Monolithic RF Frontends for Ubiquitous Wireless

Connectivity ARCHIVES
| FAASSACHUSETTS INSTITUTE]
by | OF TECHNOLOGY
Sushmit Goswami L APR 10 20M
B. E., University of Delhi (2005) LIBRARIES

M. S., Arizona State University (2007)

Submitted to the Department of Electrical Engineering and Computer
Science
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy in Electrical Engineering and Computer Science
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
February 2014
(© Massachusetts Institute of Technology 2014. All rights reserved.

Author .............................................................

Department of Electrical Engineering and Computer Science
~ 4 . January 31, 2014

Certified by. . _ e
/ Joel L. Dawson

Associate Professor of Electrical Engineering
Thesis Supervisor

Certified Dy . ..ottt e
d

Hae-Seung Lee

Professor of Electrical Engineering

Y L . Thesis Supervisor

Accepted by ...t e g RS RRE LRI
VA Leslie A. Kolodziejski
Professor and Chair, Department Committee on Graduate Students






Monolithic RF Frontends for Ubiquitous Wireless
Connectivity
by

Sushmit Goswami

Submitted to the Department of Electrical Engineering and Computer Science
on January 31, 2014, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy in Electrical Engineering and Computer Science

Abstract

The desire for ubiquitous connectivity is pushing radios towards highly-integrated,
multi-standard and multi-band implementations. This thesis explores architectures
for next-generation RF frontends, which form the interface between the RF transceiver
and antenna. RF frontend performance has important implications for the energy
efficiency, frequency range and sensitivity of the radio.

Ubiquitous connectivity requires bringing online previously unconnected, closed-
circuit systems. Case in point, the recently ratified 802.11p standard targets wireless
access in vehicular environments. The first part of this thesis presents an RF frontend
for 802.11p applications. Gallium Nitride is used as an enabling technology platform
for monolithic integration of high-power RF functions. A number of architectural
techniques are proposed to enhance energy efficiency.

Even in relatively mature use cases like smartphones, significant evolution is
needed to address future needs. Emerging wireless standards specify dozens of bands
covering several octaves for worldwide connectivity, which need to be supported with
a single device. However, in current multi-band radio implementations, significant
redundancy is still the norm in the RF frontend. In the second part of this thesis,
an improved architecture for multi-band, time-division duplexed radios is introduced,
which replaces multiple narrowband frontends with a frequency-agile solution, tun-
able over a wide frequency range. A highly digital architecture is adopted, leading
to a fully integrated solution wherein both efficiency and achievable frequency range
benefit from CMOS scaling.
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Chapter 1

Introduction

By some estimates [1], the wireless industry reached a critical juncture in 2013 in that
the number of mobile, internet-connected devices exceeded the world’s population.
This explosive growth in devices has been possible due to the maturation of several
enabling technologies, principal among them being the highly integrated radio. Even
after decades of work, radio design continues to be an exciting area of research due to
the continual evolution in existing use-cases and emergence of new paradigms, both
of which bring challenges and opportunities in equal measure.

In the last few years, mobile internet has come of age. Connectivity on the move
is no longer a luxury, but a base feature in most mobile devices sold today. The next
generation of mobile devices (smartphones, tablets etc.) is expected to be faster,
lighter and have longer battery life. Increased mobility of users, as evinced by declin-
ing PC sales and a fast-growing mobile market [2], also necessitates that devices offer
uninterrupted connectivity irrespective of location, while sustaining high data-rates to
support cloud-based services. Further, as the industry approaches 100 % penetration
in developed countries, user growth in the future will be mainly driven by developing
countries, which are home to the majority of the 5 billion people worldwide currently
without internet access [3], putting significant price pressure on this market.

Within the present decade, it is anticipated that internet connectivity will also
extend to entirely new classes of devices. Vehicles, parking meters, industrial sensor

nodes, home thermostats, continuous health monitors etc. are all examples of pre-
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viously closed-circuit systems that are expected to come online. This proliferation
of connectivity has been termed the internet of things (IoT) [4] [5] [6]. While the
IoT paradigm will rely on both wired and wireless connectivity, the vast majority
of devices which come online will be wireless, computationally lean, battery or self
powered and extremely compact. From the radio designer’s perspective, design for

next-generation applications puts forth the following challenges:

e Ubiquitous connectivity cannot become a reality at current price points. Due to
increased price pressure in the mature but still growing mobile device market,
and the emergence of an entirely new one (i.e IoT), further commoditization
of radio hardware is needed. The monolithic (single-chip) radio has been envi-
sioned for many years, and represents the ideal solution from a cost and form-
factor standpoint. However, full integration in low-cost technology remains

elusive.

e Since the vast majority of future wireless systems will be battery or self powered,
with continually shrinking form factors, large reservoirs of energy (high-capacity
batteries or super-capacitors) are not feasible. Therefore, radio systems need
to be more energy-efficient in order to maximize up-time for a given amount of

stored or harvested energy.

o The coexistence of an exponentially growing number of wireless devices requires
the radio system to be more flexible. At any given time, the optimal frequency
band for communication is a function of geographical location, presence of other
similar coexisting devices, data-rate needs and available wireless infrastructure
(access points, routers). Clearly, radios should support communication over
wide frequency range to enable location agnostic or ubiquitous connectivity.
Radio operation over a wide frequency range conflicts directly with the first

two objectives, and therefore presents a major challenge.
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1.1 Overview of state-of-the-art mobile radios

Figure 1-1 shows the block diagram of a typical mobile radio system. When parti-

tioned by power level, there are two main subsystems:

1.1.1 RF transceiver

In this work, the term RF transceiver is used to denote the low-power section of the
radio, which includes all the mixed-signal processing that occurs between digital base-
band data (commonly represented with IQ pairs) and modulated RF signals. On the
transmitter (TX) side, this involves digital-analog conversion, filtering, up-conversion
to RF carrier frequency and some amplification. On the receiver (RX) side, the sig-
nal path performs down-conversion, filtering and analog-digital conversion. Since the
transceiver only comprises low-power circuitry, design has benefitted tremendously
from the scaling of CMOS technology. Increasingly, more and more functionality
has been integrated, while power consumption has gone down. For instance, multi-
standard transceivers have been demonstrated on a single-chip, both in the form of
multiple dedicated sections [7] and also more ambitious software-defined transceivers

18], which can be reconfigured to work in one of several different bands at a time.

1.1.2 RF frontend

The RF frontend represents the high-power section of the radio. As shown in figure 1-

1, a typical RF frontend consists of three key components:

1. Power amplifier (PA): The TX signal from the transceiver is not strong
enough to drive the antenna directly. The PA forms the last amplifying stage
in the TX signal path. For instance, WLAN requires a maximum output power
of at least 0.5 W or 27 dBm, which corresponds to 14 Vpp across a 50 € load.
In addition to the stringent output power specification, PA design is further
complicated by use of linear modulation techniques in modern wireless systems

to maximize data-rates. Generally, it is easy to get high RF PA linearity or
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(1) RF Transceiver

Ix =<

Qrx —>

>
Irx €< @

SW/Duplexer

Qrx €

Figure 1-1: Key components of the RF frontend

efficiency independently, but very difficult to achieve them simultaneously [9].
Therefore, the PA is the most power hungry component of the radio and its
efficiency largely determines the efficiency of the entire radio system. The choice
of device technology plays a critical role in achievable performance. PA efficiency
and therefore power consumption also suffers if wide bandwidths are desired,

making multi-band design extremely challenging.

. Low noise amplifier (LNA): The LNA forms the first stage in the RX signal
path and provides enough gain with low noise so that sensitivity is not com-
promised by the noise of subsequent stages. High linearity is also important
to preserve overall linearity of the RX path, and also for tolerating interfering

signals without corrupting the desired signal.

. Switch or duplexer: Radios can be divided into two classes. Time-division
duplexing (TDD) radios (figure 1-2(a)) are half-duplex i.e. they time-share the
same frequency for both transmit and receive. On the other hand, frequency-

division duplexing (FDD) radios (figure 1-2(b)) utilize different frequencies to
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enable simultaneous transmit and receive operation. For TDD, an RF switch
(controlled by the baseband processor) is used to time-multiplex between TX
and RX mode. For FDD, a duplexer is used to tailor the frequency responses
of the TX and RX path to a pair of frequencies defined by the standard, while
sharing the same antenna. Since these components lie directly in the RF signal
path, they also need to handle very high output power, while their loss adversely

impacts performance.

" Foy
3 - o
2 ('

L 4
v

Time Time

Figure 1-2: Radio classes: (a) Time division duplexing or TDD (b) Frequency division
duplexing or FDD

CMOS technology evolution has not benefitted RF frontends to the same extent
as transceivers because breakdown voltages decrease with scaling, making high-power
compatibility more difficult rather than easier. Further, analog-intensive design tech-
niques are still the norm for high-power RF circuits, and performance does not always
benefit from scaling e.g. resonant LC circuits are used extensively, occupy large die
area and do not scale. Discrete solutions using multiple device technologies are still
common. Many of the current technologies in use are expensive and a barrier to
radio commoditization. Finally, much hardware redundancy results from the lack of

compelling multi-band solutions, further increasing area and cost.

To summarize, the key to addressing many of the challenges in radio design now
lie in the RF frontend. In this thesis, new fully integrated RF frontend architectures
suitable for the next generation of wirelessly connected devices are proposed, imple-

mented and evaluated.
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1.2 Research contributions

The first contribution of this work is a high power RF frontend architecture which
leverages GaN technology. A vehicular connectivity application employing the new
802.11p standard is targeted. Traditionally, RF frontends for high power applications
have relied on discrete components assembled into multi-chip modules. The proposed
ultra-compact and fully integrated architecture is shown in figure 1-3. In addition to
the superior efficiency offered by GaN technology, two architectural techniques are
used to further boost performance. First, part of the TX/RX switch is absorbed
into the PA itself to reduce loss. Second, the PA employs a dual-bias technique for
transconductance linearization. To validate the proposed architecture, a prototype

IC with over 33 dBm output power at 5.9 GHz is demonstrated in GaN technology.

Vbp_Gan

o/p match g + —& Vrrx
LNA

i/p match

RX_EN
Vin B g + —| TX_EN
M; M.
Vm vb2

gm
A

Vina

Mi+M,

—_
M;—classC ™=

I

M, —class AB '\ Vi

PA Core

Figure 1-3: High-power GaN RF frontend architecture

The second contribution of this work is a frequency-agile RF frontend architecture
for multi-band mobile radios. A unified solution for WLAN and TDD-LTE is targeted.

The proposed architecture, which is shown in figure 1-4 eschews traditional narrow-
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band analog RF circuits. Instead, both TX and RX signal paths employ broadband
topologies inspired by the CMOS inverter. The frequency response of the system is
digitally tunable over a wide range. Therefore, multiple narrowband frontend com-
ponents can be replaced by this minimalistic and flexible solution. To validate the
proposed architecture, a prototype IC with over 27 dBm output power and a target
frequency range exceeding 1.8 - 3.6 GHz is demonstrated in SOI CMOS technology.

Multi-band
Antenna

<»Transceiver

| 3

L]
Reciprocal
Harmonic
Filter

FCW
(Freq. Control Word)

H(f)I

FEEIRES

JLAILEL
fre=f(FCW)

Figure 1-4: Frequency-agile RF frontend architecture for multi-band TDD radios

The RF frontend architectures presented in this thesis are specific to TDD stan-
dards. Therefore, this work only considers integration of the TX/RX switch. Nev-
ertheless, it is worth noting that techniques introduced herein for PA efficiency en-
hancement and frequency-agile design are generally useful to any class of radio (TDD
or FDD).
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1.3 Thesis organization

This thesis is organized as follows. Chapter 2 discusses in more detail key challenges
in the design of RF frontends for the next generation of wirelessly connected devices.
Chapter 3 and 4 present the theory, design, implementation and measurement results
of the two RF frontend prototypes introduced in the previous section. Finally, this
work is put into perspective in chapter 5, wherein key contributions are summarized

and a few directions are proposed for future work.
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Chapter 2

Challenges in RF Frontend Design

As highlighted in chapter 1, evolution of the RF frontend is essential for realizing
radios suitable for the next generation of wireless devices. In this chapter, principal
design challenges are discussed in detail, and relevant prior art discussed to better

differentiate the work detailed in chapters 3 and 4.

2.1 Monolithic integration

RF frontends require simultaneously high-power and high-frequency operation, thereby
posing the one of the last hurdles towards monolithic integration. Traditionally, RF
frontends have utilized heterogenous integration in the form of a multi-chip module,
wherein each component is designed in the most optimal technology. Figure 2-1(a)
shows a typical TDD example, while the desired evolution to a single-chip solution is

shown in figure 2-1(b). Monolithic integration has the following potential benefits:

e Cost: Integration on a single-chip, particularly on a CMOS platform, is typ-
ically much cheaper than fabricating two or three different chips. Further,

packaging cost is also minimized.

e Form factor: Single-chip solutions have smaller weight and volume than multi-

chip modules.

25



e Performance: Tight integration of RF frontend components reduces intercon-

nect loss.

(@) (b)

Figure 2-1: RF frontends employing (a) Heterogenous integration with multiple IC’s
(b) Monolithic or single-chip integration

For moderate power (up to 30 dBm) mobile applications, CMOS technology is es-
pecially attractive due to its low-cost, continued scaling and compatibility with mostly
digital transceiver circuitry. However, CMOS integration of RF frontend components
poses challenges, particularly for the PA and TX/RX switch.

Figure 2-2 shows an idealized PA topology. The drain inductor provides DC-
feed and resonates out device capacitance at the desired RF frequency. The power
extracted from the PA is maximized (saturated) when the RF component of device
current causes the drain to swing over the entire available voltage headroom of 0 to
2Vpp. This saturated power level is denoted as Psar. The function of the matching
network is to perform impedance transformation from the antenna impedance Z, to

Rpt for maximum power extraction. R,y can be determined by:

Vip _ Vix
2Rt 2Zo

Fine-line CMOS technology has a very low rated Vpp of about 1 V. At Psar =1W

(2.1)

Pgar =

or 30 dBm, the required R,y is 0.5 §2, corresponding to a transformation ratio (—R%)
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Figure 2-2: PA topology

of 100. Implementing such an extreme transformation is challenging. First, the circuit
becomes very sensitive to parasitic resistance in interconnect, an issue exacerbated
by the fact that the PA device is quite large. Second, when implementing such
circuits with conventional L or 7 impedance matching topologies, component values
become intractable and loss increases unacceptably. The search for alternate matching
networks for CMOS RF power generation that alleviate some of these issues remains
an active area of research, with power combining [10] [11] emerging as a prominent
technique. Above 2 GHz, power levels exceeding 30 dBm have been demonstrated in
CMOS [12] [13] [14].

At the same power level of 1W or 30 dBm, the voltage swing across at Vyx is 20
Vpp. Recall from figure 2-1(b) that the TX/RX switch is connected in between the
antenna at the PA/LNA. Such high voltages make the design of the TX/RX switch
also very challenging. In the TX mode, the PA transmits at power levels up to Psar.
The TX branch switch is on and needs to conduct high RF voltages up to £10 V
centered at 0 to the antenna Z,. However, in bulk-CMOS technology, the body of the
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transistor is always at ground, implying that for high power levels drain- and source-
body diodes can have reverse breakdown during positive voltage excursions, and turn-
on during negative voltage excursions. The RX branch switch has to block the same
voltage levels, which leads to similar issues. Various body isolation techniques in
bulk-CMOS have been attempted in the past [15] [16], but adequate power handling
and reliability remains a concern. More advanced technologies like GaAs pHEMT
provide inherent isolation but necessitate multiple chips. A more attractive solution is
to use floating-body transistors found in silicon-on-insulator (SOI) technology. While
SOI is marginally more expensive than bulk CMOS; it offers an excellent integration
medium for RF frontends by combining the benefit of scaled CMOS with excellent
RF isolation.

For high-power applications beyond 30 dBm, specially tailored high-power devices,
which offer simultaneously high breakdown voltage, saturation current, transition
frequency and RF isolation are essential. Gallium Nitride (GaN) technology has
emerged as a compelling contender [17] but integration with the CMOS transceiver
remains a challenge. Fortunately, recent research has opened up the possibility of
GaN transistors as an add-on to CMOS wafers [18], which could enable monolithic

integration in the near future.

2.2 Energy-efficient operation

For medium- and long-range communication, the TX section of the RF frontend,
comprising the PA and TX branch switch, remains the most power hungry component
of the radio. Therefore, maximizing TX efficiency goes a long way in maximizing
battery life, or alternately, maximizing communication range on a given power budget.

PA architectures have been surveyed and analyzed extensively in many excellent
references, including [9] [19]. Only a brief, high-level description is provided here for
context. More details are presented in chapter 3 and 4 where appropriate. Figure 2-3
compares the asymptotic efficiency limit of various PA architectures versus power

back-off from peak power. The desire for increased data-rates leads to non-constant
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envelope or linear modulation schemes with ever increasing peak to average power
ratios (PAPR), typically 6 dB or higher. Essentially, the dynamic range of the trans-
mitted signal is increased in order to pack more information into a given frequency

band. PA architectures fall into two main classes:

e Classic linear architecture: Class-A/B architectures [9] are inherently linear
but suffer from poor efficiency at back-off. Their circuit topology is similar to
the simplified example shown in figure 2-2. Distinction between Class-A and
Class-B stems from the conduction angle of the active device over the RF cycle,
which is 27 (always on) and 7 (on half the time) respectively, and controlled by
the gate bias voltage. Class-B improves efficiency at the cost of linearity. As
shown in figure 2-3, efficiency at 6 dB back-off is only 12.5 % and 39 % for ideal
Class-A and Class-B amplifiers, respectively. In practical design, it is common

to choose a conduction angle between 27 and 7 and refer to the amplifier as

Class-AB.

¢ Switch-mode based advanced architectures: To improve efficiency under
high PAPR signal drive, there is a strong push to move from Class-AB to more
advanced PA architectures which promise better efficiency. Most such architec-
tures employ nonlinear switch-mode amplifiers (e.g. Class-D/E/F etc.) at their
core. The output power at any given time is proportional to both the square of
the supply voltage and inversely proportional to the load impedance, but inde-
pendent of the input amplitude. Therefore, output power is varied or backed-off
either through supply or load modulation techniques. Outphasing [20] is one
promising candidate which can be implemented with both lossy and lossless
combiners. With lossy combiners, efficiency reduces at back-off in proportion
to output power, just like a Class-A PA [21]. Lossless combiners are highly
preferred as the asymptotic efficiency of the architecture is 100 % irrespective
of power back-off due to load modulation, but do not offer impedance isolation
and work best with low output impedance cores like voltage-mode Class-D [22].

Polar modulation [23] is another alternative based on supply modulation with
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the same constant 100 % asymptotic efficiency characteristic. However, imple-
menting the supply modulator is challenging, particularly for wide bandwidths.
ML-LINC and AMO [24] are hybrids of polar and outphasing which simplify

the supply modulator while improving average efficiency.
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Figure 2-3: Asymptotic efficiency limits of different PA architectures

For moderate power levels up to 30 dBm, CMOS technology represents an attrac-
tive but very challenging medium for efficient and linear PA design. The extreme
impedance transforms required to extract power from low voltages (see section 2.1)
lead to high-Q matching networks or power combiners which are lossy when imple-
mented on conductive deep sub-micron CMOS substrates [11]. On the other hand,
the level of integration possible in CMOS is unrivaled and can enable new architec-
tures with better efficiency. The key lies in exploring architectures that leverage the

strengths of CMOS and overcome the weaknesses. Best-in-class GHz-range Class-AB
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CMOS PA’s report peak efficiencies around 40 % [12]. The theoretical promise of
switching based architectures is tremendous, and there has been a lot of interest in
moving to advanced architecture like polar, outphasing and variants thereof. Inter-
estingly, the peak efficiencies of GHz-range switching CMOS PA’s is degraded by
practical issues such as matching network and switching loss, and generally not much
better than their Class-AB counterparts [25] [26]. However, the real promise of these
switching architectures is in boosting average efficiency when driven by modulated
signals, where they outperform Class-AB solutions by about 1.5 - 2.0x.

For high power levels beyond 30 dBm, new materials such as GaN promise higher
efficiency and power density but cannot support complicated efficiency enhancing
architectures on a single-chip until hybrid GaN-CMOS platforms [18] become feasible.
Therefore, more research into minimalistic architectures, which completely integrate
all matching elements on-chip while achieving competitive efficiency and linearity is
needed.

Finally, it is worth mentioning here that TX branch switch loss should be included
when optimizing for overall TX efficiency. This aspect is given detailed treatment in

section 3.3.1.

2.3 Multi-octave frequency coverage

The number of frequency bands and wireless standards supported by mobile devices
has steadily risen in the last decade. By revenue, smartphones is the biggest market
[2] and therefore an apt use-case to consider. Most smartphones sold today support

at least the following standards, frequency bands and peak power levels:

e LTE: FDD and/or TDD, 5 - 10 out of over 40 possible bands, anywhere from
0.4 GHz to 3.8 GHz, 30 dBm

e WLAN: TDD, 2.4 - 2.5 GHz and 4.9 - 5.9 GHz, 27 dBm, possibly multiple

antennas and radios for MIMO

¢ Bluetooth: TDD, 24 - 2.5 GHz, 20 dBm
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Even though the amount of integration and connectivity offered by current devices is

impressive, there are compelling drivers to support even more frequency bands:

e To enable universal phones, eliminating the need to build separate models for
different carriers and countries. For the manufacturer, this implies consolidation

and for the user, true worldwide connectivity.

e To make phones communicate with new classes of devices, such as those coming

online through the IoT paradigm e.g. Medical implant communications services

(MICS) band (402 - 405 MHz).
e To support MIMO in more bands with the same amount of hardware.

Unfortunately, the notion of RF circuits operating over a wide frequency contra-
dicts well established design techniques. Figure 2-4(a) shows a generic multi-stage
RF amplifier chain. Typically, each stage employs a resonant circuit to counteract

device capacitance to achieve gain.

(a) -

(b) e
e
7 1 7 I

Figure 2-4: Resonant RF amplifier chain (a) Fixed (b) Tunable

A natural extension of the conventional approach leads to tunable RF circuits,

as shown in figure 2-4(b). Such circuits are indeed feasible for low-power circuitry,
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and make up building blocks for many multi-standard CMOS transceivers [27] and
transceiver blocks [28] [29]. More recently, CMOS RX design has evolved to the point
that a filter-less solution for multi-band applications now appears in sight {30].
Unfortunately, when RF frontend integration (including a high-power TX) is con-
sidered, power levels are high enough that tunable passives with good RF performance
are not trivial to implement. With digital tuning schemes the switches used to imple-
ment tunable capacitors and/or inductors face the same issues as the TX/RX switch
at high-power levels. Similarly, analog tuning elements such as varactors perform
well only at low power levels. Indeed, all the CMOS PA research cited in sections 2.1
and 2.2 is focused on single-band operation. Due to limitations of current design
techniques, most current multi-band RF frontends employ a “brute force” approach
to multi-band coverage. Figure 2-5 shows a tri-band radio example, covering three
bands centered at fi, f; and f3. For each band, dedicated circuitry is employed and
switched in and out as needed. Since only one band per radio is active at a time, this
architecture is not area and cost optimal. Tri- and dual-band PA arrays reported in
[31] [32] [33] follow this concept, so do the more complete radio implementations found
in [34] [35]. To the best of the author’s knowledge, there are currently no monolithic
high-power RF frontends tunable over multiple octaves in any CMOS technology.
Clearly, alternate design techniques need to be explored to enable more minimalistic

and flexible architectures.
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Chapter 3

A High-power GalN RF Frontend

for Vehicular Connectivity

The vision of ubiquitous connectivity requires bringing online previously isolated,
closed-circuit systems. One of the more interesting use-cases pertains to vehicles.
Modern automobiles include sophisticated electrical systems comprised of a vast ar-
ray of sensors and actuators connected to a central computer. Sensors track vehicle
location, speed, tire pressure, collision damage and image the environment in real-
time; while actuators control locks, brakes, airbags and front/rear power distribution.
Pushing sensor data into the cloud in real-time for contextual feedback enabled by
tight integration with traffic signaling and map databases has the potential to funda-
mentally change transportation. Indeed, it is anticipated that vehicular connectivity
will not only have implications for enhancing road navigation and safety [36], but will
also be an integral part of future paradigms like self-driving cars [37)].

This chapter presents the design of an RF frontend for the recently ratified 802.11p
standard, which aims to bring dedicated wireless connectivity to vehicles. As dis-
cussed in chapter 2, high-power RF frontends have traditionally relied on multi-chip
modules or discrete designs. The prevailing theme of this chapter is the interplay
of emerging technology and architecture, which enables monolithic high-power RF
integration. With a fixed power budget, maximizing energy efficiency is important

to enhance communication range, which is especially important for vehicles. The im-

35



provement in baseline energy efficiency by leveraging GaN is theoretically quantified.
In addition, system energy efficiency is further enhanced through two architectural
techniques: (a) A modified TX/RX switching scheme (b) Dual-bias linearization.
Chapter organization is as follows: Sections 3.1 and 3.2 provide a brief overview
of the 802.11p standard and GaN technology, respectively. Section 3.3 introduces the
proposed architecture. Design of the transmitter (TX) and receiver (RX) paths is
discussed in sections 3.4 and 3.5, respectively. Section 3.6 outlines physical design
aspects. Finally, section 3.7 presents measurement results on the fully integrated GaN

IC prototype.

3.1 IEEE 802.11p

802.11p [38], often referred to as wireless access in vehicular environments (WAVE),
is an amendment to the well established and widely used 802.11 (WLAN) standard.
802.11p utilizes a dedicated 75 MHz band from 5.850 to 5.925 GHz in the form of
seven 10 MHz channels with 64-QAM OFDM modulation to support data-rates up
to 27 Mb/s. In the standard, average RF transmit power levels up to 28.8 dBm are
supported.

(a) Vehicle-to-vehicle (V2V) (b) Vehicle-to-basestation (V2B)

Figure 3-1: 802.11p use-cases

As shown in figure 3-1, both vehicle-to-vehicle (V2V) and vehicle-to-basestation

(V2B) scenarios are possible. V2V communication can enhance road safety through
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downstream multi-hop relay of adverse road conditions or accidents. V2B communi-
cation can improve navigation and enable traffic-optimized road signaling to reduce

delay and congestion, in addition to providing dedicated, high-quality internet access

on-the-move.

3.2 GalN: An enabling technology for monolithic
high-power RF integration

The physical properties of several semiconductors including GaN are presented for

comparison in table 3.1 [17].

Property Si | GaAs | SiC | GaN
Bandgap (eV) 1.1 14 | 32| 34
Critical e-field (MV/cm) 06 | 05 |30 35

Charge density (x103/cm?) 03 | 03 |04 10
Thermal conductivity (W/em/K) | 1.5 | 05 | 49| 15
Mobility (em?/V/s) 1300 | 6000 | 600 | 1500
Saturation velocity (x107em/s) | 1.0 | 1.3 | 2.0 | 2.7

Table 3.1: Physical properties of various semiconductors

To enable monolithic integration of high-power RF frontends, the adopted device

technology should have the following features:

1. High power density: The breakdown voltage of the technology, in conjunc-
tion with current density and thermal conductivity, determines the achievable
power density (Watts/mm). Breakdown voltage also determines the voltage
blocking limit of RF switches. The wide band gap and high critical field of
GaN enable breakdown voltages as high as 150 V, nearly two orders of mag-
nitude higher than fine-line CMOS. Further, the high charge density of GaN
enables current densities as high as 0.8 — 1.5 A/mm, very competitive with

fine-line CMOS. GaN also features excellent thermal conductivity to facilitate
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heat transfer away from high-power devices to keep junction temperatures rea-
sonably low. Consequently, power densities achievable in GaN are typically

20 — 50x higher than CMOS.

2. High transition frequency (fr): As a rule-of-thumb, the RF operating fre-
quency should be at least a 3 — 5x lower than fr. The competitive mobility
and high saturation velocities in GaN enable an fr of 20 — 40 GHz for state-of-
the-art devices at breakdown voltages of about 150 V [39], which is sufficiently

high to make GaN an attractive candidate for many RF applications.

3.3 Proposed architecture

The first efficiency enhancement technique proposed in this work is a modified switch-
ing scheme that reduces TX mode switch loss. The performance impact of a conven-
tional switching scheme is discussed first in section 3.3.1, followed by an introduction

to the modified switching scheme used in the present work in section 3.3.2.

(b)

/
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3.3.1 Performance impact of TX/RX switch
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Figure 3-2: Performance impact of TX/RX switch (a) TX mode (b) RX mode

L e e

As shown in figure 3-2, an explicit series switch is usually employed in both the
TX and RX branches in order to switch modes in a TDD radio. The design of TX
branch switch (TXSW) is particularly challenging as it needs to meet three conflicting

requirements simultaneously:

38



1. High RF power (both voltage and current) handling capability
2. Low insertion loss to minimize TX efficiency degradation

3. High linearity so as to not limit the overall linearity of the TX chain

While switches with adequate power handling and linearity have been demonstrated,
they exhibit high insertion loss of 1 to 2 dB [40] and consume significant die area.
Lossy series elements in the TX RF path (between PA and antenna) are highly unde-
sirable due to the adverse impact on overall TX performance, which can be quantified
with the aid of figure 3-2. If the PA produces an output power of Poyr,pa, and the
TXSW has a loss of Prrxsw (in dB), then the achievable TX output power and

efficiency are:

_(PL,TXSW)
Pour = Pour,pa x 10 10 (3.1)
_(PL,TXSW)
n=1npa x 10 10 (3.2)
Since the PA dominates TX power consumption, the energy consumed by it is:
P,
Erx = JOUT,PA 4 (3.3)
npA

Typically, the total output power from the TX is dictated by the standard, im-
plying that the PA output power has to be boosted to compensate for TXSW loss;

its impact on TX energy consumption can be obtained from equations 3.1 and 3.3:

AETX _ 10(PL,T{(’)(SW) _ (34)
Erx

3.3.2 Modified switching scheme

The proposed architecture focused on co-design of the TX and RX paths to essentially
eliminate the explicit switch from the TX branch in order to improve efficiency and

save energy. In mathematical terms, the goal is:
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Prrxsw =0 (3.5)

Equation 3.4 is plotted in figure 3-3, showing that overcoming even 1 dB of loss

dramatically lowers TX energy consumption by 20 %.
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Figure 3-3: Impact of TXSW loss on energy consumption

Figure 3-4 shows the modified GaN frontend architecture in its two modes of
operation. No explicit switch is included in the TX branch. Instead, the drain of the
PA transistors is directly connected to the RX section. Frontend operation can be

understood by counsidering the two modes of operation in turn:

1. TX mode: In the TX mode, the PA is active. The output matching network
is designed to present the optimum impedance Zj(w) (when loaded by a 50
(2 antenna) which extracts maximum power from the GaN power transistor.
Under this condition, the drain of the PA device sees large voltage swings up
to approximately 2Vpp. The RX branch series-shunt switch (RXSW) isolates

and protects the inactive LNA from this voltage stress.

2. RX mode: In the RX mode, the PA transistors are turned off by employing
a sufficiently large negative gate bias. Under this condition, the PA presents a
small but finite capacitance Cp p4 at the drain node. Since the output matching
network is passive, its characteristics do not depend on the operating mode.

The LNA is power matched to the parallel combination of Z; and Cp p4 at the
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RF frequency w to maximize gain and minimize noise figure. In mathematical

terms:
,. ey
Zax ) = Zrx(6)" = (2u(0) | g ) 9
(@) ™ ' (b) Vio
PA _l-
§+ §+Tf‘z’:‘” LNA

|

|
|
<
1
i{&

Figure 3-4: Proposed GaN RF frontend (a) TX mode (b) RX mode

3.4 TX design

The TX needs to satisfy the conflicting requirements of high output power, efficiency
and linearity simultaneously. Suitability of GaN for high-power applications has al-
ready been discussed in section 3.2. In terms of overall TX efficiency, the modified
architecture outlined in section 3.3 provides an advantage. The focus of this section
is the design of an appropriate core PA topology with simultaneously high linearity
and good efficiency suitable for an ultra-compact monolithic solution.

As previously discussed in section 2.2, PA design for non-constant envelope modu-
lation schemes has two major flavors [9]: (a) Class-AB amplifiers which are inherently
linear but somewhat inefficient (b) Switching amplifiers which are inherently nonlin-
ear but very efficient in conjunction with more sophisticated architectures (e.g. EER,
outphasing) to synthesize non-constant envelope waveforms.

In this work, a Class-AB design is chosen because it offers the most compact and

fully integrable solution for a linear PA. While the peak efficiency of Class-AB ampli-
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fiers under linear modulation is acknowledged to be somewhat lower than switching
solutions, the features of GaN technology impact Class-AB architectures in a favorable
way for the desired power levels. Efficiency of Class-AB amplifiers in GaN technology
is theoretically quantified and compared to other technologies in section 3.4.1. On
the other hand, switching amplifier based architectures require additional circuitry.
For instance, polar modulation [23] requires a high-voltage supply modulator. Such
circuits are currently not integrable on the same chip as GaN transistors. However, it
is worth noting that with the emergence of platforms for monolithic GaN-CMOS inte-
gration [18], more complicated architectures may indeed become feasible in the future.
Finally, in these future technology platforms, efficiency enhancement in the form of

envelope tracking [19] will also be possible on the chosen Class-AB architecture.

3.4.1 GalN Class-AB efficiency analysis

Since Class-AB amplifiers are usually biased quite close to device threshold, the follow-
ing analysis treats the amplifier as Class-B to arrive at an estimate for GaN Class-AB
PA performance relative to other device technologies. Figure 3-5 shows the simulated
DC 1-V characteristics of a reference GaN power transistor. There are primarily two
main loss mechanisms responsible for deviation of Class-B drain efficiency from the

theoretical maximum, denoted here by ng = 78.5 %:

1. Finite device knee voltage: Linear Class-AB operation requires the transis-
tor to operate as a high output impedance current source. Therefore, the Vpg
across the transistor cannot fall below a certain voltage, denoted as the device
knee voltage Vpgar. The impact of finite knee voltage on efficiency is quantified

by the factor:

_ Vpgar

g =1 (3.7)

Vbp
2. Output matching network loss: In order to extract maximum instrinsic
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Figure 3-5: IV characteristics of a reference GaN power transistor

power Pgar;' from the transistor, the antenna impedance Z, has to be trans-

formed to an optimal value R, given by:

(Vop — Vpsar)?
Ropt

Psari = (3.8)

From load-line theory [9], an alternate expression for R,y can also be derived.

Vop — Vpsar

=1
ROpt I sat

(3.9)

Substituting R,y from equation 3.8 gives Iy5;, which can be used to size the

power transistor appropriately. The impedance transformation required to ex-

Maximum power extractable with device staying in saturation region, assuming matching net-
work loss is zero.
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tract maximum power is therefore?:

Ropt
=2 3.10
r=-2 (3.10)

Where Zj is typically 50 Q. Further, assuming that the impedance transforma-
tion is realized with a single-stage L-match, with the only source of loss being

the finite inductor quality factor ()%, the matching network efficiency is [11]:

1
= 3.11
M 1+ _52_ ( )
L
The overall PA efficiency is therefore:
NsaT = NBNKTIM (3.12)

Due to matching network loss, not all of the power extracted from the device reaches

the output. Accounting for this loss, the actual output power realized (in watts) is:

Psar =y Psar, (3.13)

Representative process parameters for three different device technologies are used
to compare the achievable efficiency over a range of power levels. 7 is independent of
power level and computed from equation 3.7. 7,/ is determined by a two-step process.
First, the required r is determined from equations 3.8 and 3.10. Second, a typical @)1
value of 15 is assumed to calculate 7, from equation 3.11.

The achievable efficiency limit is plotted in figure 3-6. The low breakdown voltage
of CMOS and SiGe processes results in extreme downward impedance transforms at

watt-level output power. Consequently, nis suffers* and lowers the overall efficiency.

?Usually, Zo will be matched to Z,pt(w) = Rope || m but the reactance is omitted here for
simplicity ’

3Up to 6 GHz, quality factor of integrated capacitors is typically much higher than inductor and
can be neglected

4Some alternate matching techniques do exist that relax the tradeoff between r and n, [11], but
the argument remains generally valid.

44



In contrast, GaN only requires a moderate transformation for watt-level output power.
At the target power level of 36 dBm (4 W), GaN can offer up to 65 % drain efficiency,

which represents a very favorable starting point for the present design.
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Figure 3-6: Class-AB efficiency limits compared for CMOS, SiGe and GaN processes

3.4.2 Dual-bias linearization

While the preceding section illustrates that Class-AB amplifiers in GaN technology
are capable of respectable efficiency, nothing has been said so far about linearity.
Unsurprisingly, the principal source of Class-AB PA nonlinearity is the active device,
which can essentially be modeled as a large-signal nonlinear transconductance which
is dependent on frequency, bias and drive conditions. To balance efficiency and lin-
earity, it is standard practice to bias Class-AB amplifiers close to device threshold [9].
Under such bias conditions, the device exhibits significant compressive nonlinearity
at high drive levels, leading to a lower than desired P 45 point. Since Class-AB am-
plifiers have to be backed-off from their P,qp point to meet system linearity and/or
EVM requirements, a low P4 point corresponds to lower average efficiency. In this
work, the second key efficiency enhancement technique is to increase the P4z point
of the PA through cancellation of the compressive nonlinearity with an expansive
counterpart. As previously demonstrated in [32] [41], compressive nonlinearity in
Class-AB amplifiers can be cancelled by introducing an appropriately sized auxiliary

power transistor biased Class-C with its output current combined in phase with the
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main Class-AB device. This arrangement is shown in figure 3-7. Figure 3-8 shows

the simulated individual transconductances G,,1/Gma (Class-AB/C) over a range of

drive voltages, as well as the linearized composite transconductor G,,.
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Figure 3-7: Composite Class-AB/C transconductor
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Figure 3-8: Dual-bias linearization of large-signal transconductance

3.4.3 Matching networks and circuit implementation

The optimum load impedance derived in equation 3.9 provides intuition but is a bit

simplistic. In addition to neglecting device output capacitance, there are several ef-

fects which are not included. For instance, device capacitances are voltage-dependent,

implying that under large-signal drive, the impedance seen will vary dynamically.

Further, actual power transistors are not unilateral due to internal feedback, im-

plying that both output and input impedances affect output power and efficiency.
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Large-signal models [42] provided by the foundry try to capture most of these effects
to enable computer-aided design. Under large-signal drive, active devices produce
power at the desired fundamental frequency and its harmonics. Given a specific ac-
tive device model, bias condition and supply voltage, PA behavior can be described

as a function of source (gate) and load (drain) impedance vectors:

npA = f1<[ZL((.U) ZL(2UJ) ], [Zs(w) ZS(QCL)) ]> (314)

Pour = fo([Zrw) Ze(2w) ..], [Zs(w) Zs(2w) ..]) (3.15)

PA design optimization can be partially automated through large-signal load-pull
simulation. As shown in figure 3-9, the impedance tuners are controlled by an algo-
rithm that searches for optimal impedance vectors which maximize either efficiency
or output power. Generally, the impedance vectors corresponding to maximum out-
put power and efficiency lie close to each other. In the present work, the design is

optimized for efficiency.

| ZO
Gm
Load port

zm—m%y—{[ z
Source port <—|

ZSV

Figure 3-9: Load-pull setup

With load-pull based designs, it is common to specify impedance vectors up to
the third harmonic 3w. However, accurate control of harmonic impedances is more
appropriate for distributed designs and not always possible in lumped, integrated
designs such as the present one. Further, with lumped designs the efficiency enhance-

ment resulting from optimized harmonic impedances is often negated by losses arising
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from the additional passive components needed. Since the device capacitance tends
to rotate towards a short at higher frequencies, Z;(2w)/Z1(3w) and Zs(2w)/Zs(3w)
are set to 0 leaving Zy(w) and Zg(w) as the only degrees of freedom. Augmenting
equation 3.9 to include device capacitance, the theoretical Z,,(w) serves as a good

starting point:

1

Z =R _
opt(w) opt H 7wCo.pa

(3.16)

Initially, the source impedance is set to Z; to determine Zp(w) with load-pull,
and then a source-pull is performed to find Zg(w). Since efficiency is more sensitive
to load impedance, the optimal Z7(w) is used, while a somewhat sub-optimal Zg(w)
is used in order to improve stability. The final load and source impedances used are

presented in table 3.2.

Impedance Value

Table 3.2: PA impedances at fundamental frequency

The complete PA schematic is shown in figure 3-10, while the corresponding com-
ponent values are listed in table 3.3. At the drain, the shunt-L series-C match provides
impedance matching from Z, to Zp(w), DC bias and RF signal coupling with only
two elements. A series-C shunt-L match is chosen for the gate as it performs the
transformation from Z, to Zs(w) while also a symmetrical split of the RF signal to

feed the two gates in phase for the dual-bias topology.
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Figure 3-10: PA schematic

Component Value
My, M, 180x2 pm
M; 80x4 pum
Ly 1.22 nH
Lo 1.25 nH
Cy, Cy 2.20 pF
Cs 0.33 pF
Ry, Ry 300 2
R3 2 KQ

Table 3.3: PA component values
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3.5 RX design

3.5.1 RX switch

Since the RX incident power is quite low the RX switch is not required to conduct a

lot of current. However, it must meet two other requirements:

1. In TX mode, isolate and protect the LNA from the high-power PA which is

transmitting.

2. In RX mode, provide sufficiently low insertion loss to not significantly degrade

the noise figure of the RX path.

The series-shunt configuration is the preferred switch topology to improve isolation
and power handling [43]. In general, GaN is an excellent technology to implement
high-voltage RF switches. The high breakdown voltage of GaN devices allows use
of just a single device in the series path, which reduces on resistance and therefore
insertion loss in the RX mode.

The RX switch schematic is shown in figure 3-11, with waveforms corresponding
to the TX mode, which represents the high voltage stress case. Recall that in this
modified frontend architecture (see figure 3-4(a)), the RX switch is directly connected
to the drain of the PA device denoted here by Vp. As shown in figure 3-5, the

maximum RF voltage amplitude at Vp in the TX mode is simply:

Vinaz = Vop — Vpsar (3.17)

The capacitor ('} can be assumed to be an ideal DC block for the present analysis.
The LNA input Vi y4 is grounded through M;, which is on. The voltage stress at Vp
is shared equally in the divider formed by the gate-source/drain parasitic capacitors
Cp of My, which is off. The control voltage Vorr should be chosen such that the RF

voltage stress does not accidentally turn on M;. Therefore, Vorpr should satisfy:

Vmaw

Vru > max(Vep) = Vorr + 5

(3.18)
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Figure 3-11: RX switch schematic showing TX mode waveforms

Where it should be noted that the threshold voltage Vry is negative in this depletion-
mode technology. Using the process parameters with the maximum expected Vpp,
Vopr = -25 V is found to provide adequate margin for this design. In choosing the
switch device size, insertion loss trades off against isolation and area. The switch is

sized to keep loss under 1 dB.

3.5.2 Low noise amplifier (LNA)

The primary difference between the required LNA and most other implementations
is the need for a reactive input impedance Zpn4 which forms the conjugate power
match with Zrx and the RX switch. In the RX mode, the RX switch is simply a

small series resistance Roy, therefore the matching condition is:

Zrx(w) = Re(Zrna(w)) + Ron + jIm(Zina(w)) = Zrx(w)* (3.19)
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It is well known that inductively degenerated LNA’s [44] are capable of synthesiz-
ing a reactive input impedance with independent control of real and imaginary parts.
Further, they provide good noise figure by providing some resonant voltage gain be-
fore the signal reaches gate-source junction of the active device. This topology is also
inherently narrowband, which suits the 802.11p application well. For the inductively
degenerated transconductor shown in figure 3-12, the input impedance Z;, is given

as:

. 1
Zm = U.)TLS +j (wLS = ngs) (320)

Depending on the technology and desired real part of Z;,, the overall impedance
may be either capacitive or inductive. However, it is relatively simple to rotate the
impedance to the correct half of the smith chart by simply adding a compensating

reactance =X such that:

1l
Zina==2xjXc+wrLs+j (ng = ) (321)
W s

=
[ 3.

ZLNA ZIN

Figure 3-12: Transconductor with inductive degeneration [44]

Figure 3-13 shows the complete LNA schematic, while the corresponding compo-
nent values are listed in table 3.4. The LNA active device is not downsized aggres-
sively to maintain correlation with device models, which are not fitted to very small
geometries. For the input matching network, some co-optimization is performed with
the RX switch to improve performance. The output matching network performs an

upward impedance transformation similar to the PA in order to extract more gain
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from the device, in addition to conveniently providing both DC bias and RF signal

coupling.
VDD_LNA
Lo
Vrx
C ” X
VLNA 1
— 0w, ©
R
L4 Vs L3

Figure 3-13: LNA schematic

Component Value
M, 100x2 pym
Ly 2.60 nH
L, 2.40 nH
Ls 0.37 nH
Cy 2.20 pF
Co 0.30 pF
Ry 2 KQ

Table 3.4: LNA component values
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3.6 Physical design

A prototype based on the proposed architecture is designed in commercially accessible
GaN technology [39]. The die micrograph is shown in figure 3-14. Total die area is
only 2.0 mm x 1.2 mm. The area split between the TX and RX is about 50/50
owing to the large number of passives in the RX path. Spiral inductors and metal-
insulator-metal capacitors are used to design all matching networks. Co-simulation
with foundry supplied device models and EM simulation-based models® is used for

final verification of the design.

Package inductance is a major concern at 6 GHz. However, flip-chip packing is
not an option as the metallized die backside must make good thermal and electrical
connection to achieve specified performance. As a compromise, a combination of
eutectic die attachment followed by wire bonding directly on board is selected. The

PCB is designed on a high dielectric constant, low-loss material (Rogers 3010).

5for interconnect in the signal path and passive components

Figure 3-14: Die micrograph
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3.7 Measurement results

3.7.1 Small-signal response

Figure 3-15(a) shows the small-signal response of the RF frontend in the TX mode,
with the RX port terminated. Input return loss (s;;) is better than -20 dB, while
power gain (s,;) is around 10 dB for the band of interest (5.850 - 5.925 GHz). Chang-
ing the port configuration and control voltages gives the small-signal response of the
RX mode, which is shown in figure 3-15(b). Again good alignment with the band of
interest is observed, with input return loss (s;;) better than -13 dB and power gain
(s91) around 8 dB. Noise figure is measured with a calibrated noise source, and is
found to be 3.7 - 4.0 dB in-band. TX/RX path isolation (not shown) is better than
-45 dB in band.

15 T T T T T 15
: ¢ —s— Power Gain — - Power Gain
10} i 75“—Retum Loss 1] SECTITIUS: IOPOUTOO: NVPPPON 5, VTGN SOOI P N___SH—RBtUm Loss

——NF ~ Noise Figure

TX Response(dB)
&
RX Response(dB)

7 8 98 10 1 2 3 4 7 8 8 10

1 2 3 4 5 6
Frequency(GHz)

5 6
Frequency(GHz)
(a) TX mode (b) RX mode

Figure 3-15: RF frontend frequency response

3.7.2 TX large-signal response

The TX path is first characterized with singe-tone excitation. High-power high-
frequency measurements require some special considerations. RF signal sources do
not generate enough output power to drive the TX directly. A highly linear off-chip
GaN pre-amplifier with 10 dB of gain is used between the signal source and the TX.
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The pre-amplifier is separately measured to have a P45 over 36 dBm, and therefore
does not limit the linearity of the amplifier chain. Accurate RF power measurements
are essential to benchmark TX performance. Since only in-band output power should
be measured (excluding harmonics), a spectrum analyzer is used. The absolute power
accuracy of the spectrum analyzer is not adequate to measure efficiency correctly.
Therefore spectrum analyzer readings are calibrated using a power meter, which has
its own accurate power reference built-in. All cable and trace losses are also de-
embedded from the measurements.

The dual-bias for the PA transistors is tuned to maximize the Pi4p. Figure 3-16
shows the AM-AM response for two bias configurations consuming the same total
quiescent current Ig of 9 mA. In the Class-AB/AB case, the current partitioned
equally amongst the two transistors, yielding a strongly nonlinear response. For
the Class-AB/C case, one transistor carries most of I while the other transistor is
biased below threshold, yielding a more linearized response with IP;4p improving
dramatically by over 6 dB, thereby validating the linearization scheme introduced in

section 3.4.2.

I
=

|
N

AM-AM(dB)
&

H —— Class—-AB/AB
—=— Class—-AB/C

|
-y

10 -8 6 -4 2 0 2 4 6 8 10 12 14 16 18 2
P, (dBm)

|
(4)]

Figure 3-16: Dual-bias linearization

Figure 3-17 shows TX power sweeps with the optimized Class-AB/C bias. In
additional to the nominal Vpp of 28 V, the TX is also tested at 37 V for direct
rail connection in power-over-ethernet (PoE) scenarios. Key performance metrics are

tabulated in table 3.5.
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Figure 3-17: TX power sweep

Voo (V) 28.0 | 37.0
I (mA) 9.0 | 9.0
OP,4p (dBm) | 33.1 | 33.7
Psar (dBm) | 33.9 | 35.3
nsar (%) 48.5 | 43.8

Table 3.5: TX CW performance

TX performance is also investigated over frequency. The TX is driven into sat-
uration to characterize Psar and nsar. Results shown in figure 3-18 reveal a 1 dB
BW of 1 GHz (5.7 - 6.7 GHz) or about 15 %. The best nsar and Psar of 50.8 % and
34.5 dBm are measured at 6.5 GHz. Since the design is optimized for 5.9 GHz, this

indicates that the fabricated value of passives in the output match is probably lower
than nominal.
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Figure 3-18: TX saturated power and efliciency over frequency

3.7.3 TX modulated tests

To evaluate performance with real communication signals, the TX is tested with 64-
QAM OFDM waveforms with 20 MHz BW® and PAPR exceeding 7 dB. The average
power level at the input is gradually raised to drive the PA into compression. As shown
in figure 3-19, output power and efficiency improve with increased drive power, while
EVM degrades due to nonlinearities that arise from large-signal operation. Figure 3-
20 shows TX performance at the 802.11 EVM limit of -25 dB. The TX complies with
the 802.11 spectral mask, while achieving an average efficiency of 30 % with 27.8 dBm
output power, without applying any digital predistortion.

3.7.4 RX large-signal response

The RX is also tested for linearity. Figures 3-21(a) and 3-21(b) show the large-signal
single-tone and two-tone response, respectively with Vpp rnva = 12 V and Ig = 5.5
mA. The output referred 1 dB compression point (OP4g) and third-order intercept
(OIP;) lie at 10.8 dBm and 22.0 dBm, respectively.

5Even though 802.11p has a fixed BW of 10 MHz, tests are performed at 20 MHz to explore
possibility of co-existence with 802.11n systems.
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Figure 3-19: Power sweep with 20MHz BW OFDM signal at 5.875 GHz

27.8dBm .

0 — i 90 aeqaoba
oL Qo BQ A P
i) 05 0. 00 @ 6 ¢ o
£ . @ ® © CO ©
% ¥ U Z‘o b @& o ® o%
<§ 051 & @0 © 0 0o @
e 060 OO0 0O

- 6 6do2do0oo00 0

B EVM = —25.3dB
9825 - 985 5875 .59 5925 -1 -0.5 (I) 0.5 i

Frequency(GHz)

Figure 3-20: TX performance with OFDM signal at -25 dB EVM

59



P op(@Bm)

Py (dBm)

P,(dBm)
(a) OP14p - Output 1dB compression point

40

fog, = 5.865GHz, fRFz = 5.885GHz

20

-20

L]

+P

2RF1-RF2" 2RF2-RF1

-20 -15 -10 -5

0 10 15 20
PIN(dBm)

(b) OIP; - Output third-order intercept with 20 