
a linear doherty PA supporting 28 GHz, 37 GHz and 39 GHz bands is designed and
verified using SiGe process with high PAE demonstrated in [80]. In order to further
improve the efficiency and overcome the high peak-to-average power ratio (PAPR)
issue, enhanced wideband envelope tracking (ET) techniques need to be developed

and applied to these frequency bands.

12
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Figure 4.19: IRR glass, UMa NLOS, 8 x 8 MIMO, BW=200 MHz, peak data through-
put versus distance for various number of antenna elements on BS and UE ends.

Finally, in the system-level design, the choice of Nant and Ngg can be very flexible
according to the practical specification, performance target, and design constraints

so that the user equipment can handle different environments and situations.

4.5 Conclusion

In this chapter, a system architecture and method for next generation wireless user

equipment, or 5G cellular user equipment design has been provided. By analyzing
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the challenges of contemporary wireless UE designs and emerging 5G mmWave tech-
niques, a novel DPA-MIMO architecture and design method has been presented to
overcome the limitations of conventional MIMO structures. This work has provided a
solution to the technical constraints and challenges of the mobile handset design, such
as human blockage, high path loss, self-heating issues, which are more pronounced
for future H5G cellular user equipment but cannot be solved using the existing sys-
tem architectures and methods. Moreover, through numerical analysis, the proposed
architecture has been shown to increase the wireless link budget and enhance the
data throughput under different use cases and various BS deployment scenarios with
highly flexible reconfigurability. Furthermore, the DPA-MIMO based wireless UE
can be implemented using the state-of-the-art technologies of circuits, antennas and
systems. As a result, this architecture can facilitate a peak throughput of more than

10 Gb/s while maintaining a slim form factor of mobile terminal devices.
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Chapter 5

On-chip Antenna Design for Next

Generation Wireless Systems

The antenna stands at the final and first stage of the TX and RX paths, respec-
tively, in a wireless communication system. Its performance, to large extent, deter-
mines the overall performance of a wireless system. This chapter, by taking WiGig
IEEE 802.11ad as an example, discusses the design constraints and design methods
of mmWave antennas, and presents an on-chip antenna prototype for the 60-GHz

application.

5.1 Introduction

Until the year of 2016, the consumer electronics market has not yet seen commercial
scale production of WiGig products. Moreover, many start-up companies focusing
on 60-GHz products keep losing investments or undergo re-organizing and roadmap
changes, and some other big wireless semiconductor companies’ mm-wave groups have
become very cautious and wait for a less vague signal from the market and technical
trend.

There have been several reasons for this phenomenon:

e The most critical cause is the cost effectiveness. 60-GHz terminal products
indicate very high R&D expense; the system has to be designed with very high
performance such as gain, sensitivity, noise, linearity, stability, etc. And in
order to assure such design success, very expensive CMOS processes such as 28-
nm, or 14-nm, have to be used for SoC design. On the other hand, the ITI-IV
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compound based semiconductor processes, such as SiGe, GaAs, and GaN need
to be employed for the PA design due to its high power efficiency in mmWave
bands. A similar difficulty is also confronting the possible future 5G cellular

mobile device.

e Technically speaking, high path loss mm-wave frequencies is the root cause of
making mmWave design very challenging. First, it makes the stable transmit-
ting distance significantly shorter. Then either the output power has to be
increased, or beamforming technology has to be used. Both solutions lead to
higher complexity of the circuitry and of course the cost. For example, beam-
forming strategy means multiple RF chains and probably large antenna arrays,
which increase the cost immediately by several times. In addition, the power
consumption grows to some unacceptable level. Even with the state-of-art de-
sign [43], the power consumption of a 60-GHz transceiver is more than one watt,
but the maximum transmitting distance is only around 20 meters even by using
the 16 TX/RX beamforming topology.

e The second shortcoming of mm-wave communication is the strong shadowing ef-
fect, human body effect, NLOS propagation, and seamless transmission. Widely
deploying small cells, pico cells, phantom cells may provide a solution but at

the penalty of high cost.

There are always opportunities accompanied with challenges. As the process and
design techniques advance, the power consumption might be lowered to some reason-
able level, and also the communication distance can increase. So currently it is very
worthy of efforts to research and study more in this field, to investigate on how we

can take the mm-wave CMOS design forward to better serve the 5G technology.

5.2 On-chip or Off-chip, This Is A Question!

When disassembling a mobile device or a portable device such as smartphone, WiFi
router, Bluetooth dongle, it would be very easy to distinguish the antennas. These
antenna examples are shown in Fig. 5.1. For some high-gain WLAN router, it could
be the dipole antenna, while most of compact portable devices employ an on-board

planar inverted-F antenna which has a wide bandwidth and gain.
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Figure 5.1: Examples of low GHz antennas.

WEell, this is only for the frequency up to 2.4 GHz, or 5 GHz, where there have
been many mature solutions for the antennas. Normally, the efficiency can be easily
higher than 80% [81], plus the cost of such antennas is usually as low as only several
dollars, it is even cheaper particularly for on-board antennas, since there is no special
requirement for the PCB processes, and low cost FR-4 material can simply fulfill the
requirement.

However, when the frequency goes up to mm-wave frequencies, things are different,
particularly for the mobile device design. There are several challenges and difficulties

standing in our way.

e First of all, the high frequency means tougher requirements for the material
of antennas, particularly for the planar antenna. Low loss tangent and high
resistivity materials such as Rogers RO3000, RO5880, low temperature co-fire
ceramic (LTCC) should be employed to push the radiation efficiency higher.

Consequently, the cost could be significantly increased.

e Secondly, unlike low GHz applications, for mm-wave frequency system designs,
the loss due to interconnections, packages, and bonding wires are significantly
large. Fig. 5.2 shows the transparent view of the 3D modeling of a chip with
bonding wires. On one hand, for the mm-wave integrated circuits such as
the transceiver system, the traditional gold bond-wire can introduce very high
attenuation such as 10 dB at 60-GHz.
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Figure 5.2: High loss for bonding wires at mmWave frequency [82].

e On the other hand, the interconnections between the mm-wave SoCs and the
PCB introduces too much undesired attenuation, for example the equivalent
lumped parasitic capacitance from bond pads, soldering pins of the package,
etc. This parasitic capacitance was not a problem for low GHz designs, but
it becomes significantly problematic for mmWave frequencies. Therefore, if an
off-chip mmWave antenna is used, the loss caused by this interconnection is
high.

. Mm-wave Antenna
Bond-wires
1nH/mm TL

Integrated Mm-wave
TRX Circuits

_:Cbond,cap ~80 fF Cpad,cap ~2pF
! J

Figure 5.3: Modeling of interconnections of mm-wave system with off-chip antenna.

e As indicated in Fig.5.3, TL stands for the transmission line on a PCB. If we
temporarily consider it as perfectly matched to the antenna and lossless, assum-

ing the bond-wire is 4-mm long, we can give the following calculation of power
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loss at 30-GHz:

50//jw'épad
50/)—%— + jw - L

jw'Cpad

Gaing.=20log

(5.1)

1
50//j-27r-30-109-2-10_12

~ —49dB
50//]‘.2?3().139.2.10712 +Jj-2m-30- 109 -4-10-9

= 20log

where // stands for the impedance calculation of two parallel components. As
calculated above, the total power gain is negative, which is loss. The total power
loss for the 30-GHz mm-wave application is already as large as 49 dB, and this

loss keeps growing when the bond-wire becomes longer, or frequency increases.

Therefore, based on the analysis above, there should be some revolutionary way to
solve this drastic problem. Now we give a quick review of 60-GHz applications and

propose a specific antenna design solution.

5.3 IEEE 802.11ad and 60-GHz Application

In 2001, the United States Federal Communications Commission (FCC) regulate 7
GHz of contiguous spectrum between 57 and 64 GHz mm-wave as unlicensed wire-
less communication. Japan, EU, and some other countries also have made similar
regulations for unlicensed use in the 60-GHz band. It has immediately attracted
tremendous efforts into short-range communication applications. Meanwhile, other
standardization progresses are also advancing, e.g. IEEE 802.11ad developed by the
Wi-Fi Alliance. The aggressive advancement of the low-cost CMOS process has also
mitigated the mass production of 60-GHz SoCs in recently reported works [11], [83].

On the other aspect of antenna applications, the antenna dimensions scale down
to the millimeter range when the frequency enters the 60-GHz band, which makes
antenna design more subtle and delicate. In a compact 60-GHz commercial product
that favors a low-cost planar antenna instead of an expensive and bulky horn antenna,
several mainstream antenna design approaches have been proposed in recent years,
such as the multichip module (MCM) [84] and system-in-package (SiP) [85] which is
shown in Fig. 5.4. Nevertheless, these solutions are constrained by occupying large
module size or high-cost packaging, and more critically, the interconnection between
the 60-GHz integrated circuits (ICs) and the antenna introduces considerably larger

loss at such high frequency.
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Figure 5.4: 60-GHz system-in-package (SiP) application [86].

To solve this dilemma, the approach of integrating antennas on chip has triggered
large interest as it facilitates the monolithic integration of the entire RF system with
the antenna and, therefore, significantly reduces the loss and expense. Moreover,
the synthesized design of an IC and antenna on one single chip makes impedance

matching more controllable [86].

5.4 CMOS Technology for 60-GHz Antenna De-
sign

The first question should be, why CMOS again? CMOS has been widely used in
nowadays commercial SoC products, it provides very low cost but competitive per-
formance, therefore it is very suitable for mass production.

As the semiconductor process advances, today's standard CMOS processes pro-
vide multiple metal layers and, especially, one or two thick top metals with high
conductivity as shown in Fig.5.5. This feature has made passive components with
high quality factor available, for example, it is quite normal for an on-chip inductor
to achieve a quality factor of 20 at 5 GHz [24]. However, on-chip antenna design is
still confronted with several main challenges. The first one lies in the fact that the
silicon substrate has a low bulk resistivity of around 10 ohms-cm. This low resistivity
provides a path for the antenna to dissipate its EM radiation and consequently de-

creases the radiation efficiency. Secondly, CMOS process’s high dielectric constant ¢,.,
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which is 11.9, confines the radiated power in the lossy substrate, which furthermore
deteriorates the radiation efficiency. On the other hand, the on-chip antenna layout
needs to comply with the fabrication design rule check (DRC) which may cause more

difficulties considering the spacing and maximum available width of the metals.

Final Passivation

Filled with
Silicon oxide

Silicon Substrate ~250 pm

y

Figure 5.5: Cross-section view of standard CMOS process with multi-layered struc-
ture.

In the CMOS process, the effective dielectric constant makes the effective wave-
length much shorter than in vacuum. It can be quantified using the quasi-static
approximation equation ( 4.4). The metal width W is considered to be smaller than
the substrate thickness h (=250pum) in most of on-chip antenna designs. Thus the
wavelength A, is calculated according to equation ( 4.3). For a typical 60-GHz design

where we assume W to be equal to bum, €. is calculated to be 6.88, and A, is 1906 m.

5.5 Artificial Magnetic Conductor Design

To combat the above mentioned intrinsic shortcomings of the CMOS process, an AMC
surface, also known as high impedance surface (HIS) or perfect magnetic conductor
(PMC), is employed. At some specific frequencies, the AMC operates with a reflection

coefficient of ['=+1, which means the phase of the reflected wave is zero compared
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with the incident wave. As a result, within some frequency range, the dissipation
path to the substrate is blocked, and the EM radiation is enhanced.

As shown in Fig. 5.6, a single AMC unit is based on the optimized structure of a
Jerusalem cross frequency-selective surface (JC-FSS) [88] which has been well known
for reflecting the energy and preventing it from distribution on the substrate at a
specific frequency. It can be implemented using metal M1 which is known as the
bottom layer. Moreover, the JC-FSS structure can fulfill the strict DRC rules in
the standard 0.13-pym CMOS process. Here is some critical issue to be mentioned:
the width and length of the metal used in the CMOS process has to comply with
many specific rules provided by the foundry, such as the maximum or minimum
width or length. This design rule is supposed to provide the consistency, reliability
and robustness of the integrated circuits design which, however, increases the design
difficulty of on-chip antennas.

The HFSS model employs a simple, fast and accurate method [89]. It consists of a
wave-guide port, two perfect electric conductor (PEC) walls and two perfect magnetic
conductor (PMC) walls.

Figure 5.6: AMC unit modeling in HF'SS. Geometry and wave-port excitation (left),
PEC walls (center), and PMC walls (right)

The dimensions of an AMC unit depend on the operating frequency and the ef-
fective wavelength. As shown in Fig.5.7, Wy is bum, Ly is 65um, Lo is 50um. More-
over,the reflected phase of the AMC unit at 60 GHz is close to 0° as marked in marker
m1, and the frequency bandwidth extends from 50.5 GHz to 69 GHz over which the

reflection phase varies from +90° to -90° ; consequently a very wide bandwidth of
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31% is realized. Furthermore, the reflection phase corresponding to the frequency
range from 57 GHz to 64 GHz is well controlled between +35° (marker m2) and -51°

(marker m3).
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Figure 5.7: Reflection phase versus frequency of AMC unit.

As depicted in Fig. 5.8, each AMC unit has its own equivalent distributed circuit
components. C, is the gap capacitance, and the distance between unit cells determines
the value of Cy on which the resonance frequency also depends. The entire AMC
structure can be analyzed by using a lumped-circuit model represented by a parallel
RLC resonance circuit as shown in Fig. 5.8. Lt is the total equivalent inductance, C't
stands for the total equivalent capacitance mainly contributed by the gap capacitance,
the coupling capacitance between the metal traces, and the fringing capacitance.
Moreover, Rt consists of the metal resistance, skin-effect resistance, and also the

resistance of the silicon substrate.

e m——

Figure 5.8: Reflection phase versus frequency of AMC unit.
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5.6 On-chip Artificial Magnetic Conductor Yagi

Antenna Design

Yagi antennas obtain higher directivity than other wire antennas and therefore are
very suitable for 60-GHz applications with high path loss and strong atmospheric
absorption. As shown in Fig. 5.9, the proposed Yagi antenna consists of a reflector
implemented in metal layer M2, a driven element and two directors which are realized
on the top thick metal layer. The off-chip differential signals are fed into the antenna
driver through the ground- signal-signal-ground (G-S-S-G) probing pads, which are
separated by a pitch of 100um, and then into the coplanar waveguide (CPW).

The dimentions of Ly, Lo, L3, Ly, S1, Sa, S35 are, respectively, 0.64 A, 0.26 A,
0.28 A, 0.14 X, 0.137 A, 0.069 A\, and 0.069 ., following both the design principles
in [52] and practical design trade-offs made between the antenna performance and
CMOS design rules. An appropriate distance is kept between the AMC plane and the
antenna, because if the promixty is too close, it does not improve but only deteriorates
the antenna’s performance, and that is due to mutual coupling effects. The layout
area is 2.2 x1.3mm? including the ground-signal-signal-ground (G-S-S-G) pads and
the AMC plane.

Figure 5.9: On-chip AMC Yagi antenna in CMOS process.

The input reflection coefficient in Fig. 5.10 shows that the 10-dB bandwidth covers
a range from 53.5 GHz to 69 GHz.
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70.00

The directivity is 6.83 dBi, and the radiation efficiency increases from less than
10% (without the AMC plane) to 19.6%. The 3D and 2D radiation patterns are
drawn in Fig. 5.11. The E-plane radiation exhibits a maximum gain of -0.22 dBi with
a half power beamwidth (HPBW) of 92° around the 40° direction.

Z

mm YOZ Plane
== XOZ Plane

Figure 5.11: 3-D and 2-D radiation patterns.

Table 5.1: Performance Comparison with Reported Works

The Type CMOS | Frequency | Bandwidth . . .
of Antenna | Process (GHz) S11 (GHz) Gain (dBi) | Efficiency
AMC loop [89] | 0.18-um 65 57-67 -4.4(measured) N.A.
2-element .
Yagi [90] N.A. 60 53-65 -3.5(simulated) 15.8%
This work 0.13-pm 60 53.5-69 -0.2(simulated) 19.6%
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Table 5.1 summarizes the performance comparison with other state-of-the-art
works. This proposed prototype outperforms the designs in the references in terms of
the bandwidth, gain, and also efficiency. However, it is worthy mentioning that the

performance obtained from real measurements might see some slight degradation.

5.7 Summary of On-chip AMC Yagi Antenna for
60-GHz Application

A prototype of an integrated AMC Yagi antenna is designed in standard 0.13-pum
CMOS process and ready for fabrication. The radiation efficiency can be greatly
improved by employing the high performance AMC plane, as a result of which a high

power gain over a wide bandwidth is achieved.
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Chapter 6

Design and Analysis of K-band
VCOs for Next Generation

Wireless Systems

After presenting the 60-GHz antenna design in the previous chapter, now we move to
the active components design for high frequency bands. The high permittivity and
low resistivity of the CMOS process may be the hurdle of achieving a high quality
factor for passive components or obtaining high radiation efficiency for the on-chip
antenna, but it can be very suitable for designing highly integrated active circuits.
Moreover, not only the RF front-end but also the integrated digital circuits blocks such
as digital modulator/demodulator, fast fourier transformation (FFT) unit, digital
signal processing (DSP) unit, micro-control unit (MCU), etc. can be integrated. A
design example will be given below to explore the possibility of using the low cost
0.13pum CMOS process to realize a very critical component of next generation wireless

communication systems.

6.1 Introduction

The next generation wireless system, namely 5G technology, has recently attracted
tremendous attention. One widely acknowledged trend for 5G is that higher frequency
bands will be employed to entitle more spectrum and higher data rate. 5G pioneering
researchers have recently demonstrated the feasibility of using frequencies higher than
20 GHz such as 28-GHz, 38-GHz, even 72-GHz for 5G communication networks [54]

[91]. However, such a huge hop in frequency poses many challenges to not only
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communication system-level design but also circuitry implementation. Considering
cellular terminal devices, it is believed that CMOS processes still play a critical role
in the mass production of commercial 5G SoC products.

As the feature size of the CMOS process has been dramatically scaled down, and
the transition frequency f,,.. achieves a higher value, the CMOS process can nowadays
be applied to higher frequency regimes such as mmWave, and even THz (300 to 3000
GHz) applications. However, the CMOS process has some intrinsic drawbacks such as
high permittivity (around 12) and low resistivity of the silicon substrate. For example,
the comparatively low (Q on-chip passive components confront high frequency VCO
design with the difficulty of obtaining low phase noise and wide tuning range.

Mainly due to the high performance in phase noise and low power consumption,
LC-tank based VCOs have gained impressive development over recent years, not only
for low GHz applications such as cellular [25] or UWB, but also for higher frequency
bands, for example K-band [92], mmWave [93], and THz application.

6.2 K-band VCOs Specifications and Architectures

Compared to LTE-Advanced networks, the targeted overall performance of a 5G
cellular system is believed to improve by 1000 times; for example, the latency will
be reduced by 10 times, and the maximum downlink speed may achieve 10 Gbps.
Even with a state-of-the-art spectral efficiency achieved by using multiple-input and
multiple-output (MIMO) or massive MIMO technology, it will be still very challeng-
ing to realize such high throughput, and not to mention that the terminal end is
confronted with high cost and difficulty of implementing large number of RF chains
and antennas. Furthermore, on the RF front-end level design for mobile devices, such
high throughput can be directly interpreted as rigorous requirement for wide band-
width and high SNR and, therefore, the VCO has to achieve a wide tuning range
with low phase noise.

However, for the design of wideband VCOs higher than 20 GHz, another challenge
lies in the fact that the most frequently employed switched capacitor technique [22]
brings the penalty of parasitic capacitance. This is more obvious for K-band appli-
cations where both inductor, and capacitor, are comparatively small, so the extra
parasitic capacitance takes a larger proportion. And this extra parasitic capacitance
does not only lower the centre frequency of a VCO, but also decreases the quality

factor of the LC tank. Consequently, the tank amplitude is reduced, and the phase
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noise performance is deteriorated. Furthermore, the capacitive loading makes it very
difficult to achieve a wide tuning range [95]. Therefore, for both DS and SS topolo-
gies in this section, only varactors are used for continuous tuning. Fig. 6.1 shows the
schematic of SS-VCO and DS-VCO respectively.

On the other hand, according to the negative resistance theory, to assure oscil-
lation startup, for DS-VCO, assuming the tansconductance of PMOS and NMOS

transistors are the same, the following criteria should be satisfied:

g > 125 (6.1)
9mn = Gmp = 1. RT .

where 1.25 is the design safety factor, and Rt stands for the total equivalent parallel
resistance of the RLC tank. For SS-VCO, only NMOS transistors form the cross-

coupled differential pair. Therefore, the transconductance should satisfy:
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Figure 6.1: Modeling of (a) SS-VCO and (b) DS-VCO.

From the analysis above, although employing a DS-VCO structure has the advan-
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tage of higher transconductance generation efficiency, its total parasitic capacitance
is large due to the PMOS effect. On the other hand, according to the study in [31],
in the current-limited region, the voltage amplitudes across the tank of the DS-VCO
and SS-VCO respectively are:

+ Igtas (6.3)

 Iiias. (6.4)

Theoretically, under the same bias current, the phase noise of the DS-VCO outper-
forms the SS-VCO by 6 dB. But as previously mentioned, at very high frequencies,
the extra parasitic capacitance of the DS-VCO will degrade its phase noise perfor-
mance. Furthermore, the double switch structure requires more voltage headroom
to work properly, and a higher voltage power supply is needed. In this design, the
DS-VCO and SS-VCO are supplied with 1.8-V and 1-V, respectively.

6.3 Detailed K-band VCO Designs

As shown in Fig. 6.2, both DS-VCO and SS-VCO employ high-Q MOS varactors to
realize continous tuning. Biasing the varactor into inversion is avoided as it may
cause a seriously delayed response. With the consideration of direct and indirect
phase noise generation mechanisms, the varactor is properly biased and sized. In
this way, the phase noise is sustained without compromising its tuning sensitivity. A

buffer amplifier is employed to provide isolation and output driving.
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Figure 6.2: Schematic view of K-band (a) SS-VCO and (b) DS-VCO.
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On the other hand, the inductor coils and the wiring interconnections have been

designed carefully so as to minimize the parasitic inductance and capacitance. In order

to achieve smaller parasitic capacitance, only one thick metal in the top layer is used to

design small inductors. According to the simulations using the ADS electromagnetic

(EM) solver, as shown in Fig. 6.3, the small inductor value varies from 136 to 138 pH,

and the quality factor is from 22 to 25 over the frequency range of 20 to 30 GHz.
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6.4 K-band VCO Measurements

K-band VCOs have been fabricated with other circuits in the 0.13-um CMOS process.
Fig.6.4 (a) indicates the fabricated die glued on the PCB and connected through
bonding wires to the soldering pads. Two K-band VCOs are designed in the low-cost
0.13-um CMOS process. Fig. 6.4 shows the circuits without the bond pads and ESD
protection circuitry. The SS-VCO occupies an area of 0.39x0.27mm?, and the total
area of the DS-VCO is 0.4x0.23mm?.

DS-VCO SS-VCO

Figure 6.4: Microphoto of (a) fabricated die with bond-wires on PCB, (b) fabricated
DS-VCO and SS-VCO.

The test PCB is shown in Fig.6.5 (a), and it is made of a two-layer board with
FR~4 material. Power, digital control signals, and analog control signals are going
through the 2.54-mm socket. The measurement set-up is shown in Fig. 6.5 (b).

For measurements, due to unavailability of some lab resource, we have used the
Agilent RF cable to directly measure the output signals from the K-band VCOs
packaged in the OCP-QFN 80 ceramic package. As mentioned before, the bonding
wires of OCP-QFN 80 chip are longer than 4-mm and introduce very large loss, and
this loss at frequencies higher than 20 GHz can be over 22 dB. Furthermore, the
measured loss of the SMA cable is at least 2.6 dB at frequencies higher than 20 GHz.
Therefore, the total attenuation is higher than 24 dB even without taking the loss on
the PCB into account.
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Figure 6.5: (a) Assembled test PCB, (b) K-band VCOs verification lab set-up.

Fig. 6.6 shows the tuning range versus control voltage. For the DS-VCO, the
tuning range is from 25.1 to 27.6 GHz, which corresponds to a frequency tuning
range (FTR) of 9.49%. The SS-VCO covers a frequency range of 20.98 to 23.65 GHz,
which corresponds to a FTR of 12%. From measurements, the current drained in the
DS-VCO varies from 9.2 to 9.5 mA under the 1.8-V power supply while the SS-VCO

consumes a current from 7 to 7.1 mA under the 1-V power supply.
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Figure 6.6: Tuning curves of SS-VCO and DS-VCO.

An Agilent EXA N9010A Signal Analyzer is used to operate the phase noise
measurement. Fig.6.7 shows that at 22.29 GHz, the SS-VCO achieves a phase noise
of -101.77 dBc/Hz at 1 MHz frequency offset, and the worst-case phase noise across
the entire tuning range is -98.6 dBc/Hz. Furthermore, Fig. 6.8 shows that at 21.02
GHz, the SS-VCO achieves a phase noise of -99.01 dBc/Hz at 1 MHz frequency offset,
and -100.05 dBc/Hz at 1 MHz frequency offset. As shown in Fig. 6.9, the phase noise
of the DS-VCO at 26.08 GHz carrier frequency is -100.51 dBc/Hz at 1 MHz frequency
offset. The worst phase noise of the entire tuning range is -97.5 dB/Hz.
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Figure 6.7: Measured phase noise of SS-VCO at (a) 22.29 GHz and (b) 23.12 GHz.
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Figure 6.8: Measured phase noise of SS-VCO at (a) 21.02 GHz and (b) 23.13 GHz.
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Figure 6.9: Measured phase noise of DS-VCO at (a) 25.74 GHz and (b) 26.08 GHz.

In order to evaluate the VCOs’ overall performance, both FOM and FOMr [25],
which take the tuning range, are employed as:

FOM = L(Af) — 20log;o(fo/Af) + 1010810 ( Paw)

FOMr = L(Af) — 20log;o((fe/Af) * (FTR/10)) + 10log;o( P ), )

where L(Af) stands for the phase noise at the offset frequency of Af. As calculated,
at 22.29 GHz, the SS-VCO achieves a FOM and FOMr of -180.3 and -181.8 dBc/Hz,
respectively. The FOM and FOMr of the SS-VCO and DS-VCO at 26.08 GHz carrier
is respectively -176.6 and -176.2 dBc/Hz. Through the comparison of the K-band
DS-VCO and SS-VCO, it is noticed that, the SS-VCO outperforms the DS-VCO
by several dB for both FOM and FOMry, which can be explained by less parasitic
capacitance the SS-VCO obtains compared to the DS-VCO.
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Table 6.1 shows the performance comparison with reported works. With the advan-
tage of higher NMOS f.x, the SS-VCO achieves state-of-the-art performance that
outperforms the DS-VCO on phase noise, power consumption, FOM, and FOMr. It

shows very competitive performance compared to other reported works. Therefore,

it can be considered as a good candidate VCO architecture of low power design for

next generation wireless communication systems.

Table 6.1: Performance Comparison with Reported VCOs

Reof CMOS | Frequency | Vdd | Ppc | FTR PNoise FOM FOM~
Process (GHz) (V) | mw | (%) | (dBc/Hz) | (dBc/Hz) | (dBc/Hz)
This 0.13-um 22.3 1.0 7 12 -101.7 -180.3 -181.8
Work i 26.1 1.8 16.7 | 9.49 -100.5 -176.6 -176.2
[92] 0.18-pm ;éi’ 2.4 9.6 3 -105.9 -182.8 -172.3
93] 90-nm 58.4 0.6 8.1 9.32 -91 -177.2 -176.6
61.7 0.43 1.2 4.81 -90 -185 -178.6
[95] 90-nm 64 0.6 3.16 | 8.75 -96 -187 -185
[96] 0.25-pm 49.5 1.3 13 2.21 -99.7 -182.4 -169.3
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Chapter 7

Millimter-Wave VCOs for 5G
Mobile Devices

In this chapter, we study the core principles and ideas of the most recently released
document from the FCC [45] and 5G channel model [98], and assume 28 GHz and
37/39 GHz frequency bands used for future 5G cellular networks. On top of the said
research and investigation, we furthermore propose a practical RF front end archi-
tecture based on previous research in Chapter 4 and Chapter 5, and then implement
and verify two prototyping VCOs working at around these two frequency bands. The
methodology and emphasis of VCO designs in this chapter is different from the pre-
vious chapter from several aspects such as specification, inductor design, chip area

and performance optimization.

7.1 Challenges and Solutions in 5G Mobile Device
Design

The most recent channel model research [98] presents both the possibility and chal-
lenge of using these frequency bands. In the large-scale propagation model, the fre-
quency dependency of path loss under the line-of-sight (LoS) scenario can be approx-

imated using the equation
PL(d)[dB] = 10nlogio(d[m]) + 32.45 + 20logio( f.[GHZ]) + xa(d),  (7.1)

where n is 1.98, and x,(d) is the LoS shadow fading which depends on the exact

channel model used. It can be observed that as frequency doubles, the path loss will
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increase by 6 dB. On the other hand, compared to the 3GPP band 43 that employs
3800 MHz which is also known as the highest carrier frequency in 3GPP standard
Rel.13 [97], the path loss at 28 GHz frequency is at least 17.3 dB higher. Moreover,
the path loss will increase to 20 dB when the 38 GHz frequency band is enabled in 5G.
Furthermore, in the non-line-of-sight (NLoS) model, the following o —  — v mode
based path loss equation [98] presents more challenges for using higher frequency
bands,

PL(d)[dB] = 10alogio(d[m]) + £ + 10vlogio(fo[GHz]) + Xxa(d). (7.2)

where « is 3.48, [ is 21.02, and 7 equals 2.34. x,(d) is the NLoS shadow fading
which holds a larger value than LoS.

As depicted in Fig. 7.1, we propose a beamforming technology based architecture
which consists of 16 patch antenna elements followed by 16 RF chains. The proposed
5G radio is also based on a split-IF architecture which, in the receiver (RX) path,
employs a high frequency local oscillator signal LO;ext1 to down-convert the 5G RX
signal to an intermediate frequency (IF). The IF radio frequency is lower than 5
GHz but higher than 3 GHz. On the other side of the transmit (TX) path, it up-
converts the IF radio signal to the 5G carrier frequency band. By doing so, the design
complexity and requirements of RF components are significantly mitigated. Each
transceiver RF path includes a diplexer, power amplifier (PA), low-noise amplifier
(LNA), digital-controlled phase shifters, etc. 16 RX and 16 TX paths are respectively

combined and split before or after the first-stage conversion.

Phase Shifter <1> Diplexer <1>

TX-RF ‘ .PA u 16-Element Antenna Array
LNA <1>
RX-RF
AGC Balun

uadrature] This work—».
fz_Tx LOs

AGC LO2 TX Balun LO1 | fi
* l Phase Shifter <16> Diplexer <8>

|
5
|
® &

| Digital RF Interface |

PA <16>
TX-RF
Quadrature
fszx LOs LNA <16>

LO2_RX -—‘
RX-RF

Figure 7.1: Block diagram of 5G radio front-end based on 16-element antenna array
and split-IF architecture.
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On the other hand, an empirical number of 5% of the ‘bandwidth to carrier fre-
quency ratio’ is assumed for 5G frequency band, which can be interpreted that the
RF bandwidth is at least 1 GHz; therefore, the FTR of the LO should be at least
5%. Through investigating 5G radio front end architecture and design of two CMOS
VCOs, this chapter paves the road to the integrated 5G radio front end, and mean-
while unveils the design challenges. The entire section is organized as follows: sub-
section 7.2 presents the VCO architecture and inductor design after reviewing several
popular high frequency VCO design techniques. Subsection 7.3 describes the detailed
implementation, fabrication and measurement results, including the comparison with

other works. Final conclusions are drawn in subsection 7.4.

7.2 High Frequency CMOS VCO Design

In order to overcome the transient frequency fr limitation to achieve the maximum
oscillation frequency ( fiax) for mm-wave and THz applications, several VCO architec-
tures have been proposed and developed over the years, such as the N-push VCO [99],
injection locking VCO, etc. These VCO architectures can be classified as indirect syn-
thesis in which the LO frequency is higher than the VCO frequency fy. As shown in
Fig. 7.2, N-push VCO architectures couple several VCOs together and synchronize
them with a progressive phase delay of 27/N so that at the output of power com-
bination, the harmonics up to order of (N-1) are canceled. Although increasing the
oscillation frequency by several times, the drawbacks of such VCO topologies lie in
the facts that, first, the harmonic energy significantly decreases when the number of
harmonics increases. Consequently a buffer amplifier resonant at N * f; is normally
required to drive the RF block at the next stage. As a result, the area, complex-
ity, and power consumption of the circuit becomes significantly higher, and thus the
power efficiency becomes poor. So from this point of view, the fundamental VCO is

still preferred, and its design optimization is worth being investigated.

7.2.1 Design Consideration of 5G VCO Architecture

For the design of a CMOS LC-tank VCO with fundamental frequency higher than
50% of fr frequency, there are several major challenges to overcome in order to meet
the requirements of frequency tuning range and phase noise. First, the quality factor

of the LC tank directly affects oscillator performance such as phase noise and FTR.
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When the frequency increases, the substrate increases loss to a saturated QQ of on-
chip inductor [100]. Consequently, not only phase noise and FTR are deteriorated,
but also a more difficult start-up of oscillation results. Secondly, in order to combat
the mentioned challenges, higher power consumption needs to be enabled, however,
a caused large transconductance Giextm of the transistor induces higher parasitic
capacitance which eventually lowers the oscillation frequency and the tank’s quality
factor. Thirdly, as to the CMOS process, its large footprint of both passive and active
devices, and their interconnects trigger significant parasitic effects which dramatically

lower the expected oscillation frequency and overall quality factor.

Figure 7.2: N-push VCOs topology and the SS-VCO.

So, apparently, the design of a small on-chip inductor with high Q becomes very
critical to enable breakthrough of high frequency VCO design. On the other side,
the on-chip inductor model provided by the foundry design kit normally has compar-
atively large inductance values and therefore is not suitable for mm-wave frequency
applications. So two types of very small on-chip inductors with high quality factor

have been designed to facilitate high frequency VCO design.
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As shown in Fig. 7.2, the nMOS cross-coupled pair based SS-VCO structure is
used in this design, considering that it has superior performance for high frequency
(fvco>25% x fr) VCO design than its counterpart of the DS-VCO [31], [101]. Fur-
thermore, in the 130-nm 1P8M CMOS technology, the nMOS FET has the highest
fr and f.42, which is 85 GHz and 90 GHz, respectively. On the other side, switched
capacitor technique is not realistic to be used due to making parasitic effect more
pronounced for such a high frequency design, so a high-Q MOS varactor pair is used

for frequency tuning.

7.2.2 Design of Very Small On-chip Inductors and VCO Cir-

cuit

(b) (©)

Figure 7.3: (a) m-lumped element model of on-chip inductor and 3D layout of (b)
C-shaped on-chip inductor and (c) horseshoe-shaped on-chip inductor.

First of all, the popular center-tapped inductor [30] or transformer inductor [102]

usually suitable for the SS-VCO topology is not applicable to this design due to
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Figure 7.5: EM simulation of inductance and quality factor of horseshoe-shaped on-
chip inductor.

very small targeted inductance values, so two separate small inductors are used. In
order to optimize the quality factor of the inductors in the 130-nm 1P8M CMOS
technology, where two top layers of thick metal are available, we use the second layer
from the top instead of the top layer. This is mainly because, for very small on-chip
inductor design, one more layer of vias introduces significant parasitic product to the
interconnects, e.g., a larger Rg in the m lumped element model, so the overall Q) is
actually deteriorated. Consequently, the benefit of using thick metal on the top layer
is counteracted although it is not only 1 pum thicker than the second layer but also

stacked further away from silicon substrate.
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Figure 7.4: EM simulation of inductance and quality factor of C-shaped on-chip
inductor.

As depicted in Fig. 7.4, for the C-shaped inductor, d,,; is 70 pm, d;,; equals to
33 um and w; is 18.5 ym. From electromagnetic (EM) simulation shown in Fig. 7.5,

over a frequency range of 25 to 30 GHz, the inductance varies from 55.8 to 56 pH,
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with a quality factor from 21 to 22. As to the smaller horseshoe-shaped inductor,
dout2 18 52 pm, diye equals to 5.9 um and wy is 24.8 pm. The resulting inductance
value ranges from 14.8 to 14.9 pH in the frequency range from 38 to 42 GHz, while
Q is maintained at around 15.

7.3 Implementation and Measurement Results

VDD VDD

Mp! |_Vct;ias T Vt(?i' Mp2 Mp! I_Vcl))ias —l_ Vlgi{ Mp2
210 pH Q G 210 pH 128 pH = = 128 pH

+ -
v Vetrl o— V- ¥ Vetrlo— V
Mn37| }—4@& |—7| Mn4 Mn3 }—4@[@—4 Mn4
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Mni Mn2 Mni ‘ Mn2

1 bias 1 bias

Figure 7.6: Circuit implementation of (a) VCO1 and (b) VCO2.

44

4
4 b

-

Figure 7.7: Die photograph of VCO1 and VCO2.

Fig. 7.6 draws the VCOs’ schematics. Fig. 7.7 shows the die photograph of two VCOs
fabricated in a 130-nm CMOS process. Excluding buffers, the VCO1 core occupies an
area of 0.034 mm?, while the VCO2 core area is only 0.018 mm?. The die is packaged



104

in quad flat no-lead (QFN) and tested using 2.4 mm RF connectors and cables. Low
dropout regulators (LDOs) are used to improve the power supply ripple rejection
ratio (PSRR) at critical power supply and signals. For example, the control voltage
of the VCO is very important to the overall phase noise performance, and thus using
LDO can effectively remove the ripples of the control voltage and improve the phase

noise performance.
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Figure 7.8: Measured frequency tuning range of VCO1 and VCO2.

For the test, both VCO1 and VCO2 are under 1.4 V power supply. Fig. 7.8 shows
the two VCOs’ frequency tuning range (FTR) versus control voltage. VCO1 covers
from 25.23 to 27 GHz, with a resulting FTR of 6.8%, while VCO2 can be tuned from
39.6 to 41.82 GHz, which corresponds to a calculated FTR of 5.4%. The current
of VCO1 varies from 15.5 mA to 16 mA while that of VCO2 changes from 20.5 to
21.1 mA. The direct measured output power of VCO1 at 25.32 GHz is -29.5 dBm,
and it is -39.4 dBm for VCO2 running at 41.8 GHz as shown in Fig. 7.9. After de-
embedding the off-chip loss induced by the bondwires, PCB traces, connectors and
cables, the output power of VCO1 varies from 3 to 2.7 dBm, and VCO2 output power
is from -6.6 to -8.3 dBm. The phase noise of the VCOs is directly measured using
the R&S FSW-67 signal & spectrum analyzer. As shown in Fig. 7.10, at 1 MHz
offset frequency, when working at 25.58 GHz, VCO1 achieves a phase noise of -101.88
dBc/Hz, which corresponds to a FOM of -176.7 dBc/Hz. The phase noise of VCO2 is
given in Fig. 7.11. When ruuning at 39.64 GHz, it achieves -94.76 dBc/Hz at 1 MHz
offset frequency, with a resulting FOM of -172.1 dBc¢/Hz. The worst-case phase noise
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of VCO1 and VCO?2 is -99.8 and -91.8 dBc/Hz, respectively. Table 7.1 compares this
design with other reported fundamental high frequency VCOs.

Ref Level -37.07 dBm RBW 3 MHz
Att 2dB SWT 8ms VBW 3MHz Mode Auto Sweep

M1[1] -39.41 dBm)|
41.80990 GHZ|

' ‘| T “\H WINUE HI‘ fr | ; H i T

CF 41.809899993 GHz 1001 pts 200.0 MHz/ Span 2.0 GHz

Figure 7.9: Measured output spectrum of VCO2 at 41.8 GHz.

Nominal Frequency 25.580543307 GHz
Ref Level & Att -31.80 dBm, Att O dB
Measurement 100 kHz to 30 MHz

. | Measured Freq
Initial Delta SGL
Drift

Measured Level
Initial Delta
Drift

PA
T Phase Noise T ClFw Lin Smith 1% = 2 Clrw_ 8 3 View
1MHz 10MHz M2[1] -118.30 dBc/Hz
10.0000 MHz

M1[1] -101.88 dBc/Hz
1.0000 MHz

-110 di
| T
; i

125 AR

2 50

100.0 kHz 30.0 MHz
Frequency Offset

Figure 7.10: Measured phase noise of VCOL1.
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Figure 7.11: Measured phase noise of VCO2.

7.4 Conclusion

In this chapter, two high GHz fundamental VCO prototypes have been designed,
verified in a 130-nm CMOS technology. As mitigated by two small on-chip high Q
inductors, the maximum oscillation frequency is close to 50% of fr. Furthermore,
the two VCOs demonstrate good phase noise, FOM and FTR. Therefore, they can

be considered as candidates for 5G mobile devices.

Table 7.1: Performance Comparison with Reported Works.

References CMOS Frequency | Vdd | Current | FTR | PNoise FoM Pout Core Area

Process (GHz) V) (mA) (%) | dBc/Hz | dBc/Hz | (dBm) (mm?)

JSSC 2009 58.4 0.6 8.1 9.32 91 1772
[93] 90-nm 61.7 0.43 1.2 4.81 -90 -185 97 0.0077

ISSCC 2013 33.6 118 178.7
[103] 32-nm Jrgs 1 9.8 31 16 1704 N.A. 0.0084
RFEE}OM 65-nm 54 1 24 91 -85 -179.8 -23.9 0.0132
. 25.6 14 155 6.8 -101.8 176.7 3 0.034
This work | 130-nm 39.6 14 20.6 5.4 94.8 -172.1 6.6 0.018
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Chapter 8
Conclusions and Future Work

The entire thesis deals with several important and timely areas and topics in con-
temporary and future wireless communication technologies and wireless hardware
designs.

The first part of the dissertation mainly discussed the TRPC-UWB communica-
tion system and hardware implementations. A switched capacitor based wideband
QVCO and RF front end have been designed and verified in a CMOS process. The
fabricated RF front end chip consisted of a TRPC-UWB transmitter which is ca-
pable of sending a maximum data throughput of 300 Mbps, with very good energy
efficiency.

The second part of the dissertation is about the UE hardware design of the next
generation wireless system which is also known as 5G. The 5G R&D progress from
both the academia and the industry has been thoroughly investigated, followed by a
further study of the contemporary UE hardware design. A novel system architecture
called DPA-MIMO has been proposed to solve various challenges facing the future
mmWave based 5G mobile handset. Furthermore, an on-chip antenna prototype has
been proposed for WiGig IEEE 802.11ad applications. The last two chapters pre-
sented four high frequency VCOs prototypes. The first two K-band VCOs prototypes
are designed and compared in both the SS-VCO and DS-VCO topologies. In the
last chapter, the 5G mmWave RF front end design at the UE end is firstly analyzed,
and next, two 5G mmWave VCOs based on very small on-chip inductors have been
designed and verified.

In the near future, when more mmWave frequency bands are auctioned for 5G
commercial cellular networks, more serious challenges will be posed to the 5G UE

design as it is expected to integrate more bands, modes and standards, but is still
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constrained with limited battery life. Future work can be focused on the R&D of novel
hardware architectures and highly efficient mmWave circuits. To be more specific,
there are three major aspects. First, the envelop tracking technology needs to be
well investigated and developed for future mmWave multi-band applications. The
bandwidth of the future 5G bands will become much larger than 4G ones, therefore
more advanced envelop tracking technology will play a critical role in improving the
power efficiency. The second part of the future work will be devoted to implementing
the energy-efficient 5G baseband signal processor on the SoC level, considering that
the 5G baseband processor will process at least more than 10 times of the data of
4G. Furthermore, the power consumption analysis of the 5G UE can be conducted.
The last aspect is to deal with the antenna design. As the new 5G bands will likely
enable much higher frequencies with wider bandwidth, and in the meanwhile, the 5G
UE still needs to support legacy standards in sub-6 GHz, high-performance antenna
systems need to be developed, particularly with respect the radiation efficiency and
bandwidth.



109

Publications

Published papers until Apr. 2017:

[C5] Y. Huo, X. Dong, L. Li, M. Xie, and W. Xu, “26/40 GHz CMOS VCOs
design of radio front-end for 5G mobile devices,” in Proc. 2016 IEEE International
Conference on Ubiquitous Wireless Broadband (ICUWB), Oct. 2016, pp. 1-4. (Best
Student Paper Award)

[C4] Y. Huo, X. Dong, L. Li, M. Xie, and W. Xu, “Design and analysis of two
K-band CMOS VCOs for next generation wireless systems,” in Proc. 2015 IEEE
Asia-Pacific Microwave Conference (APMC), Dec. 2015, pp. 1-3.

[C3] Y. Huo, X. Dong, and P. Lu, “A LC quadrature VCO with wide tuning range
for TRPC-UWB application in 0.13-um CMOS,” in Proc. 2014 IEEE International
Conference on Solid-State and Integrated Clircuit Technology (ICSICT), Oct. 2014,
pp. 965-967.

[C2] Y. Huo, X. Dong, and J. Bornemann, “A wideband artificial magnetic con-
ductor Yagi antenna for 60-GHz standard 0.13-pym CMOS applications,” in Proc.
2014 IEEE International Conference on Solid-State and Integrated Circuit Technol-
ogy (ICSICT), Oct. 2014, pp. 1285-1287.

[C1] Y. Huo, X. Dong, and P. Lu, “A TRPC-UWB transmitter front-end based
on wideband 1Q modulator in 0.13-um CMOS,” in Proc. 2014 IEEFE International
Conference on Solid-State and Integrated Clircuit Technology (ICSICT), Oct. 2014,
pp. 1393-1395. (Excellent Student Paper Award)

Submitted papers:

[J3] Yiming Huo, Xiaodai Dong, and Wei Xu, “5G cellular user equipment: from

theory to practical hardware design,” submitted to a IEEFE Access, pending review.

[J2] Yiming Huo, Xiaodai Dong, and Ping Lu, “A new transmitted reference pulse



110

cluster based ultra-wideband transmitter design,” submitted IC'T Ezpress, pending

review.

[J1] Zhonghua Liang, Guowei Zhang, Xiaodai Dong, and Yiming Huo, “Design
and analysis of passband transmitted reference pulse cluster UWB systems in the
presence of phase noise,” submitted to IEEE Transactions on Vehicular Technology,

pending review.
Submitted patents:
[P1] Yiming Huo, Xiaodai Dong, and Wei Xu, “Distributed phased arrays based

MIMO (DPA-MIMO) for next generation wireless user equipment hardware design

and method,” U.S. Patent provisional application.



111

Bibliography

[1] “The History of Media (The Beginning-1950 A.D.),” [Online]. Available:
http://thehistoryofmedia.weebly.com /smoke-signals.html [Accessed:  20-Jan-
2017]

[2] “Vertical — answer  for  future  transistors,” Apr.  2010.  [On-
line]. Available: http://eandt.theiet.org/magazine /2010/06/going-
up.cfm?origin=EtOtherStories [Accessed: 20-Jan-2017]

[3] F. Nekoogar, Ultra-Wideband Communications: Fundamentals and Applications.
Upper Saddle River, NJ: Prentice-Hall, 2006.

[4] K. Witrisal, G. Leus, G. J. M. Janssen, M. Pausini, F. Troesch, T. Zasowski, and
J. Romme, “Noncoherent ultra-wideband systems,” IEEE Signal Process. Mayg.,
vol. 26, no. 4, pp. 48-66, Jul. 2009.

[5] M. K. Tsai, “Cloud 2.0 clients and connectivity-technology and challenges,” in
IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2014, pp.
15-19.

[6] NOKIA, “Enhance Mobile Networks to Deliver 1000
Times More Capacity by 2020,” [Online]. Available:
http://networks.nokia.com/sites/default /files/document /nokia_1000x_capacity white_
paper.pdf [Accessed: 20-Jan-2017]

[7] H. Tullberg, “METIS Concepts for 5G,” [Online|. Available: http://bg-
ppp.eu/wp-content /uploads/2014/04/METIS-Concepts-for-5G.pdf  [Accessed:
01-Jan-2017]

[8] J. Zander, “ ‘No 5G Radio Technology’-says Ericsson CTO,” Nov. 2011. [Online].
Available:  http://theunwiredpeople.com/2011/11/08 /no-5g-radio-technology-
says-ericsson-cto/ [Accessed: 20-May-2016]



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

112

M. He, R. Winoto, X. Gao, W. Loeb, D. Signoff, W. Lau, Y. Lu, D. Cui, K.-S.
Lee, S.-W. Tam, P. Godoy, Y. Chen, S. Joo, C. Hu, A. A. Paramanandam, X.
Wang, C.-H. Lin, and L. Lin, “A 40nm dual-band 3-stream 802.11a/b/g/n/ac
MIMO WLAN SoC with 1.1Gb/s over the-air throughput,” in IEEE Int. Solid-
State Circuits Conf. Tech. Dig., pp. 350-351, Feb. 2014.

Y. Tousi, E. Afshari, “A scalable terahertz 2D phased array with +17dBm of
EIRP at 338GHz in 65nm Bulk CMOS,” in IEEFE Int. Solid-State Circuits Conf.
Tech. Dig., pp. 258-259, Feb. 2014.

M. Boers, B. Afshar, I. Vassiliou, S. Sarkar, S. T. Nicolson, E. Adabi, B. G.
Perumana, T. Chalvatzis, S. Kavvadias, P. Sen, W. L. Chan, A. H.-T. Yu, A.
Parsa, M. Nariman, S. Yoon, A. G. Besoli, C. A. Kyriazidou, G. Zochios, J. A.
Castaneda, T. Sowlati, M. Rofougaran, and A. Rofougaran, “A 16TX/16RX 60-
GHz 802.11ad chipset with single coaxial interface and polarization diversity,”
in IEEFE Int. Solid-State Circuits Conf. Tech. Dig., pp. 344-345, Feb. 2014.

Jet  Propulsion  Laboratory, “JPL.  and UCLA  Develop Spec-
trometer Chip Based on CMOS Smartphone Technol-
ogy  for  Future NASA  Instruments,” [Online]. Available:

http://scienceandtechnology.jpl.nasa.gov/newsandevents/newsdetails/

?NewsID=2981 [Accessed: 20-Jan-2017]

L. Columbus, “IDC Predicts CMOS Will Drive $32.3B In Marketing Technology
Spending By 2018,” Jan. 2015, [Online]. Available: http://www.forbes.com/sites
/louiscolumbus/2015/01/17 /ide-predicts-cmos-will-drive-32-3b-in-marketing-
technology-spending-by-2018/ [Accessed: 26-Jan-2017]

X. Dong, L. Jin, and P. Orlik, “A new transmitted reference pulse cluster system
for UWB communications,” IEEE Trans. Veh. Technol., vol. 57, no. 5, pp. 3217-
3224, Sep. 2008.

Z. Liang, X. Dong, G. Zhang, and M. Rong, “Phase noise analysis in passband
transmitted reference pulse cluster UWB communications,” in Proc. IEEE 83rd
Veh. Technol. Conf. (VTC-Fall), pp. 1-5, Sep. 2014.

R. Hoctor and H. Tomlinson, “Delay-hopped transmitted-reference RF commu-
nications,” in Proc. IEEE Conf. Ultra Wideband Syst. Technol., May 2002, pp.
265-269.



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[25]

[26]

113

A. F. Molisch, K. Balakrishnan, C.-C. Chong, S. Emami, A. Fort, J. Karedal,
J. Kunisch, H. Schantz, U. Schuster, and K. Siwiak, “IEEE 802.15.4a channel
model-Final report,” IEEE P802.15-04-0662-00-004a, Oct. 2004. Tech. Rep.

D. C. Wilcoxson, “Phase noise in low-power radio communications,” Master’s
thesis, Massachusetts Institute of Technology, Cambridge, 1996. [Accessed: 18-
Dec-2016]

A. Hajimiri and T. H. Lee, “A general theory of phase noise in electrical oscilla-
tors,” IFEFE J. Solid-State Clircuits, vol. 33, no. 2, pp. 179-194, Feb. 1998.

B. Razavi, RF Microelectronics, 2nd ed. Upper Saddle River, NJ, USA: Prentice-
Hall, 2012, pp. 200-226.

T. Markus, A. Axholt, J. Lindstrand, and H. Sjoland, “A 2 GHz Tx LO gener-
ation circuit with active PPF and 3/2 divider in 65 nm CMOS,” in Proc. 2011
IEEE International Symposium on Integrated Circuits (ISIC), Singapore, Dec.
12-14, 2011, pp. 208-211.

A. D. Berny, A. M. Niknejad, and R. G. Meyer, “A 1.8 GHz LC VCO with
1.3 GHz tuning range and digital amplitude calibration,” IEEE J. Solid-State
Clircuits, vol. 40, no. 4, pp. 909-917, Apr. 2005.

A. Bevilacqua, F. P. Pavan, C. Sandner, A. Gerosa, and A. Neviani,
“Transformer-based dual-mode voltage-controlled oscillators,” IEEE Trans. Cir-
cuits Syst. II: Expr. Briefs, vol. 54, no. 4, pp. 293-297, Apr. 2007.

W. L. Ng and H. C. Luong, “A 1 V 17 GHz 5 mW CMOS QVCO based on
transformer coupling,” in Int. Solid-State Circuits Conf. Tech. Dig., pp.198-199,
Feb. 2006.

Y. Huo, T. Mattsson, and P. Andreani, “A switched-transformer, 76% tuning-
range VCO in 90nm CMOS,” in Proc. 2010 Asia-Pacific Microwave Conference
(APMC), Dec. 2010, pp. 1043-1046.

A. Rofougaran, J. Rael, M. Rofougaran, and A. Abidi, “A 900 MHz CMOS
LC-oscillator with quadrature outputs,” in IEEE Int. Solid-State Circuits Conf.
Tech. Dig., Feb. 1996, pp. 392-393.



[27]

[28]

[29]

[31]

[32]

[35]

[36]

114

P. Andreani, A. Bonfanti, L. Romano, and C. Samori, “Analysis and design of
a 1.8-GHz CMOS LC quadrature VCO,” IEEE J. Solid-State Circuits, vol. 37,
pp. 1737-1747, Dec. 2002.

P. Andreani and X. Wang, “On the phase-noise and phase-error performances
of multiphase LC CMOS VCOs,” IEEE J. Solid-State Clircuits, vol. 39, no. 11,
pp-1883-1893, Nov. 2004.

K. K. Lee, C. Bryant, M. Térméanen, and H. Sjoland, “Design and analysis of
an ultra-low-power LC quadrature VCO,” J. Analog Integr. Circuits and Signal
Processing, vol. 67, pp. 49-60, Apr. 2011.

P. Andreani, K. Kozmin, P. Sandrup, M. Nilsson, and T. Mattsson, “A TX VCO
for WCDMA/EDGE in 90 nm RF CMOS,” IEEFE J. SolidState Circuits, vol. 46,
no. 7, pp. 1618-1626, Jul. 2011.

P. Andreani, and A. Fard, “More on the 1/f? phase noise performance of CMOS
differential-pair LC-tank oscillators,” IEEFE J. Solid-State Circuits,, vol. 41, no.
12, pp. 2703-2712, Dec. 2006.

A. Mazzanti , F. Svelto and P. Andreani, “On the amplitude and phase errors
of quadrature LC-tank CMOS oscillators,” IEEE J. Solid-State Circuits, vol. 41,
no. 6, pp.1305-1313, Jun. 2006.

R. J. Fontana and E. A. Richley, “Observations on low data rate, short pulse
UWRB systems,” in Proc. IEEE ICUWB, pp.334-338, 2007.

S. C. Blaakmeer, E. A. M. Klumperink, D. M. W. Leenaerts, and B. Nauta,
“Wideband balun-LNA with simultaneous outputbalancing, noise-canceling and
distortion-canceling,” IEEE J. Solid-State Circuits, vol. 43, no. 6, pp.1341-1350,
June 2008.

H. Darabi and A. A. Abidi, “Noise in RF-CMOS mixers: a simple physical
model,” IEEE J. Solid-State Circuits, vol. 35, no. 1, pp.15-25, Jan. 2000.

H. Darabi and J. Chiu, “A noise cancellation technique in active RF-CMOS
mixers,” IEEE J. Solid-State Circuits, vol. 40, no. 12, pp. 2628-2632, Dec. 2005.



[37]

[39]

[41]

[42]

[43]

[44]

115

H.-Y. Shih and C.-W. Wang, “A highly-integrated 3-8 GHz ultrawideband RF
transmitter with digital-assisted carrier leakage calibration and automatic trans-
mit power control,” IEEE Trans. Very Large Scale Integr. (VLSI) Syst., vol. 20,
no. 8, pp. 1357-1367, Aug. 2012.

K. Doppler, M. Rinne, C. Wijting, C. B. Ribeiro, and K. Hugl, “Device-to-Device
communications as an underlay to LTE-Advanced networks,” IEEE Commun.
Mayg., vol. 47, no. 12, pp. 42-49, Dec. 2009.

D. Lépez-Pérez, I. Giivene, G. de la Roche, M. Kountouris, T. Q. S. Quek, J.
Zhang, “Enhanced intercell interference coordination challenges in heterogeneous
networks,” IEEE Commun. Mag., vol. 18, no. 3, pp. 22-30, Jun. 2011.

C.-X. Wang, F. Haider, X. Gao, X.-H. You, Y. Yang, D. Yuan, H. M. Aggoune, H.
Haas, S. Fletcher, and E. Hepsaydir, “Cellular architecture and key technologies

for 5G wireless communication networks,” IEFEE Commun. Mag., vol. 52, no. 2,
pp. 122-130, Feb. 2014.

M. Agiwal, A. Roy, and N. Saxena, “Next generation 5G wireless networks: A
comprehensive survey,” IEEE Commun. Surveys Tuts., vol. 18, no. 3, pp. 1617-
1655, Feb. 2016.

“Samsung Galaxy S7, the first 4 x 4 MIMO smartphone,” [Online].
Available:  http://cellularinsights.com/samsung-galaxy-s7-the-first-4x4-mimo-
smartphone/ [Accessed: 02-Dec-2016]

M. Boers, B. Afshar, I. Vassiliou, S. Sarkar, S. T. Nicolson, E. Adabi, B. G.
Perumana, T. Chalvatzis, S. Kavvadias, P. Sen, W. L. Chan, A. H.-T. Yu, A.
Parsa, M. Nariman, S. Yoon, A. G. Besoli, C. A. Kyriazidou, G. Zochios, J. A.
Castaneda, T. Sowlati, M. Rofougaran, and A. Rofougaran, “A 16TX/16RX 60
GHz 802.11ad chipset with single coaxial interface and polarization diversity,”
IEEE J. Solid-State Circuits, vol. 49, pp. 3031-3045, 2014.

R. Zhang, M. Wang, L. X. Cai, Z. Zheng, X. Shen, and L.-L. Xie, “LTE-
unlicensed: The future of spectrum aggregation for cellular networks,” IEEFE
Wireless Commun., vol. 22, no. 3, pp. 150-159, Jun. 2015.



[45]

[46]

[47]

[48]

[54]

116

“Report and order and future notice of proposed rulemaking,” [Online|. Avail-
able:  https://apps.fcc.gov/edocs_public/attachmatch /FCC-16-89A1.pdf [Ac-
cessed: 02-Dec-2016]

M.-K. Jiau , S.-C. Huang , J.-N. Hwang , and A. Vasilakos, “Multimedia services
in cloud-based vehicular networks,” IEEFE Intelligent Transportation Systems
Magazine, vol. 7, no. 3, Fall 2015, pp. 62-79.

T. Reddy, Linden’s Handbook of Batteries, 4th Edition, McGraw-Hill Profes-
sional, 2010.

L. David, R. Bhandavat, U. Barrera, and G. Singh, “Silicon oxycarbide glass-
graphene composite paper electrode for long-cycle lithium-ion batteries,” Nature
Communications, 7 (2016), p. 10998.

Sehat Sutardja, “Slowing of Moore’s law signals the beginning of Smart Every-
thing,” in Proc. 44th Eur. Solid State Device Res. Conf., pp. 7-8, Sep. 2014.

C. Rowell and E. Y. Lam, “Mobile-phone antenna design,” IEEE Antennas and
Propagation Magazine, vol. 54, pp. 14-34, August 2012.

K.-L. Wong, and C.-Y. Tsai, “IFA-based metal-frame antenna without ground
clearance for the LTE/WWAN operation in the metal-casing tablet computer,”
IEEFE Trans. Antennas Propag., vol. 64, no. 1, pp. 53-60, Jan. 2016.

C. A. Balanis, Antenna Theory: Analysis and Design, John Wiley Sons, Hobo-
ken, NJ, USA, 2005.

K. Haneda, J. Zhang, L. Tan, G. Liu, Y. Zheng, H. Asplund, J. Li, Y. Wang, D.
Steer, C. Li, T. Balercia, S. Lee, Y. Kim, A. Ghosh, T. Thomas, T. Nakamura,
Y. Kakishima, T. Imai, H. Papadopoulos, T. S. Rappaport, G. R. MacCartney,
M. K. Samimi, S. Sun, O. Koymen, S. Hur, J. Park, C. Zhang, E. Mellios, A.
F. Molisch, S. S. Ghassamzadeh, and A. Ghosh, “6G 3GPP-like channel models
for outdoor urban microcellular and macrocellular environments,” in Proc. IEEE
83rd Veh. Technol. Conf. (VTC-Spring), pp. 1-7, May 2016.

T. S. Rappaport, S. Sun, R. Mayzus, H. Zhao, Y. Azar, K. Wang, G. N. Wong,
J. K. Schulz, M. Samimi, and F. Gutierrez, “Millimeter wave mobile communi-
cations for 5G cellular: It will work!” [EEE Access, vol. 1, pp. 335-349, May
2013.



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

117

)

Q. Zhao and J. Li, “Rain attenuation in millimeter wave ranges,” in Proc. Inter.

Symp. on Antennas, Propagation & EM Theory, Oct. 2006, pp.1-4.

K. Zhao, J. Helander, D. Sjoberg, S. He, T. Bolin, and Z. Ying, “User body effect
on phased array in user equipment for 5G mm wave communication system,”
IEEE Antennas and Wireless Propagation Letters, vol. 16, pp. 864-867, 2017.

G. R. MacCartney, S. Deng, S. Sun, and T.S. Rappaport, “Millimeter-wave
human blockage at 73 GHz with a simple double knife-edge diffraction model
and extension for directional antennas,” in Proc. IEEE 84th Veh. Technol. Conf.
(VTC-Fall), Sep. 2016.

S. Shakib, H. C. Park, J. Dunworth, V. Aparin, and K. Entesari, “A 28 GHz
efficient linear power amplifier for 5G phased arrays in 28nm bulk CMOS,” in
IEEFE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Jan./Feb. 2016,
pp. 352-353.

S. Zihir and G. M. Rebeiz, “A 60 GHz 64-element phased-array beam-pointing
communication system for 5G 100 meter links up to 2 Gbps,” in IEEE MTT-S
Int. Microw. Symp. Dig., May 2016, pp.1-3.

H. Jin, W. Che, K.-S. Chin, G. Shen, W. Yang, and Q. Xue, “60GHz LTCC
differential-fed patch antenna array with high gain by using soft-surface struc-
tures,” IEEE Trans. Antennas Propag., vol. 65, no. 1, pp. 206-216, Jan. 2017.

A. Natarajan, S. K. Reynolds, M.-D. Tsai, S. T. Nicolson, J.-H. C. Zhan, D.
G. Kam, D. Liu, Y.-L. O. Huang, A. Valdes-Garcia, and B. A. Floyd, “A fully-
integrated 16-element phased-array receiver in SiGe BiCMOS for 60-GHz com-
munications,” IEFE Journal of Solid-State Circuits, vol. 46, no. 5, pp. 1059-1075,
May 2011.

S. Li, T. Chi, J. S. Park, W. T. Khan, H. Wang, and J. Papapolymerou, “A fully
packaged D-band MIMO transmitter using high-density flip-chip interconnects
on LCP substrate,” in IEEE MTT-S Int. Microw. Symp. Dig., May 2016, pp.1-4.

L. Dussopt, O. El Bouayadi, Y. Lamy, and G. Simon, “Silicon interposer technol-
ogy and antenna solutions for highly-integrated mmWave transceiver modules,”
in Proc. IEEE MTT-S International Microwave Symposium (IMS) Workshops,
pp- 1-36, May 2016.



[64]

[66]

[67]

[68]

[69]

[70]

[71]

118

D. Anzaldo, “Navigate the AFE and data-converter
maze in mobile wireless terminals,” [Online]. Available:
https://www.maximintegrated.com/en/appnotes/index.mvp/id /5519 [Ac-

cessed: 20-Dec-2016]

J. Liu, H. Minn, and A. Gatherer, (2015, June), “The death of 5G part 2:
Will analog be the death of massive MIMO?” IEEE ComSoc Technology News,
CTN Issue. [Online]. Available: http://www.comsoc.org/ctn/death-5g-part-2-

will-analog-be-death-massive-mimo [Accessed: 20-Dec-2016]

J.W. Nam, M. Hassanpourghadi, A. Zhang, and M. S.-W. Chen, “A 12-bit 1.6
GS/s interleaved SAR ADC with dual reference shifting and interpolation achiev-
ing 17.8 fJ/conv-step in 65nm CMOS,” in Proc. IEEE Symp. VLSI Circuits, Jun.
2016, pp. 1-2.

C.Y. Lin, Y. H. Wei, and T. C. Lee, “A 10b 2.6 GS/s time-interleaved SAR ADC
with background timing skew calibration,” in IEEE Int. Solid-State Circuits
Conf. (ISSCC) Dig. Tech. Papers, pp. 468-469, Jan./Feb. 2016

J. Wu, A. Chou, T. Li, R. Wu, T. Wang, G. Cusmai, S.-T. Lin, C.-H. Yang,
G. Unruh, S. R. Dommaraju, M. M. Zhang, P. T. Yang, W.-T. Lin, X. Chen,
D. Koh, Q. Dou, H. M. Geddada, J.-J. Hung, M. Brandolini, Y. Shin, H.-S.
Huang, C.-Y. Chen, and A. Venes, “A 4GS/s 13b pipelined ADC with capacitor
and amplifier sharing in 16 nm CMOS,” in IEEE Int. Solid-State Circuits Conf.
(ISSCC) Dig. Tech. Papers, Jan./Feb. 2016, pp. 466-467.

S. Su and M. S.-W. Chen, “A 12-bit 2 GS/s dual-rate hybrid DAC with pulse-
error pre-distortion and in-band noise cancellation achieving >74 dBc SFDR and
<-80 dBc IM3 up to 1 GHz in 65 nm CMOS,” IEEFE J. Solid-State Circuits, vol.
51, no. 12, pp. 2963-2978, Dec. 2016.

R. H. Walden, “Analog-to-digital converter survey and analysis,” IEEE J. Sel.
Areas Commun., vol. 17, no. 4, pp. 539-550, Apr. 1999.

B. Murmann, “ADC Performance Survey 1997-2016,” [Online]. Available:
http://web.stanford.edu/~murmann/adcsurvey.html [Accessed: 20-Dec-2016]



[72]

[73]

[74]

[75]

[77]

(78]

[79]

119

C. Byeon and C. S. Park, “Design and analysis of the millimeter-wave SPDT
switch for TDD applications,” IEEE Trans. Microw. Theory Techn., vol. 61, no.
8, pp. 2258-2864, Aug. 2013.

7. Yang, and D. Peroulis, “A 20-40 GHz tunable MEMS bandpass filter with
enhanced stability by gold-vanadium micro-corrugated diaphragms,” in I[FEFE
MTT-S Int. Microw. Symp. Dig., May 2016, pp.1-3.

N. Saito, T. Tsukizawa, N. Shirakata, T. Morita, K. Tanaka, J. Sato, Y. Mor-
ishita, M. Kanemaru, R. Kitamura, T. Shima, T. Nakatani, K. Miyanaga, T.
Urushihara, H. Yoshikawa, T. Sakamoto, H. Motozuka, Y. Shirakawa, N. Yosoku,
A. Yamamoto, R. Shiozaki, and K. Takinami, “A fully integrated 60-GHz CMOS
transceiver chipset based on WiGig/IEEE 802.11ad with built-in self calibration
for mobile usage,” IEEE J. Solid-State Circuits, vol. 48, no. 12, pp. 3146-3159,
Dec. 2013.

A. Tomkins, A. Poon, E. Juntunen, A. El-Gabaly, G. Temkine, Y.-L. To, C.
Farnsworth, A. Tabibiazar, M. Fakharzadeh, S. Jafarlou, A. Abdellatif, H. Taw-
fik, B. Lynch, M. Tazlauanu, and R. Glibbery, “A 60 GHz 802.11ad/WiGig-
compliant transceiver for infrastructure and mobile applications in 130 nm SiGe
BiCMOS,” IEEE J. Solid-State Circuits, vol. 50, no. 10, pp. 2239-2255, Oct.
2015.

D. Zhao and P. Reynaert, “An E-band power amplifier with broadband parallel-
series power combiner in 40-nm CMOS,” IEEFE Trans. Microw. Theory Techn.,
vol. 63, no. 2, pp. 683-690, Feb. 2015.

A. Larie, E. Kerhervé, B. Martineau, L. Vogt, and D. Belot, “A 60 GHz 28 nm
UTBB FD-SOI CMOS reconfigurable power amplifier with 21% PAE, 18.2 dBm
P1dB and 74 mW PDC,” in IEEFE Int. Solid-State Circuits Conf. (ISSCC) Dig.
Tech. Papers, Feb. 2015, pp. 1-3.

M. M. M. Ali, and A.-R. Sebak, “Dual band (28/38 GHz) CPW slot directive
antenna for future 5G cellular applications,” in Proc. IEEFE International Sym-
posium on Antennas and Propagation (APSURSI), 2016, pp. 399-400.

W. Zhai, V. Miraftab, M. Repeta, D. Wessel, and W. Tong, “Dual-Band

millimeter-wave interleaved antenna array exploiting low-cost PCB technology



[31]

[82]

[83]

[84]

[85]

[36]

[87]

[38]

120

for high speed 5G communication,” in IEEE MTT-S Int. Microw. Symp. Dig.,
May 2016, pp.1-3.

S. Hu, F. Wang, and H. Wang, “A 28GH/37GHz/39GHz multiband linear do-
herty power amplifier for 5G massive MIMO applications,” in IEFE Int. Solid-
State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2017, pp. 1-3.

R. Wallace, “Antenna Selection Guide. Application Note
ANO058,” Texas Instruments, 2010 [Online]. Available:
http://www.ti.com/lit/an/swral61b/swral61b.pdf [Accessed: 29-Aug-2015]

S. Sharma, “Engineering the Internet of Things,” ANSYS, 2014, [Online|. Avail-
able: http://www.ansys.com /staticassets/ANSYS /staticassets/resourcelibrary/
article/Engineering-the-Internet-of-Things-Article-A A-V8-13.pdf [Accessed: 20-
Jan-2017]

B. Razavi, “A 60-GHz CMOS receiver front-end,” IFEE J. Solid-State Circuits,
vol. 41, no. 1, pp. 17-22, Jan. 2006.

K. K. Samanta, D. Stephens, amd I. D. Robertson, “Design and performance of a
60-GHz multi-chip module receiver employing substrate integrated waveguides,”
IET Microw., Antennas Propag., vol. 1, no. 5, pp. 961-967, Oct. 2007.

K. Okada, N. Li, K. Matsushita, K. Bunsen, R. Murakami, A. Musa, T.
Sato, H. Asada, N. Takayama, S. Ito, W. Chaivipas, R. Minami, T. Yam-
aguchi, Y. Takeuchi, H. Yamagishi, M. Noda, and A. Matsuzawa, “A 60 GHz
16QAM /8PSK/QPSK/BPSK direct-conversion transceiver for IEEE802.15.3c,”
IEEE J. Solid-State Clircuits, vol. 46, no. 12, pp. 2988-3004, Dec. 2011.

H. Cheema and A. Shamim, “The last barrier: on-chip antennas,” IEEE Microw.
Mayg., vol. 14, no.1, pp. 79-91, Jan.-Feb. 2013.

C. A. Balanis, Advanced Engineering Electromagnetics, 2nd Edition, John Wiley
Sons, Hoboken, NJ, USA, 2012.

C. H. Tsao and R. Mittra, “Spectral-domain analysis of frequency selective sur-
faces comprised of periodic arrays of cross dipoles and jerusalem crosses,” IFEFE
Trans. Antennas Propag., pp. 478-486, May 1984.



121

[89] X. Y. Bao, Y.-X. Guo, and Y.-Z. Xiong, “60-GHz AMC-based circularly polar-
ized on-chip antenna using standard 0.18-uym CMOS technology,” IEEE Trans.
Antennas Propag., vol. 60, no. 5, pp. 2234-2241, May 2012.

[90] F. Gutierrez, S. Agarwal, K. Parrish, and T. S. Rappaport, “On-chip integrated
antenna structures in CMOS for 60 GHz WPAN systems,” IEEE J. Sel. Areas
Commun., vol. 27, no. 8, pp. 1367-1368, Oct. 2009.

[91] A. Bleicher, “The 5G phone future: Samsung’s millimeter-wave transceiver tech-
nology could enable ultrafast mobile broadband by 2020,” IEEE Spectrum, vol.
50, no. 7, pp. 15-16, Jul. 2013.

[92] C. C. Li, T. P. Wang, C. C. Kuo, M. C. Chuang, and H. Wang, “A 21 GHz com-
plementary transformer coupled CMOS VCO,” IEEE Microwave and wireless
Comp. Letters, vol. 18, no. 4, pp. 278-280, Apr. 2008.

(93] L. Li, P. Reynaert and M. Steyaert, “Design and analysis of a 90 nm mm-wave
oscillator using inductive-division LC tank,” IEEE J. Solid-State Circuits, vol.
44, no. 7, pp. 1950-1958, Jul. 2009.

[94] J. Vieira, S. Malkowsky, K. Nieman, Z. Miers, N. Kundargi, L. Liu, I. Wong, V.
Owall, O. Edfors, and F. Tufvesson, “A flexible 100-antenna testbed for massive
MIMO,” in IEEE Global Communications Conference (GLOBECOM), pp. 287-
293, Dec. 2014.

[95] L. Li, P. Reynaert, and M. S. J. Steyaert, “A 60-GHz CMOS VCO using
capacitance-splitting and gate-drain impedance-balancing techniques,” [FEE
Trans. Microw. Theory Techn., vol. 59, no. 2, pp. 406-413, Feb. 2010.

[96] H. Wang, “A 50 GHz VCO in 0.25 m CMOS,” in Int. Solid-State Circuits Conf.
Tech. Dig., pp. 372 -373, Feb. 2001.

[97] “3GPP release 13,” [Online|. Available: http://www.3gpp.org/release-13 [Ac-
cessed: 14-May-2017]

98] “5G  channel model for bands upto 100 GHz,” [Online]. Available:
http://www.5gworkshops.com/5G_Channel_Model_for_bands_up_to_100_GHz(2015-
12-6).pdf [Accessed: 20-Jan-2017]



122

99] B. Cath and M. M. Hella, “Triple-push operation for combined oscilla-
tion/divison functionality in millimeter-wave frequency synthesizers,” IEEE J.
Solid-State Circuits, vol. 45, no. 8, pp. 1575-1589, Aug. 2010.

[100] B. Razavi, “Design of millimeter-wave CMOS radios: A tutorial,” IEEFE Trans.
Clircuits Syst., vol. 56, no. 1, pp. 4-16, Jan. 2009.

[101] Y. Huo, X. Dong, L. Li, M. Xie and W. Xu, “Design and analysis of two K-band
CMOS VCOs for next generation wireless systems,” in Proc. 2015 Asia-Pacific
Microwave Conference (APMC), Dec. 2015, pp. 1-3.

[102] A. Mazzanti and A. Bevilacqua, “On the phase noise performance of
transformer-based cmos differential-pair harmonic oscillators,” IEEE Trans. Cir-
cuits Syst. I, Reg. Papers, vol. 62, no. 9, pp. 2334-2441, Sep. 2015.

[103] E. Mammei, E. Monaco, A. Mazzanti, and F. Svelto, “A 33.6-t0-46.2 GHz 32 nm
CMOS VCO with 177.5 dBc/Hz minimum noise FOM using inductor splitting
for tuning extension,” in IEEE Int. Solid-State Circuits Conf. Tech. Dig., Feb.
2013, pp. 350-351.

[104] T. Xi, S. Guo, P. Gui, J. Zhang, K. O. Kenneth, Y. Fan, D. Huang, R. Gu,
and M. Morgan, “Low-phase-noise 54GHz quadrature VCO and 76GHz/90GHz
VCOs in 65nm CMOS process,” in Proc. IEEE Radio Freq. Integr. Circuits Symp.
(RFIC), Jun. 2014, pp. 257-260.



	Supervisory Committee
	Abstract
	Table of Contents
	List of Tables
	List of Figures
	Abbreviations
	Acknowledgements
	Dedication
	Introduction and Motivation
	A Glimpse of The Philosophy and History of Communication
	Ultra Wideband Technology
	General Basics About UWB
	Advantages and Challenges of UWB Communication
	UWB Systems Categorization

	The 5th Generation Wireless Systems 
	General Basics About 5G Technology

	A Brief History of Communication Electronics 
	Integrated Circuits Technology 
	General Basics About IC Technology
	Why CMOS?

	Contribution and Organization of the Thesis

	Non-coherent UWB and TRPC-UWB Transceiver Architecture
	Non-coherent UWB and TRPC Scheme
	TRPC-UWB Transceiver Topology and Specifications

	TRPC-UWB System-on-Chip Design in CMOS Process
	Local Oscillator Design for TRPC-UWB  Transceiver
	Specifications of Local Oscillator for TRPC-UWB
	Quadrature VCO Architecture
	Detailed Wideband LC Quadrature VCO Design
	VCO Measurements Results
	Conclusion of Project

	A Wideband IQ Modulator for TRPC-UWB Transmitter
	TRPC-UWB Transmitter Specifications and Architecture
	Up-conversion Mixer Design
	Differential to Single-ended Converter
	Fabrication and Measurements
	Summary


	The 5G Wireless Systems and Hardware Design
	How to Achieve 1000 Wireless Data Capacity by 2020? Opportunities and Challenges
	Wireless UE Design Overview
	Battery Design Constraints
	Circuit and System Design
	Antenna and Product Design
	System Design Trade-offs

	5G Cellular UE Based On A Novel System Architecture
	Channel Model Analysis
	Novel Distributed Phased Array Based MIMO Architecture
	Beamforming Module Hardware Design
	RF Circuit Design of 5G Cellular UE
	Advancement of Data Converter Techniques

	Link Budget Calculation And Wireless Performance Evaluation
	Downlink Budget and Data Throughput Analysis
	Uplink Budget and Data Throughput Analysis
	Analysis with Attenuation Models

	Conclusion

	On-chip Antenna Design for Next Generation Wireless Systems
	Introduction
	On-chip or Off-chip, This Is A Question!
	IEEE 802.11ad and 60-GHz Application
	CMOS Technology for 60-GHz Antenna Design
	Artificial Magnetic Conductor Design
	On-chip Artificial Magnetic Conductor Yagi Antenna Design
	Summary of On-chip AMC Yagi Antenna for 60-GHz Application

	Design and Analysis of K-band VCOs for Next Generation Wireless Systems
	Introduction
	K-band VCOs Specifications and Architectures
	Detailed K-band VCO Designs
	K-band VCO Measurements
	Comparison and Conclusion

	Millimter-Wave VCOs for 5G Mobile Devices
	Challenges and Solutions in 5G Mobile Device Design
	High Frequency CMOS VCO Design
	Design Consideration of 5G VCO Architecture
	Design of Very Small On-chip Inductors and VCO Circuit

	Implementation and Measurement Results
	Conclusion

	Conclusions and Future Work
	Bibliography

