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ABSTRACT OF THE DISSERTATION

Efficiency Improvement Techniques for Millimeter-Wave Transmitters

by

Narek Rostomyan

Doctor of Philosophy in Electrical Engineering (Electronic Circuits and Systems)

University of California San Diego, 2018

Professor Peter Asbeck, Chair

Strong demand for mm-wave high data-rate links in emerging 5G communication systems
has resulted in substantial interest in mm-wave silicon (Si) based radio front-ends. The efficiency
of the PA is a significant factor in the overall power dissipation and thermal management of
mm-wave transceivers which have arrays with a large number of antennas (RF channels). This
dissertation focused mainly on circuit design techniques for cm/mm-wave CMOS power amplifier
efficiency improvement at frequencies from 15 GHz to 28 GHz. In addition, a DSP based solution
is proposed to increase efficiency and performance of cellular (LTE band) transmitters in the
1-3 GHz frequency range.

For digital communication signals with multi-carrier modulation and high peak-to-average
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power ratios (PAPRs), high back-off efficiency of the PA is of significant importance. In the first
part of the dissertation, possible implementations of linear and efficiency-enhanced CMOS PAs
are described. The concept of stacking multiple FETs is applied in the design of symmetric and
asymmetric Doherty power amplifiers, as well as compact linear PAs.

The dissertation demonstrates that high power density can be achieved with PAs based
on 4-stack power devices, while 2-stack devices can be designed to have exceptionally high
efficiency due to lower losses. A two stage, high power Doherty PA that uses 4-stack devices in
the final stages is demonstrated with more than 25 dBm output power and 25% back-off power
added efficiency (PAE) at 6 dB back-off operating in the 15 GHz band. To minimize chip area,
the Doherty combiner is based on an optimized, lumped element 90° phase shifter. To overcome
the inherent non-linear gain response of Doherty PAs and to minimize the complexity of digital
pre-distortion(DPD) due to large channel bandwidth at mm-wave bands, a simple RF domain
analog pre-distorter is demonstrated for the first time.

Various compact, linear 2-stack PAs are demonstrated based nMOS and pMOS FETs
for saturated output powers in the range of 20 dBm in the Ka-band. Performance and reliability
advantages of pMOS based PAs are shown. Also, by using inter-node impedance tuning with
a shunt feedback drain-source capacitor, the PAE of the 2-stack PAs is increased even further,
resulting in world record 46% PAE for the pMOS PA at 26.5 GHz.

Due to high passive losses in CMOS, achieving high efficiency Doherty PAs requires
careful design and non-conventional synthesis methodology for the Doherty combiner. A high
efficiency, symmetric Doherty PA for the Ka-band that is based on efficient 2-stack power devices
and a low loss Doherty combiner synthesis technique is presented. At 6 dB back-off, the PAE
exceeds 28% which corresponds to 1.4x higher PAE than achievable with ideal class B back-off
from peak PAE. Such high efficiency is attained due to low combiner losses of 0.5 dB, which is
less than half of what can be achieved with a conventional Doherty combiner. Furthermore, an

asymmetric Doherty PA is reported that is based on low loss output Doherty combiner and uses
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a 2-stack cell in the main path and a 4-stack cell in the peaking path, thus improving efficiency
at more than 6 dB back-off and achieving high output power. In addition, a compact modeling
approach for large, parasitic-extracted PA transistors is presented, which considerably reduces
simulation time and accelerates developments of CMOS PAs.

A typical time-division duplex (TDD) transmit/receive (T/R) mm-wave front-end com-
prises a power amplifier, a low noise amplifier (LNA), an antenna switch, and appropriate passive
matching and combining networks. In this thesis, a synthesis methodology is proposed that
minimizes the overall losses by combining the PA output and the LNA input matching networks
together with the T/R switch into one network. The technique improves mm-wave transceiver
performance in terms of PA efficiency and LNA noise figure (NF). The proposed T/R combiner
can achieve high linearity and can handle large PA output voltage swings. The architecture
can be implemented in any process which provides high integration capability. A Ka-band
implementation is demonstrated in CMOS SOl that includes a high power, 4-stack based PA and
an inductively source degenerated, cascode based LNA. Within the front-end, the PA achieves
saturated output power of 23.6 dBm with peak PAE of 28%, while the LNA achieves NF of
3.2dB.

Finally, in frequency division duplex (FDD) systems, spurious emissions from the trans-
mitter (TX) can fall onto the receive (RX) band and lead to significant receiver desensitization.
This dissertation proposes a DSP based solution that relies on a linear auxiliary receiver to cancel
the RX band noise from the received signal. This technique allows reduction of duplexer rejection
requirements in the RX band, and reduction of insertion loss in the TX band, thus, resulting in
high PA efficiency and smaller duplexer footprint. PA architectures that inherently have high
receive band noise (envelop tracking and digital PAs) can substantially benefit from this technique.
More than 22 dB improvement in the signal to noise ratio (SNR) is shown without the presence

of desired signal at the antenna.
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Chapter 1

Introduction

In recent years, the wireless industry has witnessed accelerated research and development
efforts for the fifth generation (5G) wireless communication links to address increasing demand
for high data rates. 5G networks promise to support higher than 1-10 Gbps download speeds by
using mm-wave spectrum, such as 28 GHz, 39 GHz, and 60 GHz bands. Also, channel capacity
will be increased by utilizing multiple antennas to realize phased arrays and MIMO systems [1].
The 5G wireless revolution presents significant challenges to the implementation of the radios
inside wireless mobile devices and base-stations. The complexity of such systems and the large
number of front-end modules required for phased array MIMO systems can result in very high
cost. For 5G to succeed in the mass market, the effective cost of the front-end module per antenna
should be low. Therefore, silicon-based technologies (SiGe or CMOS) are the best contenders
for 5G radios. Broadband modulation bandwidth requirements (i.e. above 800 MHz), large
integration, complex modulated signals with large peak to average ratios (PAPR), and excessive
heat production demand high efficiency and stringent linearity from the power amplifiers (PA)
for 5G transmitters. Achieving all these requirements with integrated PAs in CMOS or SiGe is a
major challenge and an area of continuing research.

In this chapter, a short introduction is provided to the challenges associated with modern



radio transceivers. In particular, a brief overview is given to outline limitations and circuit concepts
for achieving high efficiency in mm-wave CMOS PAs. Second, implementation difficulties of
time division duplex (TDD) and frequency division duplex (FDD) transceivers are described
along with possible solutions. The final section describes the scope and organization of the

dissertation.

1.1 Efficient mm-Wave CMOS PA Design

According to the well-known Shannon’s channel capacity theorem [1], higher data rates
can be achieved by increasing the channel bandwidth (BW) or signal-to-noise ratio (SNR). For
sub-6 GHz wireless communication, the channel bandwidth and SNR are limited due to frequency
planning and reuse, interference, front-end linearity and health/environmental regulations. Uti-
lization of wireless systems at mm-wave carrier frequencies is motivated by the fact that much
larger bandwidth is available at mm-wave bands. Besides the advantage of offering higher data
rates, the size of the antenna and the transceiver building blocks, which are typically proportional
to the wavelength, are substantially smaller at mm-wave frequencies. However, maintaining high
SNR at high frequencies creates additional challenges, as the propagation of electromagnetic
waves at mm-wave frequencies experiences more attenuation compared to radio and microwave
frequencies.

Multiple antenna systems provide a solution for achieving higher SNR at mm-wave
frequencies. Such systems rely on spatial diversity to transmit or receive signals from multiple
transmitters and receivers. Known as multiple input, multiple output (MIMO) communication,
such systems rely on statistical independence of each channel. In MIMO systems, each transceiver
has a dedicated base-band processing unit (down-converting mixers, A/D converters), and the
SNR improvement is realized only in the digital domain. Phased array systems, on the other hand,

are a special class of multi-antenna systems that enable electronically controllable beam-forming



as well as beam-steering. This allows increasing the array antenna gain and realization of spatially
directional links. High spatial selectivity enables a phased array system to mitigate interference
at the receiver and allows higher frequency reuse. Also, in a phased array transmitter with M
elements, the total Equivalent Isotropically Radiated Power (EIRP) at the direction of peak array
gain increases by a factor of M? over that of a single channel. Thus, for a given power level at the
receiver, high antenna gain allows reduction of transmitter output power per channel.

While most of current mobile communication PAs are implemented using III-V or SiGe
technologies, CMOS PAs are a major contender due to lower fabrication cost, compact size,
and the possibility to be integrated with the digital and mixed-signal building blocks. CMOS
solutions may be enabled by the relatively low power levels needed per antenna. In order to
achieve maximum average EIRP of 35 to 65 dBmi, a M = 64 element phased array transmitter
with 3 dB antenna gain (including antenna losses, T/R switch and interconnects) per antenna
and 10dB PAPR (OFDM with QAM) requires the PA to output close to 6 to 36 dBm at P1dB.
The output P1dB is reduced to -6.2 to 24 dBm for M = 256 element array. Power levels of 15 -
25 dBm can easily be achieved with CMOS or SiGe based PAs, thus allowing mm-wave phased
array systems that require low EIRP and moderate number of antennas, or high EIRP and large
number of antennas. Handset scenarios, which may require EIRP = unit[35]dBmi with only 4-6
antennas active in worst case, may require P1dB of 26-30 dBmi and thus remain a challenge.

Due to relatively low breakdown voltages of CMOS FETs, the power handling capability
of a CMOS PA has traditionally been limited. However, the power levels can be considerably
increased by transistor stacking. Recent research in transistor stacking in CMOS SOI has shown
that more than 25 dBm peak power can be achieved with correct biasing and capacitive loading of
the transistor gates. This allows the output voltage swing at the top transistor to reach N X V4g max.
where N is the number of series transistors, and Vg5 max 18 the maximum drain to source voltage
allowed on a single FET for reliable operation [2], as shown in Fig. 1.1a for N = 4. In [3] and [4],

a compact unit cell implementation of a 4-stacked device was demonstrated in 45 nm CMOS
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Figure 1.1: Four transistor stacking (a), and multigate four-stack layout (b).

SOI technology that is based on a four-gate finger, single diffusion FET, together with capacitors
implemented with back end of line (BEOL) metalization layers. The multigate layout in GF
45RFSOI technology with 1.2um finger width is illustrated in Fig. 1.1b. This multigate cell
structure considerably reduces the parasitics of interconnections between the stacked transistors
and provides better heat removal mechanisms.

Integration of all critical mm-wave transceiver building blocks in Si-based front-ends
poses particular concerns not only for the achievable output power but also for the efficiency
of power amplifiers. The efficiency of the PA can have a significant contribution in the overall
power consumption and thermal management of mm-wave transceivers with a large number of
antennas. The power added efficiency (PAE) of a PA can be approximated as a product of factors

corresponding to loss mechanisms, such as

PAE FVmin . FGain : Fmatching : Fwaveform; (11)

where the factor Fy

min

o< (1 — Vinin/Vaa) describes the loss in efficiency due to minimum drain



voltage of the device at the peak of the voltage swing (assuming even harmonics shorted.)
The factor Fgain o< (1 — 1/G) corresponds to the PAE degradation associated with finite gain.
Fmatching o OL/(QL + Q) describes the loss in the output impedance matching network as a
function of quality factors of impedance transformation Q and inductor Qr, (assuming capacitor
Qc > 0Or.) The last term Fyayeform 18 @ function of the overlapping area between drain voltage and
current waveforms, ranging between 0.5 for Class A and 1 for ideal switching mode operation.

It is apparent from (1.1) that attaining high PA efficiency is not a straightforward task and
requires consideration of many trade-offs. Both Vp,;, and V4 are technology limited, restricting
the designer from increasing Fy, . beyond certain limit. The gain factor Fgu, is limited by
the power transistor’s fmax (in the order of 300 GHz for modern nano-meter CMOS) and will
depend on the transistor technology, layout, and size. Obviously, this factor reduces quickly as
the operation frequency approaches finax. The output impedance loss can be minimized by the
choice of load resistance close to 50 ohms, the availability of thick top copper metals, the use of
short interconnects and the high resistivity substrate. Some of these trade-offs will be addressed
throughout the dissertation.

For the above example of a 256 element phased array with average EIRP of 65 dBmi
and 10dB PAPR, the DC power consumption of the PAs will exceed 40 Watts even with a
state-of-the-art class AB PA presented in this dissertation with drain efficiency of 15% at 10 dB
back-off. It is expected that in addition to this, as much DC power will be consumed in other
building blocks of a mm-wave transceiver, such as LNAs, mixers, phase-shifters, VGAs, and
LO generation. Such high DC power consumption poses extreme difficulties for cooling and
results in much larger mechanical dimensions and higher cost of a mm-wave communication
device. Therefore, optimization of the PA’s peak efficiency is not sufficient and techniques
for improving the efficiency at back-off power levels is cardinal for successful deployment of
mm-wave communication for the mass-market.

For RF frequencies below 6 GHz, various back-off efficiency enhancement techniques
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Figure 1.2: Classic Doherty architecture with A /4 lines.

such as envelop tracking, out-phasing, and Doherty have found successful application in mobile
and base-station PAs. At mm-wave frequencies, the large signal bandwidth limits the use of ET
and out-phasing. This is due to the fact that these techniques result in 3-5x bandwidth expansion
of the envelope signal required relative to the modulate carrier bandwidth, and require well
controlled time alignment between different signal paths. A Doherty PA, on the other hand, can
be more readily implemented in mm-wave frequencies as it relies on a passive load modulation
output network. This dissertation puts emphasis on Doherty PAs and various solutions are
presented to address challenges associated with their CMOS mm-wave implementation, such as
output combiner loss and non-linear gain response.

Shown in Fig. 1.2 is a conventional Doherty PA which consists of main and peaking
amplifiers, input/output matching networks, and A/4 lines. This architecture was proposed by
Doherty in 1936 [5]. It contains an always active main amplifier and a peaking amplifier, which
turns on when the input power exceeds a certain threshold, e.g., 6 dB back-off from the peak
power if the two amplifiers are identical. The classical implementation uses a class AB main
amplifier and a class C peaking amplifier with identical transistors [6]. The Doherty amplifier can
also be regarded as a class AB main amplifier with an active, variable output load that is lowered
after certain input power threshold to keep the voltage swing constant and allow the drain current
to increase.

Doherty PAs have the inherent advantage of providing higher efficiency at low power



levels compared to class AB PAs. When the peaking PA is turned off, the main amplifier operates
as anormal class AB PA. However, because it is presented with higher load at back-off, maximum
PAE is reached when the drain voltage swing is approximately twice the supply voltage while
the drain current swing is half of the maximum current that the main stage can deliver. For a
symmetric Doherty, this happens at 6 dB back-off from the total peak output power just before
the peaking amplifier starts to turn on. Further increase of the input signal causes the peaking
amplifier to turn on and deliver power. As the main amplifier creates large voltage swing at the
drain of the peaking amplifier, it is presented with high output load impedance, thus allowing it to
operate with good efficiency when it turns on. At peak power, both amplifiers are presented with
equal loads which allows them to reach peak efficiency and deliver maximum power. Ideally, the
peaking amplifier must compensate for the non-linear input/output power relation due to load
modulation effect.

CMOS realizations of Doherty PAs at mm-wave frequencies suffer from high losses of
the output network. For example, at 28 GHz the total output loss from the drain node of the
PA device to the antenna load usually exceeds 1.5 dB (71%). Such high losses reduce the PAE
improvements arising from having a Doherty PA, as the corresponding loss of a one stage output
LC matching network of a linear PA is in the order of 0.8 dB (83%). Thus, more than 15% relative
improvement in efficiency is necessary from a Doherty load modulation technique to compensate
the efficiency reduction due to the higher output network loss compared to a class AB PA.

A technique that significantly reduces the Doherty output combiner loss has been proposed
in [7]. This combiner synthesis methodology combines the output matching networks of Fig. 1.2
together with the A /4 lines into one single 2-port network, as shown in Fig. 1.3a. The realization of
the 2-port network requires load-pull impedance data at the peak and back-off levels, which can be
obtained either by simulations or measurements. The 2-port network contains the load (antenna)
inside and can be converted into a cascaded combination of main and auxiliary lossless 2-port

networks T2y iy and T2, as well as load impedance Zp, as illustrated in Fig. 1.3b. Afterwords, the
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Figure 1.3: Four transistor stacking (a), and multigate four-stack layout (b).

T'7p,m and Ty, o networks are converted into ¥ (Fig. 1.3c) or 7 (Fig. 1.3d) network representations.
It will be shown later in chapter 4 that the total output combiner loss can be more than halved,
thus enabling high efficiency mm-wave Doherty PA implementations.

Integrated mm-wave Doherty PA also have to face with challenges associated with non-
linearities that arise from load modulation. Lower gain for class C peaking amplifier results in
non-linear input/output power response. This can be mitigated by adding an additional gain stage
in the peaking path and sacrificing efficiency. Also, the input and output phase-shifting puts

bandwidth limitations and creates unwanted memory effects for wideband modulated signals.

1.2 Challenges in Mm-Wave TDD Transceiver Front-Ends

In time division duplex systems, the transmitter and the receiver operate at different time
instances, during which the same antenna is used either for transmitting or receiving. Such
transceivers usually require a T/R switch between the PA, low noise amplifier (LNA) and the
antenna. Shown in Fig. 1.4 is an example of a single channel, analog beam-forming TDD

transceiver. The switch losses can have significant effect on the overall performance of the
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Figure 1.4: An example of a single channel of an analog beam-forming TDD transceiver.

front-end, as it can reduce the PA efficiency and output power, as well as increase the noise figure
of the receiver.

In a traditional TDD front-end, the PA output and the LNA input are matched to 50€2,
followed by the T/R switch which is also matched to 50Q at all of its three ports. The loss of a
single stage LC matching network in CMOS at Ka-band is usually in the order of 0.8 dB. Together
with the T/R switch, the overall losses at the PA output and the LNA input are usually higher than
1.5dB.

At high frequencies, achieving low insertion loss with single-pole-double-throw (SPDT)
switches becomes challenging, since the “on” state channel resistance of transistors increases
with frequency. The reduction of the “on” resistance by means of a larger transistor increases
parasitic capacitance and requires additional inductive compensation network at each port of the
SPDT switch, thus increasing losses. Several implementations of CMOS SPDT switches with
inductive compensation have been shown in the literature that are similar to the implementation
example shown in Fig. 1.5a. [8] has demonstrated that up to 1.4 dB insertion loss (IL) and more
than 30 dB isolation can be achieved at Ka-band in 45 nm CMOS SOI technology.

Various other implementations of mm-wave T/R switches that deviate from the classical
SPDT switch architecture have also been recently demonstrated in the context of 5G phased
arrays. As illustrated in Fig. 1.5, such T/R switch architectures rely on transmission lines for

isolation of the LNA in the transmit mode. [9] demonstrated a single ended Ka-band T/R switch



based on lumped element A/4 lines and SiGe HBT transistors in reverse saturation mode, which
was earlier proposed in [10]. The switch exhibits about 1.5 dB IL and 19 dB isolation at 28 GHz.
Another implementation of the T/R switch in [11] suggested eliminating the A/4 line from the
PA path in order to increase its efficiency. However, elimination of the /4 line has necessitated
a switchable capacitive bank at the PA output in order to provide RF open in the RX mode.

Besides, as both solutions use a single shunt transistor switch directly at the PA output, higher
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Figure 1.5: Examples of an SPDT T/R switch with inductive compensation (a), and a transmis-
sion line based T/R switch (b) .
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power PA implementations with large voltage swings can damage the switch transistors. Thus,
both of these solutions will require switches with stacked transistors in order to accommodate
high power PAs, which will result in higher insertion loss. Alternatively, [12] has shown a
T/R switch implementation that uses a single shunt transistor at the LNA input. However, this
solution guarantees no general form for simultaneous PA output matching for high efficiency and
LNA input matching for minimum noise figure. This dissertation demonstrates a T/R combiner
synthesis methodology that optimizes the losses by combining the PA output and the LNA input
matching networks together with the T/R switch into one network. Additionally, this technique
reduces chip area by minimizing the number of passive components. The synthesis of the network
is based on the desired PA output load impedance from load-pull simulations and the optimum

source impedance for minimum noise figure for the LNA.

1.3 Challenges in RF FDD Transceiver Front-Ends

Highly reconfigurable and multi-standard radio blocks have attracted considerable research
interest to overcome the problems of overcrowded RF frequency bands and increased demand for
lower cost, fully integrated radio systems. A promising approach to achieve high efficiency, high
integration, and wideband operation is based on digitally modulated power amplifiers (DPAs),
which function as RF power digital-to-analog converters. These circuits not only allow frequency
agnostic PA designs, but also provide digital modulation and output power control. They facilitate
efficiency enhancement techniques such as polar and Doherty techniques [13—16]. However, due
to their clocked nature, the DPAs suffer from high level of out of band quantization noise which
makes their use in frequency division duplex (FDD) systems challenging.

In frequency division duplex FDD systems widely used for current cellular communication,
the transmitter and the receiver operate at the same time but at different center frequencies, as

shown in Fig. 1.6. The transmit and receive bands are usually closely spaced, as for example in
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Figure 1.6: An example of an FDD transceiver front-end demonstrating RxBN issues in the
receiver.

LTE band 5 listed in Table 1.1, such that undesired spurious emissions from the transmitter can
limit the performance of such systems. In particular, spurious emissions from the transmitter in
the receive band, commonly referred as receive band noise (RxBN) are filtered by a duplexer.
Currently, in order to minimize degradation of receiver sensitivity, it is required that the RxBN
power spectral density at the input of the receiver LNA be kept below 180 dBm/Hz. To achieve
such low RxBN floor (below kT'), the out of band noise floor at the PA output is usually required
to be below 130 dBm/Hz, and the duplexer is required to have large TX-RX isolation (> 50dB).
Given the close frequency spacing (10s of MHz) between transmit and receive bands, the use
of high-Q resonators in duplexers is necessary, resulting in high insertion loss (= 3 —4dB).
Besides, the duplexers require large PCB area, usually in the order of 2x2mm? per component.
As each band requires a separate duplexer, enabling multi-band operation results in a large number
of duplexers, increasing the size and the cost of a cellular communication device. Significant
improvements can be achieved if the duplexer rejection in the receive band is relaxed, for example,

to achieve 1 dB lower insertion loss of the duplexer in the transmit band. The benefits of 1 dB
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Table 1.1: LTE FDD Frequency Band 5

Band fo Downlink (MHz) BW Uplink (MHz) Duplex
(MHz) | Low [ Middle | High | (MHz) | Low | Middle | High | (MHz)
5 | 850 | 869 | 8815 | 894 | 25 | 824 | 8365 | 849 | 45

lower insertion loss can be appreciated by recognizing that it leads to more than 25% reduction
in power consumption of the PA (assuming 24 dBm average output power at the antenna port) -
nearly equivalent to the benefits of alternative efficiency enhancement techniques such as envelop
tracking (ET). Furthermore, reduction of RxBN in the receiver will allow the use of more advanced
PA architectures, such as DPAs, which have inherent high quantization noise (> —120dBm/Hz)

and at present fail the RxBN specs of current cellular systems.

1.4 Dissertation Scope

Si-based mm-wave front-ends have the potential to integrate all critical transceiver building
blocks for implementing low-cost mm-wave communication systems, such as 5G and satellite
communication. The achievable power and efficiency of power amplifiers in Si is of particular
concern as the PAs contribute the most to the overall power consumption of mm-wave transceivers
with arrays having a large number of antennas. The DC power consumption of high EIRP Si-
based mm-wave transceivers with current state-of-the-art PAs can exceed tens of Watts, requiring
active cooling, which incurs higher cost, larger mechanical dimensions, and reduced reliability.
Thus, efficiency improvement of Si PAs and of overall TDD and FDD front-ends is of significant
importance to allow affordable and compact mm-wave communication systems. This dissertation
demonstrates a number of techniques to significantly increase the efficiency of Si-based radio
front-ends. The main focus of this work is on mm-wave transceivers.

First, as the efficiency of the PA is the major source of the overall power dissipation in
mm-wave transceivers, various techniques for improving CMOS PA efficiency both at the peak

and at back-off (Doherty) are studied. The main bands of interest are 15 and 28 GHz bands.
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Second, as the designer has full control over each building block of a mm-wave transceiver,
co-design and optimization of the PA, LNA and the T/R switch cannot be neglected. A new
combiner synthesis methodology is proposed to combine matching networks and a T/R switch
into one compact and low loss network.

Third, the issue of receiver desensitization by the transmitter in an FDD system for cellular
communication is studied. An adaptive, DSP based technique is proposed based on an auxiliary

receiver to cancel out receive band noise from the received signal in the digital domain.

1.5 Dissertation Organization

In this chapter, important challenges and limitations for achieving high efficiency in
mm-wave power amplifiers and TDD front-ends, as well as RF FDD systems have been reviewed.

Chapter 2 describes a 15 GHz fully integrated symmetric Doherty PA. The PA is realized
in 45 nm SOI CMOS technology. Both the main and the peaking amplifier branches consist of
two stage power stages, which allows higher gain and flexible control over turn-on characteristics
of the peaking PA. The driver stages consist of 2-stack amplifiers, while the final stages are
implemented using 4-stack multigate cells to achieve high power. Both the input and output
combiners were optimized for minimum area and loss. The PA achieves more than 25.7 dBm
saturated output power and peak PAE of 31.2 %. PAE at 6 dB back-off is 25 %, which is more than
64 % higher than for an ideal class B PA roll-off. The PA features the highest power and efficiency
of reported high performance integrated silicon Doherty PAs. A simple analog linearizer is also
proposed that performs Doherty gain correction in the RF domain. The linearizer effectively
flattens the overall gain and extends the output P1dB of the amplifier from 23 dBm to 25.1 dBm
without much penalty on the PAE. The performance of the linearized Doherty PA has been verified
with 200 MHz single carrier 16-QAM and 64-QAM signals.

While the 15 GHz band has a lot of promise, various international organizations have
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instead agreed to allocate a portion of the 28 GHz, 39 GHz and 60 GHz bands for 5G commu-
nication. In order to demonstrate achievable efficiencies on CMOS for the Ka-band, chapter
3 presents high efficiency, one stage, mm-wave power amplifiers based on nMOS and pMOS
transistors in IBM and later GlobalFoundries 45 nm CMOS SOI. The amplifiers are arranged in
a 2-stack configuration to increase the output voltage swing. Preliminary reliability tests have
also been conducted to demonstrate greater voltage handling capability of pMOS devices. The
pMOS PA achieves world record PAE up to 46% and 19.5 dBm saturated output power, while the
nMOS PA sustains 40% PAE with close to 19 dBm saturated power. These compact PAs occupy
only 0.18 mm? and can be useful as standalone amplifiers or as components of more complex
architectures such as Doherty or out-phasing for 5G transceivers. The use of pMOS provides the
potential for increased robustness to hot carrier injection effects.

Linear power amplifiers have the inherent disadvantage of achieving high PAE only at
close to saturation and exhibit a rapid drop in PAE at back-off. As modern communication signals
exhibit high PAPRs, efficiency enhancement at back-off power levels is even more important than
the peak performance. A high efficiency, linear mm-wave Doherty PA in CMOS that uses a novel
low-loss combiner is demonstrated in chapter 4. In addition, a compact modeling approach for
CMOS PAs is demonstrated that considerably reduces simulation times. With more than 22 dBm
saturated power, 40% peak PAE, and 28% at 6 dB back-off, the PA features the highest peak and
6 dB back-off PAE among silicon Doherty PAs.

As back-off efficiency improvement is desirable for more than 6 dB back-offs, a high
efficiency, dual input, asymmetric, mm-wave Doherty PA in 45 nm CMOS SOI that uses a novel
low-loss combiner is demonstrated in chapter 5. The main Doherty path uses a high efficiency
2-stack amplifier with a shunt feedback drain-source capacitance. The peaking path uses a high
power 4-stack amplifier to achieve more than 6 dB back-off efficiency improvement. With dual,
asymmetric input drive, the PA is able to output 25 dBm saturate power with 31% peak PAE

as well as 34% 6 dB back-off PAE, which constitutes to the highest peak power and back-off
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efficiency of any Si-based Doherty PAs in the Ka-band to date.

The overall mm-wave transmitter front-end efficiency not only depends on the PA effi-
ciency, but also on the losses that arise in the interface between the PA and the antenna. High
integration capability of CMOS is utilized to develop a TDD T/R combiner synthesis method-
ology in chapter 6 that optimizes the losses by combining the PA output and the LNA input
matching networks together with the T/R switch into one network. A front-end implementation
that includes a high power 4-stack PA, an inductively source degenerated, cascode LNA and
the proposed T/R switch combiner is also demonstrated in 45 nm CMOS SOI technology. The
front-end achieves state-of-the-art performance both in the transmit and receive modes. The PA
inside the front-end produces saturated output power of 23.6 dBm with peak PAE of 28%, while
maintaining LNA noise figure of 3.2 dB.

In addition, as efficiency and multi-band operation is of high importance for current LTE
cellular transmitters, the final chapter presents an adaptive filter based, digital cancellation tech-
nique for mitigating stochastic noise, in particular quantization noise of digital power amplifiers.
The cancellation technique uses an additional feedback receiver to capture the receive band noise
at the output of the PA. The hardware is realized with off the shelf components for LTE band 5 to
demonstrate the effectiveness of the technique. Cancellation results have been presented both
with and without the presence of a desired signal at the main receiver. It has been shown for the
first time that the quantization noise of a digital PA can be reduced below -180 dBm/Hz at the
receiver. The cancellation technique enables higher efficiency PAs driven with stronger DPD
along with less demanding design requirements for duplexers, which facilitates their use in ever

increasing number of bands in FDD systems.
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Chapter 2

15 GHz Doherty Power Amplifier with RF

Predistortion Linearizer

2.1 Introduction

While the key requirements and standards for 5G communication systems are being
actively developed, they are expected to provide considerably higher data rates, very low latency
as well as more reliable radio links [17]. To achieve these objectives, 5G communication systems
will utilize higher frequency bands to increase the channel capacity. Also, by using a large number
of antennas [18], deployment of multiple-input-multiple-output (MIMO) architectures will be
possible. Beam-forming and spatial multiplexing will be enabled to provide adequate coverage
and higher data rates. Also, active research and field tests have been performed for characterizing
channel propagation in cm-wave and mm-wave bands, such as 15 GHz [19], [20], 28 GHz [21],
and 70 GHz [22] bands.

The technique of the 4-stack multigate-cell has already been used to implement a high
output power and high gain tuned class AB power amplifier in the 15 GHz band [23], where more

than 25 dBm saturated output power and 32.4 % peak power added efficiency (PAE) could be
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demonstrated. However, for modern communication signals with high peak to average power ratio
(PAPR), back-off efficiency enhancement of the PA is of high importance. This work presents
a 15 GHz two stage, high output power symmetric Doherty PA that is based on a classic load
modulation output network with a lumped 90° phase shifter. The PA demonstrates more than
23 dB gain and more than 25.7 dBm saturated output power. Peak PAE is more than 31 % and
6 dB back-off efficiency of 25 % can be achieved. A simple RF predistortion linearizer network
based on an envelope detector and an adaptive shunt loss element is also presented. The linearizer
is able to considerably improve gain flatness of the Doherty PA. Measurements with 200 MHz
16-QAM and 64-QAM modulated signals have demonstrated that the linearized PA produces
20.6 dBm average output power and 21.8 % PAE for 16-QAM with 9.5 % error vector magnitude
(EVM), and 16.4 dBm average output power and 15.2 % PAE for 64-QAM with 5.5 % EVM. The
PA has a compact form-factor and can be confined within a I mm? chip area. To the authors
knowledge, the performance of the two stage Doherty PA presented in this work features the
highest power and efficiency of an integrated silicon Doherty PA reported to date. Similar results
were attained only in GaAs [24].

This chapter is organized as follows. In Section 2.2, the implementation of driver stages
and high power output stages is introduced. Considerations for load-pulling of a stacked device are
discussed. The input and output combiner network implementations are also presented. Section
2.3 presents the proposed RF predistortion network. Section 2.4 covers the experimental results
for small-signal, continuous wave (CW), and modulation measurements. Finally, conclusions are

given in Section 2.5.

2.2 Doherty PA Implementation

The design of the integrated, two stage CMOS Doherty PA with the analog predistortion

linearizer is shown in Fig. 2.1. In this section, the general design approach for the realization of
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Figure 2.1: Full schematic of the Doherty PA.

the high power final stage and the driver stage are first presented, followed by considerations
for load modulation of stacked devices. Subsequently, compact, and low loss input and output

combiners based on classic lumped element 90° phase shifters are discussed.

2.2.1 High Power Final Stage and Driver Stage

In a CMOS SOI process, high output power can be achieved by transistor stacking as
shown in Fig. 2.2a. This allows voltage swings on each transistor to add up and result in a high
voltage swing at the output. In recent works, it has been demonstrated that more than 25 dBm
can be achieved by using the multigate unit cell approach [3], [23]. Each multigate unit consists
of four stacked FETs, each implemented with a single source and drain, together with four gate
fingers which are w, wide. The contacts to inter-finger source and drain regions are removed,
which produces significant reduction in parasitic capacitance and resistance. Each of the four
gate fingers in a unit cell is connected to a gate capacitor of appropriate size which allows a
finite voltage swing at the gate, Fig. 2.2a. The values of the gate capacitors are selected to
guarantee equal drain-to-source voltage swings and not too high drain-to-gate swings on each
stack transistor. In the unit cell, these capacitors are realized as Metal-Oxide-Metal (MOM)

capacitors which are designed around the transistor using the available metalization layers. A
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complete analysis of the multigate cell can be found in [4].

An additional advantage of the multigate unit cell approach is its scalability. The cells
can be arranged in an array of M elements to achieve desired device width of M - w,. This allows
a compact high power amplifier realization. The maximum number of elements M is, however,
limited due to the difficulty of ensuring phase coherence between cells that are spaced far apart.

In this chapter, both the main path and the peaking path of the Doherty PA are realized
with two stage amplifiers. The first stage (driver), consists of a 256 um wide 2-stack amplifier
shown in Fig. 2.2b. The top device gate is terminated with a finite capacitance of 380 fF which
results in a non-zero voltage swing at the gate. The 2-stack structure resembles the traditional
cascode arrangement. However, the gate of the 2-stack amplifier is not at RF ground as in a
cascode, hence the drain-to-gate swing, which is usually the limiting factor for the cascode
voltage, is reduced. In this arrangement, the overall output voltage swing can be higher than each

transistor’s breakdown voltage (BV), because the voltage can be equally distributed across each

R
Voas Y ? Vaa
e
VG03 Rb Vd3 VGCZ
L I I | -
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Figure 2.2: Schematics of the 4-stack final stage (a) and 2-stack driver stage (b).
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transistor. This stage can achieve saturated output power of Psy = 20dBm.

The final, high power stage is realized using 256 multigate unit cells. Each cell is
wy = 1.2 um wide, so that the resultant total device width is 256x1.2 um = 307.2 ym. Minimum
length, double pitch devices were used both for the 2-stack and the multigate cell 4-stack. The
main and peaking devices are of the same size. Inter-stage matching between the driver and the

final high power stage employs a second order matching network.

2.2.2 Load Modulation of 4-Stack Devices

The high allowable voltage swing of the 4-stack multigate device increases the optimum
output load impedance, and with the present device the load can be designed to be close to 50£2.
From load-pull simulations of the high power output stage with 256 multigate unit cells, the
optimum load impedance is 35 Q. This allows realization of an efficient and wide-band output
matching network to 50 Q.

As already mentioned, each transistor in a stacked device will ideally have an equal
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Figure 2.3: Simulated I'V-curves of an extracted 32 um wide NMOS device.
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Figure 2.4: Simulated voltage waveforms of a 4-stack device with 4.8 V supply voltage and
Ryoad = 35Q.

voltage swing, controlled by the selection of gate capacitors. For a conventional class AB power
amplifier, the values of these capacitors can be optimized for maximum output power, which
means that the drain-to-source voltage swing of each transistor will be maximized for allowed
safe limits to avoid breakdown or excessive degradation. In a classical Doherty power amplifier,
load modulation does not affect the voltage swing at the output of the power device. However,
highly scaled devices usually demonstrate very non-linear I-V curves (as show in Fig. 2.3 for
an extracted 32 um device), which can result in increased voltage swing during load modulation.
Thus, during the design of a stacked device for a Doherty amplifier, it is important to ensure that
the voltage swings do not exceed their limits at back-off load impedance. For the power device
with 256 multigate unit cells, the simulated voltage swings at each transistor’s drain (Fig. 2.2a)
are illustrated in Fig. 2.4 and Fig. 2.5 for peak load impedance of 35 Q and back-off impedance of
70Q, respectively. It can be observed that the voltage swings on the transistors slightly increase
at back-off but they are still within experimentally established safe limits of reliability.

Another important aspect is the achievable back-off power level. In a classical symmetric
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Figure 2.5: Simulated voltage waveforms of a 4-stack device with 4.8 V supply voltage and
Rioad =70Q.
Doherty, load modulation of the main amplifier from Ry g to 2Ry oaq should result in a peak
PAE at a -3 dB reduction in output power. This is however not the case if the I-V curves of the

transistors in the triode region are non-linear. In Fig. 2.6, PAE simulations are shown of extracted

Back-Off (dB)

Figure 2.6: Simulated 4-stack device’s PAE vs. back-off for R, =35Q and R, =70Q.

23



256 multigate cells for varying output load impedance of 35 Q and 70 Q, vs back-off. The back-off
PAE peaks at about -2 dB. Due to this fact, the second efficiency peak of the complete symmetric
Doherty amplifier is expected to be at a -5 dB rather than the conventional -6 dB back-off power

level.

2.2.3 Realization of Input and Output Combiners

Low loss and compact realization of the Doherty amplifier input and output combiners is
important for optimizing efficiency and cost. In a classical Doherty amplifier, A /4 transmission
lines are used to realize impedance inversion at the output, and phase matching at the input.
However, at mm-wave frequencies up to 60 GHz, the A/4 transmission lines are very long and
unsuitable for cost- and area-effective integration in a silicon process.

A commonly used solution is to realize a transmission line with a 7- or T-network lumped
element approximation. The lumped element network can be designed to have either a high-pass
or a low-pass response. Among these combinations, high-pass ©-networks are advantageous in
terms of stability and reduced area.

The output combiner network that was used in this work is shown in Fig. 2.7. Here,
inductors L and L4 tune out the output capacitance of the main and peaking amplifiers, which
are realized as 256 multigate unit cells. The high-pass ® network that provides +90° phase shift
is implemented with inductors which can be combined with the tuning inductors; the parallel
combination of them considerably reduces the overall size. As a result, the output combiner
consists of only two inductors (L;||L, and L3||L4) and a capacitor C;. The resultant small inductor
values allow space-efficient implementation on silicon.

For an arbitrary characteristic line impedance of Zj and phase shift ¢, the values of the

inductors and the capacitor of the high-pass lumped element phase shifter can be calculated as

Zpsin(0)

b= = 1 —cos(e)’

2.1
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Figure 2.7: Output combiner schematic.

and

1
(jl — Eszi;g;;;zagi. (2.2)

The line impedance Zj is equal to the desired load impedance Ry .4 at the output of the amplifier
(35 in this case.)

The input power splitter network is illustrated in Fig. 2.8. It also relies on a high-pass
n-network with +90° phase shift in the peaking path in order to compensate for the phase shift in
the output combiner. Similar to the output combiner, the high-pass m-network does not increase

the number of inductors and can be merged with the input matching L-C networks.

2.3 Analog Predistortion

Nonlinear behaviors of various system components within an RF front-end can distort
the transmitted signal and result in EVM reduction in-band, and adjacent channel power (ACPR)
in neighboring frequency bands. The creation of these spurious output signals from inputs with

varying envelope and high PAPR impose stringent requirements on linearity of the PA. The
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Figure 2.8: Input splitter schematic

availability of low cost signal processing power has made digital pre-distortion (DPD) quite
useful to counter PA nonlinearity effects. While DPD is widely deployed for signals with below
100 MHz bandwidth, the complexity and the power consumption of a DPD system limit its use in
mm-wave systems consisting of an array of many PAs with bandwidth of several hundreds of
MHz to few GHz. In this section, a simple RF (analog) predistortion network that is effective for

high gain Doherty amplifiers is presented.

2.3.1 Analog Predistortion Architectures

A variety of predistorion circuits in the analog domain (APD) have been proposed and
implemented [25]. Mitigation of PA nonlinearities by feedback is extensively used in analog
circuits. Mm-wave power devices, however, have relatively low gain, hence only limited amounts
of feedback can be applied to each stage in order to not reduce efficiency, so that the effect on
distortion is correspondingly small. More gain can be sacrificed if feedback is applied around
a multistage power amplifier but the long feedback loop may produce instability and introduce

considerable delays between the forward and feedback paths. These challenges bound the appli-
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cation of feedback to low bandwidth systems.

Another PA linearization technique is feedforward, which does not reduce the gain of the
amplifier and does not cause instability. While the level of correction with this technique can be
significant, the complexity of the system increases cost and chip area as it requires power splitters,
combiners, couplers, and phase shifters.

A simple form of linearization is RF predistorion, where the nonlinear predistorting
element operates at carrier frequency. An element is used whose distortion characteristics are the
inverse of the distortion characteristics of the PA. Because of the implementation simplicity and
the possibility to linearize large signal bandwidth, RF predistorters present a viable solution to the
mm-wave PA nonlinearity problem. The form of the amplifier gain characteristics is critical to the
degree of achievable linearity improvement. Different networks have been proposed that attempt
to correct various types of PA characteristics. The most straightforward and widely explored
networks strive to predistort the third or fifth order nonlinearities [26], [27]. These predistorters
may, however, increase the amount of higher order distortion products. Other networks attempt to
accurately fit the inverse transfer characteristics of the PA and thus correct the nonlinearities for a

number of orders of distortion [25], [28], [29], [30].

2.3.2 Proposed Analog Predistortion Circuit

In this work, we demonstrate an analog predistorter/linearizer that addresses the gain
nonlinearity problem of symmetrical Doherty amplifiers. The gain of these PAs experiences very
non-flat behavior as a result of load modulation and of the fact that the peaking amplifier is biased
in class C and typically has lower gain than the class B biased main amplifier. With the multistage
design of this work, the higher gain of the main amplifier can be lowered with an open loop
predistorter to match the gain level experienced when the peaking amplifier turns on. The central

idea of the proposed APD is illustrated in Fig. 2.9.
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Figure 2.9: Proposed open loop analog predistorter (APD) for symmetric Doherty PAs.

The gain of the main amplifier is linearized with an APD element that acts as an adaptive
loss element and compensates for the higher gain at back-off. The proposed circuit for the APD
element is demonstrated in Fig. 2.10. The circuit consists of an envelope detector (T;) and a
shunt NMOS transistor (T;), that acts as an adaptive loss at the input of the main amplifier. The

gate voltage of the (T;) shunt transistor is proportional to the envelope output voltage, which has

Figure 2.10: Proposed analog linearizer schematic. R} = 365Q, C; = 1971fF.
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flexible swing and dc offset adjustment by means of the gate bias voltage Vg as well as positive
and negative source voltages Vpp and Vsg of the envelope detector.

At low RF powers, which corresponds to the back-off operation of the main amplifier,
the Vgny envelope voltage is high and turns on the transistor T, which redirects some of the RF
current to the ground. T> must be sized appropriately to handle the RF current through it. If the
RF power is high, which corresponds to high power operation when the peaking amplifier is on,
the node voltage Vgyy drops and turns off T, allowing all RF power to go into the main amplifier.
By adjusting the bias and supply voltages of the envelope detector, considerable improvement
in gain flatness can be achieved. Fig. 2.11 shows simulated gain curves of main and peaking
amplifier, as well as total gain with and without the linearization circuit. Also shown is the shunt
loss curve, defined as the decrease in gain provided by the linearizer along the main amplifier path.
It can be seen that the linearized total gain is flat and the P1dB point of the Doherty amplifier can
be considerably extended.

The bandwidth of the envelope detector is set by the RC low-pass filter that is formed
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Figure 2.11: Simulated total gain without linearization, gains of main and peaking amplifier,
total gain with linearization, and APD loss as a function of output power.
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Figure 2.12: Simulated envelope detector conversion gain.

at the drain of T;. If the Cpg parasitic feedback capacitance is ignored, the bandwidth can be

approximated as
1

2nRy1|[ro 1 (Cri + Cps,t1 +Cas,12)’

f-3dB,ED & (2.3)

where ro 11 1s the output resistance of Ty due to channel length modulation. Simulated envelope

detector conversion gain vs envelope frequency is shown in Fig. 2.12. The f_34p bandwidth is

1.95 GHz.

2.4 Experimental Results

The PA was fabricated in the GF 45 nm SOI CMOS process and occupies overall chip
area of 1x1 mm?; the RF portion (without pads) occupies a compact area of 0.85x0.52mm?. The
chip micrograph is shown in Fig. 2.13.

The dual stage architecture allows independent control of all amplifiers’ bias voltages, and hence
their mode of operation. Throughout the experiments, the best results in terms of back-off

efficiency, output power and gain flatness were achieved when both the driver and the final stage
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Figure 2.13: Micrograph of the 1x1 mm? two stage Doherty power amplifier chip.

of the main path were biased in class-AB mode with gate-to-source bias voltages in the range
from 0.22 'V to 0.25 V. The driver of the peaking path was operated in class C mode and the final

stage in deep class C, with gate-to-source bias voltages of 0.1 V and 0V, respectively.

2.4.1 Small-Signal and CW Measurements

Fig. 2.14 shows measured small-signal S-parameters of the PA. At 15 GHz, the S, gain
measures 27 dB with a -3 dB bandwidth from 13.41 to 16.01 GHz, which results in a fractional
bandwidth of 27%.

Fig. 2.15 illustrates measured large signal gain, power added efficiency (PAE), and drain
efficiency (DE) together with theoretical class B PAE roll-off curve at 15 GHz. Large signal
measurements were conducted with the gate to source voltage of the driver and the final stage
of the main path biased at 0.25V, and of the peaking path at O V. The PA achieves maximum
saturated output power Pgy; = 25.7dBm (370 mW) and a peak PAE nax = 31.2% as well as drain
efficiency DE = 35% at Py, = 25.2dBm. It can be seen that the PAE curve exhibits a second
peak at 5.4 dB back-off, achieving PAE_5 445 = 25.5% at that point. Both the Py, and peak PAE,
as well as 6 dB back-off PAE_g4p demonstrate wide frequency response, shown in Fig. 2.16 and

Fig. 2.17, respectively. The 1 dB bandwidth of Py, spans from 13.75 GHz to 16.25 GHz. Also
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Figure 2.14: Measured S-parameters.

shown in Fig. 2.17 is the theoretical class B 6 dB back-off curve which is based on the peak PAE
curve of Fig. 2.16. Compared to a class B PA performance, the two stage Doherty PA achieves
more than 64% higher PAE at 6 dB back-off.

The performance of the proposed analog linearizer is shown in Fig. 2.18. The best linearity
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Figure 2.15: Measured Gain, PAE and drain efficiency (DE).
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Figure 2.16: Measured saturated output power and peak PAE vs frequency.

is achieved by biasing the gate-to-source voltage of the driver and the final stage of the main path
at 0.22 'V, and of the peaking stage at 0.1 V (different from bias voltages for Fig. 2.15), which

leads to a slight decrease in PAE. The envelope detector from Fig. 2.10 was biased at Vpp = 0.5V,
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Figure 2.17: 6 dB back-off PAE of measured Doherty PA and theoretical class B based on peak
PAE in Fig. 2.16 over frequency.
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Figure 2.18: Measured gain and PAE with analog linearizer turned on and off.

Vss = —0.35V, and Vg = 0.3V. It can be observed that the analog linearizer effectively flattens
the gain and extends the P gg from 23 dBm to 25 dBm. The effect of the linearization circuit on

PAE is minimal, because the gain is still high and the power consumption of the linearizer is less

than 2 mW.

2.4.2 Modulation Measurements

The performance of the PA with and without the analog linearizer has been studied with
16-QAM and 64-QAM single carrier (SC) signals with 200 MHz modulation bandwidth. The
signals were generated using a Keysight M8195A 65 GSa/s arbitrary waveform generator (AWG)
which can directly generate modulated signals at 15 GHz carrier frequency. The PA output was
then down-converted and captured with a high sampling rate digital oscilloscope. A root raised
cosine (RRC) filter with a roll-off factor of 0.35 was applied to both signals. Measured EVM
and average PAE results are shown in Fig. 2.19 for 16-QAM and Fig. 2.21 for 64-QAM. Input
PAPR values for these signals are 5.4 dB and 6 dB, respectively. Gain linearization considerably

improves EVM without significantly affecting average PAE. The effectiveness of the linearizer can
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Figure 2.19: Measured EVM and average PAE for 200 MHz 16-QAM signal with analog
linearizer turned on and off.
also be observed based on measured ACLR values, which are depicted in Fig. 2.20 and Fig. 2.22.
16-QAM can tolerate much higher EVM than 64-QAM for the same bit error rate. As there is no

5G standard yet available that clearly specifies EVM requirements, we consider here EVM values
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Figure 2.20: Measured ACLR for 200 MHz 16-QAM signal with analog linearizer turned on
and off.

35



10 —&— Lin. EVM
. g—9 |—&—Lin. PAE
5 [E— == - B —EVM
- & —PAE
0 | | |
15 16 17 18 19 20

Pout (dBm)
Figure 2.21: Measured EVM and average PAE for 200 MHz 64-QAM signal with analog
linearizer turned on and off.
close the IEEE 802.11 maximum EVM requirements. For the 16-QAM signal, the PA achieves
EVM = 9.5% with average output power of Py, = 20.6dBm and average PAE = 21.7%; ACLR

improves from -20.8 dBc to -25.5 dBc. For the 64-QAM signal, the PA achieves EVM = 5.5%
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Figure 2.22: Measured ACLR for 200 MHz 64-QAM signal with analog linearizer turned on
and off.
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Table 2.1: Summary of modulation measurements

200 MHz 16-QAM 200 MHz 64-QAM

EVM (%) 9.5 5.5
In PAPR (dB) 54 6
Out PAPR (dB) 4.2 6
Pout (dBm) 20.6 16.4
PAE (%) 21.8 15.2
ACLR (dBc) -25.5 -28.8

with average output power of Py, = 16.4dBm, and average PAE = 15.2%; ACLR improves from
-22.3dBc to -28.8 dBc. The ACLR improvement can also be visualized by means of modulated
spectrum measurements shown in Fig. 2.23 for the 64-QAM signal. ACLR values of this order
can be well suitable for 5G mm-wave phased arrays due to higher spatial selectivity. Fig. 2.24
shows the received constellations for these two signals with the analog linearizer turned on.
Table 2.1 summarizes the modulation measurements.

It is also important to analyze phase distortion (AM-PM) of the PA. Fig. 2.25 illustrates

AM-PM response of the PA with the analog linearizer turned on and off for the 200 MHz 64-QAM
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Figure 2.23: Measured spectrum for 200 MHz 64-QAM signal with EVM = 5.5% and average
output power Py, = 16.4dBm with analog linearizer turned on and off.
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Figure 2.24: Measured constellation for 200 MHz 16-QAM signal with EVM = 9.5% (a), and
64-QAM signal with EVM = 5.5% (b) with analog linearizer turned on.

signal. The improvement in AM-AM response of the amplifier due to the linearizer also improves

the AM-PM response. Even without the linearizer, the PA already demonstrates very good

AM-PM performance, in keeping with prior measurements of AM-PM using stacked FET PAs in

CMOS SOL
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Figure 2.25: Measured AM-PM for 200 MHz 64-QAM signal with EVM = 5.5% and average
output power Poy = 16.4dBm with analog linearizer turned on and off. An offset of —40° was
added to the data without linearization for clarity.
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Table 2.2 gives an overview of recently reported Doherty power amplifiers on silicon for
cm-waves and mm-waves. For comparison, the highest reported output power and efficiency of a
GaAs Doherty PA is also included. To the authors knowledge, the performance of the two stage
Doherty PA presented in this work features the highest power and efficiency silicon Doherty PA
reported to date at high microwave frequencies.

In order to have a more fair comparison with the PAs implemented at higher frequencies, a

frequency weighted efficiency can be used, defined here as

FOM = +\/ fo/GHz - PAE, (2.4)

where fj is the operating frequency. The two stage Doherty PA with the linearizer presented in
this work achieves FOM = 112, which is about 7% higher than the PA presented in [31], 26%
higher than the PA in [32] but 32% lower than the GaAs Doherty PA in [33].

Table 2.2: Comparison to Recent cm-wave and mm-wave Doherty PAs.

This Work This Work [31] [34] [32] [33]

45nm SOI 45nm SOI  45nm SOI  45nm SOI 28 nm  0.15um GaAs

Technology =\ 1656 CMOS CMOS CMOS  CMOS HEMT
Topology Doherty Iv)vo?flig P}E (s):esr;}i,ft_ ;:If;?y Doherty Doherty
F. (GHz) 15 15 42 14 32 28
Supply (V)  2&4.8  2&48 25 24 1 4
Gain (dB) 23 16 7 8 2 12
Psat (dBm) 257 255 18 2 19.8 26
P1dB (dBm) 23 25.1 N/A N/A 16 N/A
PAE, .. (%) 31.2 31.9 23 24 21 40
PAEgg (%) 25 235 17 20 2.8 29
Area (mm?2) 1 1 0.64 0.84 1.79 2.86
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2.5 Conclusion

In this paper, a 15 GHz fully integrated symmetric Doherty PA is presented. The PA is
realized in 45 nm SOI CMOS technology. Both the main and the peaking amplifier branches
consist of two stage power stages, which allows higher gain and flexible control over turn-on
characteristics of the peaking PA. The driver stages consist of 2-stack amplifiers, while the final
stages are implemented using 4-stack multigate cells to achieve high power. Both the input
and output combiners were optimized for minimum area and loss. The PA achieves more than
25.7 dBm saturated output power and peak PAE of 31.2 %. PAE at 6 dB back-off is 25 %, which
is more than 64 % higher than for an ideal class B PA roll-off.

A simple analog linearizer is also proposed that performs Doherty gain correction in the
RF domain. The linearizer effectively flattens the overall gain and extends the output P1dB of
the amplifier from 23 dBm to 25.1 dBm without much penalty on the PAE. The performance of
the linearized Doherty PA has been verified with 200 MHz single carrier 16-QAM and 64-QAM

signals.
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Chapter 3

Comparison of pMOS and nMOS 28 GHz
High Efficiency Linear Power Amplifiers
in 45 nm CMOS SOI

3.1 Introduction

As discussed in Chapter 2, high data rate mm-wave communication links will require
compact, low cost and efficient power amplifiers. Implementation of the PAs in CMOS offers the
potential for greater integration capability with other system components and reduced cost per
chip. Large channel bandwidth and high PAPR of mm-wave communication also requires high
efficiency and inherently linear mm-wave PAs. However, efficiency and reliability of CMOS high
power circuit blocks are limiting their widespread deployment.

Several techniques have been proposed in the literature to increase the power handling
capability (limited by relatively low break-down voltages) of CMOS PAs, such as transistor
stacking, and on chip or spatial power combining. Compact and high power implementations

using 4-stack devices have been demonstrated in Chapter 2.
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This chapter demonstrates high efficiency, compact, one stage, 2-stack power amplifiers
based on nMOS and pMOS devices at Ka-Band. The PAs occupy very small (0.18 mm?) active
area. The nMOS PA achieves 12 dB gain, saturated output power of 18.9 dBm and 40.5% PAE
at 26.75 GHz. The pMOS PA demonstrates comparable results with 10.3 dB gain, saturated
output power of 17.8 dBm and 40.7% PAE 26.5 GHz (when operated with an identical power
supply voltage of 2.4 V.) Even better performance is achieved with the pMOS PA on the new GF
45 nm CMOS SOI with thick copper top metalization option. In this process, the pMOS based
PA achieves more than 46% peak PAE and 19.5 dBm saturated output power. pMOS amplifier
results are of particular interest since these devices are known to be less susceptible than nMOS
devices to various types of degradation, particularly hot carrier injection and time-dependent
dielectric breakdown [35]. In this work, simple, preliminary short term reliability measurements
were conducted to evaluate gain degradation at saturated output power vs. time for different drain
bias voltages. The results showed that the pMOS PAs can withstand higher V34 values without
noticeable gain degradation than the nMOS PAs.

In order to assess linearity and bandwidth, measurements with wideband 800 MHz 64-
QAM OFDM signals (which are representative of 5G requirements) have been conducted with
the nMOS PA. The PA achieves EVM = 5.5% with average output power of Py, = 9.8dBm,
average PAE = 14.8%, and ACLR of -25.3 dBc.

The chapter is organized as follows. In Section 3.2 designs considerations for the nMOS
and pMOS PAs are presented. Section 3.3 covers the measurement results. Finally, additional
discussions that include 2-stack PA design improvements in the new GF 45RFSOI technology are

discussed in Section 3.4.
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Figure 3.1: Schematics of the 2-stack nMOS (a) and pMOS (b) based PAs. For nMOS
PA: VDD = 2.4V, VG] = 0.22V, VG2 =1.7V. For pMOS PA: VSS = —2.4V, VG] = —0.22V,
Vor =—-1.7V

3.2 Circuit Architecture and Design

Both the nMOS and pMOS PAs are realized with 256 um wide 2-stack amplifiers shown
in Fig. 3.1a. The top device gate is terminated with a finite capacitance of 380 fF which results in
a non-zero voltage swing at the gate. In this arrangement, the overall output voltage swing can be
higher than each transistor’s breakdown voltage, because the voltage can be equally distributed
across each transistor. The inputs and the outputs are matched to 50Q. The output matching
networks have been optimized for the second harmonic impedance matching in order to provide
the highest PAE. The real part of the desired fundamental load impedance at the drain of the

nMOS power stage is 26 Q2, and of the pMOS is 40 Q.

3.3 Experimental Results

The PAs were fabricated in the GF 45 nm SOI CMOS process. Each occupies overall

chip area of 0.6x0.62mm?, while the active region (without pads) is 0.45x0.4mm?. The chip
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Figure 3.2: Micrograph of the 0.6x0.62mm? power amplifier chip.

micrograph is shown in Fig. 3.2.

A supply voltage of Vgq = 2.4V was used throughout the measurements. Fig. 3.3 illustrates
measured small-signal s-parameters of the PAs. At 28 GHz, the S>; gain measures 12.8 dB with a
-3 dB bandwidth from 24.9 to 32.3 GHz, which corresponds to a fractional bandwidth of 26.5%.
For the same DC quiescent current, the pMOS PA’s S»; gain is 13 dB.

Fig. 3.4 illustrates measured large signal gain, power added efficiency (PAE), and drain
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Figure 3.3: Measured S-parameters of nMOS and pMOS based PAs.
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Figure 3.4: Measured gain, PAE and drain efficiency for nMOS PA at 26.75 GHz and pMOS

PA at 26.5 GHz.

efficiency (DE) for nMOS and pMOS PAs biased in class-AB mode. The nMOS based PA’s
PAE peaks at 26.75 GHz, while the pMOS has its peak at 26.5 GHz. The nMOS PA achieves
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Figure 3.5: Measured gain change vs time for nMOS PA at 26.75 GHz.
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Figure 3.6: Measured gain change vs time for pMOS PA at 26.5 GHz.

maximum saturated output power Py, = 18.9dBm (77 mW) and a peak PAE nax = 40.5% as well
as drain efficiency of DE = 45% at Py, = 18.25dBm. The pMOS PA, on the other hand, achieves
maximum saturated output power Py = 17.8dBm (60 mW) and a peak PAE nax = 40.7%, and
DE = 47.7% at Py = 16.8dBm

To make a very preliminary assessment of reliability of the nMOS and pMOS PAs, a
short-term reliability study was carried out. Various drain bias voltages were used for the devices
while they operated at saturated output power for 30 minutes at each bias voltage. Figures 3.5
and 3.6 show the saturated gain vs time for drain voltages varying from 2 to 3 V for the nMOS
and pMOS PAs, respectively. It can be seen that for the nMOS at 2.8 V and 3 V drain voltages
there were noticeable changes in the output power, while for the pMOS there was no noticeable
degradation for the period of the measurements up to 3 V drain voltage. This results match the
expectations based on reduced hot carrier injection in pMOS. It can be anticipated that with slight
modifications on the load line, pMOS PAs could be operated at increased drain bias voltages to

achieve higher output power and efficiency.
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Figure 3.7: Measured constellation and EVM for 800 MHz 64-QAM signal with average output
power Py = 9.8dBm.
The linearity performance of the nMOS PA was verified with a 64-QAM OFDM signal
with 800 MHz bandwidth and 9.8 dB input PAPR. The modulated signals are generated using a
Keysight M8195A 65 GSa/s arbitrary waveform generator (AWG). The PA achieves EVM =5.5%
with average output power of Py, = 9.8dBm, average PAE = 14.8%, and ACLR of -25.3 dBc.

Figures 3.7 and 3.8 show the received constellations and spectrum for EVM = 5.5%.
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Figure 3.8: Measured spectrum for 800 MHz 64-QAM signal with EVM = 5.5% and average
output power Poy = 9.8dBm.
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Table 3.1: CMOS Linear Power Amplifier Performance Summary

This Work [4] [36] [37]
45nm SOI  45nm SOI  28nm 28 nm

Technology CMOS CMOS CMOS CMOS
Topology N%;_ﬁgs 4-stack 2-stack di?fesszr%gal
Fo (GHz) 26.75/26.5 29 28 30
Supply (V) 2.4 4.8 NA 1.15
Gain (dB) 12/10.3 13 13.6 163
Psat (dBm) 18.9/17.8 24.8 19.8 153
OP1dB (dBm)  17.6/16 NA 18.6 143
Peak PAE (%) 40.5/40.7 29 43.3 36.6
Active 0.18 0.3 0.28 0.16
area (mm-)

Table 3.1 gives an overview of recently reported CMOS linear power amplifiers in the
Ka-band. Compared to other works, the nMOS and pMOS PAs presented here have very compact

dimensions, high gain and efficiency.

3.4 Additional Discussions

The pMOS 2-stack PA has been additionally improved by using updated 45 nm CMOS
SOI from GlobalFoundries on a metalization option that incorporates two thick copper metal
layers. This process is optimized for RF and mm-wave applications, as it provides mm-wave
device models and possibility to realize high-Q inductors using the thick copper layers. The
amplifier presented here has slightly increased transistor size (310 um) and makes use of an
additional capacitor to improve impedance matching at the inter-device node (an “accelerator
capacitor”,) as shown in Fig. 3.9.

Fig. 3.10 illustrates large signal measurements at 27 GHz, performed with Class AB bias
conditions: Vgg = 2.4V, Vg1 =0.25V, Vo = 1.9V. The saturated output power reaches 19 dBm,

and the peak PAE reaches 46.7%. At the point of maximum PAE, the gain is compressed to
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Figure 3.9: Schematic of the pMOS PA with a shunt feedback drain-source capacitance Cs.

10dB.
For applications related to 5G, the efficiency achievable with signals that have high PAPR
is of major interest. Under the Class AB bias conditions shown in Fig. 3.10, the efficiency at

6 dB back-off from Psat is 25%, and 18% for 8 dB back-off. With bias conditions changed to
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Figure 3.10: Measured gain, PAE and drain efficiency for pMOS PA at 27 GHz.
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Figure 3.11: Measured average PAE and EVM for 800 MHz 64-QAM OFDM for pMOS PA at

27 GHz.

Vaa = 2.1V, Vg1 = 0.2V, Voo = 1.8V (corresponding to deeper Class AB), the PAE roll-off is
a little slower, and PAE reaches 25.5% for 6 dB back-off and 20% for 8 dB back-off. For this
bias, the peak power decreases to 18 dBm, and the gain to 11 dB. Output power above 20 dBm is
obtained with bias conditions Vgg = 2.6V, Vg1 =0.25V, Ve =1.9V.

The linearity performance of the pMOS PA with the accelerator capacitor was verified
with a 64-QAM OFDM signal with 800 MHz bandwidth and 9.2 dB input PAPR. No digital
pre-distortion (DPD) was used to verify the PA’s inherent linearity. Measured average PAE and
error-vector magnitude (EVM) results are shown in Fig. 3.11 with V3q = 2.1 V. At highest allowed
EVM = 5.5% for 64-QAM signals, the PA achieves average output power of Py, = 9.2dBm,
average PAE = 17%, and ACLR of -29 dBc. Output AM-PM response over the power range of
modulation is within £3.5°.

In Table 3.2, the reported characteristics of various high performance PAs operating near
28GHz with single-ended outputs are reported. The PA described in this work has efficiency and

power on the same order as those reported for other Si technologies, as well as for GaAs pHEMT.
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Table 3.2: Comparison of Reported High Efficiency Single-Ended 28 GHz PAs

This Work ~ [38] 361 [37]  [39] [40] [41]
Technology 45nm SOl 45nm SOl 28nm 28 nm 130 nm 150 nm 40 nm
CMOS  CMOS CMOS CMOS SiGe GaAs  GaN
Topology il\s/}?)cé( nfljﬁccl)(s 2-stack zj‘it;f_ge CS  2-stack  CS
Fo (GHz) 27 26751265 28 30 28 28 32
Supply (V) 24 24 NA 115 24  5&12  2VAV
Gain (dB) 10 12/103  13.6 163 212 167  8.9/82
Psat (dBm) 19.5 189/17.8 198 153 171 315 212243
Peak PAE (%) 467 40.5/40.7 433 366 ) 33 59
Argcgiﬁ) 0.18 0.18 028 016 05 2 NA

3.5 Conclusion

High efficiency, one stage mm-wave power amplifiers based on nMOS and pMOS transis-
tors in IBM and later GlobalFoundries 45 nm CMOS SOI have been demonstrated. The amplifiers
are arranged in a 2-stack configuration to increase the output voltage swing. Preliminary reliability
tests have been conducted to demonstrate greater voltage handling capability of pMOS devices.
These compact PAs can be useful as a standalone amplifier or a component of more complex
architectures such as Doherty or out-phasing for 5G transceivers. The use of pMOS provides the

potential for increased robustness to hot carrier injection effects.
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Chapter 4

28 GHz Doherty Power Amplifier in
CMOS SOI with 28% Back-Off PAE

4.1 Introduction

Last two chapters have outlined the possibility of achieving high efficiency using a 2-stack
CMOS PA configuration. While class AB PAs are easy to designs and occupy small area, for
signals with high peak to average ratio (PAPR), back-off efficiency enhancement of the PA is of
high importance. Also, limited feasibility of digital pre-distortion (DPD) in mm-wave systems
with an array of PAs with bandwidth of several hundreds of MHz to a few GHz imposes stringent
linearity requirements on the PAs.

In this chapter, we demonstrate a CMOS Doherty PA for the 28 GHz band with high
peak as well as 6 dB back-off PAE and inherent linearity. The PA is based on optimized and low
loss Doherty output combiner synthesis methodology that was proposed in [7] and symmetric
2-stack power devices. To the author’s knowledge, the PA achieves the highest peak and back-
off efficiency of any Si-based Doherty PAs at 28 GHz. A compact modeling approach is also

demonstrated which considerably reduces simulation times in the PA design.
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Novel Combiner

Matching Matching + Phase shift

Figure 4.1: Schematic of the Doherty PA. R, = 14.5kQ, C; = 3801F, C; = 1pF, L; = 117pH,
C, = 691F, L, =244pH, C; = 1871F, L3y = Ls = 300pH, C4 = 169fF, Ly = 247pH, Cs = 821F,
L6 == 39pH.

4.2 Doherty PA Implementation

The full schematic of the proposed Doherty PA is shown in Fig. 4.1. Both the main and
peaking amplifiers consist of 256 um wide 2-stack devices. The 2-stack amplifier has similar
arrangement as the traditional cascode. However, the top device gate is terminated with a finite
capacitance of 380 fF. Thus the gate of the 2-stack amplifier is not at RF ground as in a cascode,
hence the drain-to-gate swing is reduced [42]. In such configuration, the total output voltage
swing can be higher than each transistor’s breakdown voltage (BV), because the voltage can be
equally distributed across each transistor.

The combiner used in this work is based on the analytical synthesis methodology which
has already been demonstrated in [7], [43]. The combiner performs both the necessary Doherty

impedance modulation and matching to desired output load. Compared to a conventional Doherty
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Figure 4.2: Optimized combiner (a) and conventional combiner (b).

lumped element (LCL) combiner, the losses are considerably minimized. The synthesis relies on
load-pull simulations at the center frequency of interest (28 GHz) of the optimal load impedance
of the main (Z;, = 20||j43 Q) and peaking (Z;, = 21||j43 Q) amplifiers at the peak power, optimal
load impedance of the main amplifier at 3 dB back-off output power (Z;, = 40||j33 Q), and output
impedance of the turned off peaking amplifier (Zyg = —j11.5Q).

The synthesized network is shown in Fig. 4.2a. For comparison, a reference Doherty PA
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Figure 4.3: Simulated losses in synthesized and conventional combiners vs Poy;.
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Figure 4.4: Simulated real part of the main and auxiliary PA’s load with varying output power.

based on a conventional lumped element impedance was designed. The reference design is also
optimized based on the technique described in [42] and consists of a high-pass LCL network.

While the detailed analysis of the novel combiner is beyond the scope of this letter, it is important

+j1.0

out,main

out,aux

-j0.2 -j5.0

§1.0

Figure 4.5: Simulated complex load impedances of the main and auxiliary PA’s with varying
output power.
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Figure 4.6: Modeling of the layout parasitics of the power stage.

to mention that significant reduction in combiner insertion loss can be achieved as illustrated in
Fig.4.3. Here, quality factors of Qr, =25 and Q¢ = 40 are assumed for the conventional combiner.
The optimized combiner loss is based on EM simulations.

The real part of the main and auxiliary PAs loads, as well as complex load impedance
values in the Smith chart are shown in Figures 4.4 and 4.5, respectively. It can be seen that the
combiner performs proper impedance modulation from the back-off to peak operation. The main
PA sees about 38 Q at 6 dB back-off and 22 Q at the peak. The auxiliary PA sees about 24 2 Ohm
at the peak.

Often, the design of CMOS PAs involves custom layouts of the power device and parasitic
extraction of the resultant layout. The extraction usually results in hundreds of thousands of
nodes and leads to very long simulation times as well as convergence issues. The simulation

times can be reduced from many hours to few minutes if the layout parasitics of the power device
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LTSI

Figure 4.7: Layout of the 256 um wide 2-stack power device including external gate to ground

capacitors for the top transistor.
are approximated in a compact model. Such a model was developed for the 256 um wide 2-stack
device as shown in Fig. 4.6. The layout of the device including external gate to ground capacitors
for the top transistor is depicted in Fig. 4.7. In the compact model, the distributed parasitics of the
extracted device are represented with lumped element Cs and Rs. The model shown here has no
parasitic inductors as no significant performance change was observed with inductive extraction
activated for the device size and center frequency used in this work. The derivation of the model

parameters consists of the following steps:

1. Design the layout of the power device (or a sub-section if the device is very large) and run

RCL parasitic extraction.
2. Simulation of s-parameters of the extracted device.

3. Estimation of the location and type (resistive or capacitive) of main parasitics from the

layout and placing appropriate lumped element Rs, Cs or Ls.

4. Run an optimizer and fit s-parameters of the extracted and modeled devices for multiple

bias points.

5. Add additional parasitic elements if fitting result did not converge to the desired error

margin.
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Figure 4.8: Extracted (solid line, port 1,2) and modeled (dashed line, port 3,4) device’s input
and output reflection coefficients.
The resultant s-parameters of the extracted and fitted models for the 256 um wide 2-stack
device used in this work are shown in Figures 4.8 and 4.9 for Vg; = 0.3V, Vg, =2V, Vpp =2 V.
Here, port 1 and 2 belong to the extracted device (solid lines), 3 and 4 to the modeled one (dashed

lines). It can be seen that the s-parameter curves perfectly overlap.

Load-pull simulations of the extracted and compact model are shown in Table 4.1. While

the compact model slightly underestimates the peak PAE and Py max values, the optimum load
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Figure 4.9: Extracted (solid line, port 1,2) and modeled (dashed line, port 3,4) device’s forward
and backward transmission coefficients.
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Table 4.1: Load-Pull simulations of the 256 um wide 2-stack device.

Extracted | Compact Model

Psa[7max, dBm 20.2 19.7
Z1opt(@ Pyemax), £ | 10.6+ j7.6 10.6 4 j7.6
PAEnax, % 51.9 49.6

impedance values are the same.

4.3 Combiner Performance under Mismatch and Process Vari-
ations

It is important to analyze the sensitivity of performance of the novel combiner when L/C
values change due to process variation or if strong mismatch occurs at the load terminal. Based
on simulations, the combiner is not very sensitive to L/C value changes. +10% variation of Ls
and Cs has been simulated using an LC lumped element representation of the combiner according
to Fig. 4.2a. Quality factors of Op, = 25 and Q¢ = 40 are assumed. The combiner loss does not
vary more than 0.1 dB over the output power range, as illustrated in Fig. 4.10. Also, according
to Fig. 4.11, the gain and PAE experience slight deviations from the nominal. A more complex
corner analysis for different corners will require appropriate corner files for the EM simulator
(EMX), which is not available for this process (IBM12SOI).

In a phased array system, the load that is presented to each PA of the array can significantly
change during beam-steering due to antenna coupling. In order to evaluate the sensitivity of
the combiner against mismatch, the loss at the peak output power of the EM extracted novel
combiner and the conventional combiner of Fig. 4.2b was simulated for load reflection coefficient
of magnitude |I'| = —10dB and phase of 0 to 2w. The simulations are shown in Fig. 4.12 and
suggest that the novel combiner performs better than the conventional one under mismatch

conditions as well.
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Figure 4.10: Simulated combiner loss at for 10% LC process variations.
4.4 Experimental Results

The Doherty PA was fabricated in GF 45 nm CMOS SOI and has dimensions of 0.63 mm?

including the pads, as shown in Fig. 4.13. Measured and simulated continuous wave (CW) gain
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Figure 4.11: Simulated gain and PAE for +10% LC process variations.
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Figure 4.12: Simulated optimized and conventional combiner loss at peak power for antenna
mismatch with |I'| = —10dB.

and PAE at 28 GHz versus output power are illustrated in Fig. 4.14 with fixed Vpp main/aux =24V,
V62,main/aux = 1.7V, VG1,main = 0.22V and VG aux = —0.1 V. Both simulated and measured gains
are flat, however the measured gain is 2 dB lower than the simulations. Measured saturated output
power is Pgy = 22.4dBm, about 1.5 dB lower than the simulated Pg,;. Measured peak PAE is
40%, while the 6 dB back-off PAE is 28%. Measurements of Py, peak and 6 dB back-off PAE
over frequency are shown in Fig. 4.15.

The performance of the PA under modulated signals was verified with a 64-QAM 800 MHz

Figure 4.13: Micrograph of the 0.94x0.67 mm? Doherty power amplifier chip.
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Figure 4.14: CW measurement of gain and PAE over output power.

OFDM signal. No digital pre-distortion (DPD) was used in order to assess the PA’s inherent
linearity. Measured average PAE and error-vector magnitude (EVM) results are shown in Fig. 4.16.
For the highest allowed EVM = 5.5% for 64-QAM according to IEEE 802.11 standard, the PA
achieves average output power of Py, = 13dBm, PAE = 16.8%, and ACLR1 =-27.2 dBc with

output PAPR = 7.3 dB. As shown in Fig. 4.17, output AM-PM response over the power range of
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Figure 4.15: CW measurement of Py, peak and 6 dB back-off PAE vs frequency.
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Figure 4.16: Measured average PAE and EVM for 800 MHz 64-QAM OFDM.

modulation is within +4°.
Table 4.2 lists recently reported, state of the art Doherty PAs for mm-waves. To the
authors knowledge, the performance of the Doherty PA presented in this work features the highest

peak and 6 dB back-off PAE among silicon Doherty PAs.
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Figure 4.17: Measured AM-PM for 800 MHz 64-QAM OFDM signal with EVM = 5.5% and
average output power P out = 13dBm.
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Table 4.2: Comparison to Recent mm-wave Doherty PAs.

This Work  [43] [32] [33] [44]

Technology ~ 23mmSOI 130mm 28 mm Oé::;“ 130nm
CMOS SiGe CMOS HEMT SiGe
Fo (GHz) 28 30 32 28 28
Supply (V) 2.4 1.7 1 4 1.5
Gain 10 6.9 22 12 182
Psat 22.4 213 19.8 26 16.8
OP1dB 215 N/A 16 N/A 152
Peak PAE 40 17 21 40 20.3
PAE@6dB(%) 28 243 128 29 13.9
Area (mm?) 0.63 187 179 286 1.76

4.5 Conclusion

A high efficiency, linear mm-wave Doherty PA in CMOS that uses a novel low-loss
combiner is demonstrated. A compact modeling approach for CMOS PAs is demonstrated that

considerably reduces simulation times.

4.6 Acknowledgment

Chapter 4 is mostly a reprint of the material as it appears in N. Rostomyan, M. Ozen, and
P. Asbeck, 728 GHz Doherty Power Amplifier in CMOS SOI With 28% Back-Off PAE,” IEEE
Microwave and Wireless Components Letters, pp. 13, 2018. This dissertation author was the

primary author of this material.
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Chapter 5

A Ka-Band Asymmetric Dual Input CMOS
SOI Doherty Power Amplifier with 8 dB
Back-Off PAE Above 30%

5.1 Introduction

In the previous chapters, various designs have been presented of high power and high
efficiency class AB and symmetric Doherty PAs. As already mentioned in the introduction of
Chapter 1, modern communication signals, such as OFDM, exhibit high peak to average power
ratios which usually exceed 6 dB. Thus, back-off efficiency enhancement at more than 6 dB
back-off can significantly reduce mm-wave transceiver power dissipation. Also, as shown in
Fig. 8.1, frequency re-configurable PAs with back-off efficiency improvement architecture that
will allow RF domain predistortion and auxiliary PA’s turn-on behavior control will require a dual
input PA as a key building block.

This chapter discusses a dual input CMOS Doherty PA for the Ka-band based on asym-

metric main and peaking amplifiers using a Doherty combiner which is based on an optimized and
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Figure 5.1: Ideal asymmetric Doherty operation with power ratio of 1:2, in back-off output
power mode (a), and in peak output power mode (b).

low loss synthesis methodology [7]. The main amplifier is designed using a 2-stack architecture.
The peaking amplifier is realized using multigate 4-stack devices to achieve high peak power.
Both the main and peaking amplifiers utilize same size devices, however the voltage supply of
the 4-stack peaking PA is twice as high and thus results in efficiency peaking at more than 6 dB
back-off, which is desirable for modulated signals with high PAPR. As shown in Fig. 5.1, if the
peaking amplifier can output twice as much power at the peak as the main amplifier, the peak to

back-off output power ratio can be estimated as

Pout,peak _ 3-P
Pout,back—off 05-P

=6 =7.8dB. 5.1

The PA is fabricated in GlobalFoundries 45 nm CMOS SOI technology and achieves
saturated output power of 25 dBm. Because of dual input architecture, the PA can be operated
with different input power profiles. With an asymmetric power split, the PA exhibits a second
PAE peaking of 37% at 8.3 dB back-off from peak PAE (9.2 dB from peak power), and a high
power PAE of 32%. To the author’s knowledge, the PA achieves the highest peak power and
back-off efficiency of any Si-based Doherty PAs in the Ka-band. With a symmetric input power

split, the PA achieves peak power of 25 dBm peak PAE of 31%, 6 dB back-off PAE of 24%,
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and 8 dB back-off PAE of 21% (which in itself constitutes a record for peak power in a CMOS
Doherty PA.)
The chapter is organized as follows. In Section 5.2 designs considerations for the asym-

metric Doherty PA are presented. followed by experimental results in Section 5.3.

5.2 Circuit Architecture and Design

A high efficiency, compact, one stage, 2-stack, class AB power amplifier for Ka-band
applications has been reported in [38] where the nMOS based PA achieved saturated output power
of 18.9dBm and 40.5% PAE. Compact and high power (more than 25 dBm) implementations

using 4-stack devices have also been demonstrated in [4,23] for 15 GHz and 28 GHz, respectively.

Novel Combiner

256 x1.2 ym
unit cells

256 x 1.2 ym

RFIN, main

Main matching Peaking Matching

Figure 5.2: Schematic of the asymmetric Doherty PA. Vpp m = 2.4V, Vgim = 0.22V, Veom =
1.7V, Vopp =4.8V, Vgip =0V, Vgop = 1.8V, Vg3p = 2.9V, Vgap = 4.2V.
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Figure 5.3: Simulated Gain and PAE of 2-stack stage with and without shunt-feedback drain to
source capacitance (matching losses not included.)

Thus, incorporating an efficient 2-stack as a main amplifier with a high power 4-stack as a peaking
amplifier in a Doherty configuration can result in an asymmetric Doherty PA with theoretical
output voltage (power) ratio of 1:2 and y= 7.8dB.

The schematic of the integrated, asymmetric CMOS Doherty PA with low loss combiner

is shown in Fig. 5.2. The transistor widths of both the main and peaking amplifiers are 307 um.
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Figure 5.4: Simulated losses in synthesized combiner vs. output power.
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The gates of the stacked common-gate transistors are terminated with appropriate capacitors
to allow equal voltage division along the stacked transistors and to maintain drain-gate voltage
swings below the breakdown [38]. The 4-stack device is based on a multigate approach [4]
and relies on the back-end-of-line (BEOL) metalization to realize the common-gate transistor
capacitances. Additionally, a shunt feedback drain-source capacitance (C3 on Fig. 5.2) was added
to the 2-stack to increase gain and efficiency [45]. This technique helps to perform intermediate
node impedance matching by acting as a negative capacitance at the fundamental frequency.
Simulation (without including all matching losses) indicate that Cs increases gain by 2 dB, and
increases PAE by more than 5%, as shown in Fig. 5.3.

The combiner used in this work is based on analytical synthesis methodology demon-
strated in [7], [43], and [46]. The combiner performs both the necessary Doherty impedance
modulation and matching to desired output load and achieves considerably lower loss compared to
a conventional Doherty combiner [46]. Based on simulations using EM extraction, as illustrated

in Fig.5.4, the synthesized combiner and matching losses are less than 0.9 dB.

5.3 Experimental Results

The Doherty PA was fabricated in GF 45 nm CMOS SOI and has dimensions of 0.63 mm?

including the pads, as shown in Fig. 5.5. Measurements were carried out using separate inputs to

| REINjim_REINGD |

Figure 5.5: Micrograph of the asymmetric dual input Doherty PA.
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the main and peaking PAs.

The dual input arrangement can enable much better control of the peaking (turn-on point)
of the auxiliary amplifier. An example of an input power splitting profile is shown in Fig. 5.6.
Here, the turn-on input power value of the auxiliary path is defined as P, and the gain of this path
is higher than for the main in order to reach the input power level that is necessary for saturation.

We define the ratio of P, to input maximum power Ppax as

o = Py /Prax- (5.2)

The ability to control the peaking performance can significantly increase the back-off
efficiency as a sharper turn-on characteristic can be achieved. Fig. 5.7 shows measured PAE and
DE for the input power profile of 5.6. The PA exhibits a PAE peaking of 37% at 8.3 dB back-off
from peak PAE (9.2 dB from peak power.) The measured frequency dependance of the PAE at
various back-offs is shown in Fig. 5.8. The PAE peaking back-off level can be changed by varying

., as depicted in Fig. 5.9.

’g |
o | | i
= |
Q I
S r | 1
- |
[e%]
c | I
h‘::“ | Pin, main
| Pin, peaking
0 1
0 Po 0.5.-Pmax Pmax

Pin (linear)

Figure 5.6: Asymmetric input power splitting profile for the main and peaking amplifiers for
o= 6dB.
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Figure 5.7: Measured PAE and drain efficiency (DE) for asymmetric input power split with
o= 10dB at 26 GHz.
The linearity performance of the PA under modulated signals was verified with a
64-QAM 50 MHz signal with dual input asymmetric drive. The modulation bandwidth was

equipment-limited, as the peaking path requires wide bandwidth due to spectral regrowth associ-

10 1 1 1 1
24 25 26 27 28 29

Frequency (GHz)

Figure 5.8: Measured peak PAE, 6 dB, and 8 dB back-off PAE versus frequency for asymmetric
input power split with o« = 10dB.
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Figure 5.9: Measured PAE for asymmetric input power split with o = 8dB, oo = 10dB, a0 =
12dB at 26 GHz.
ated with the non-linear input function. For the highest allowed EVMrMms ~ 5.5% (normalized
to the RMS of the signal constellation) for 64-QAM according to IEEE 802.11 standard, with
a single carrier signal, the PA achieves average output power of Py, = 17.2dBm, PAE = 23%,
and ACLR1 =-28 dBc with output PAPR = 5.5 dB. With an OFDM signal, the the PA achieves

average output power of Py = 15.1dBm, PAE = 19.2%, and ACLR1 = -27.8 dBc with output
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Figure 5.10: Measured constellation of 50 MHz 64QAM for asymmetric input power split for
single carrier (a), and OFDM (b) signals at 26 GHz.
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Figure 5.11: Measured gain, PAE and drain efficiency (DE) for symmetric input power split at
26 GHz.
PAPR =9 dB. Memory-less DPD was applied and measured constellations are shown in Fig. 5.10.
Output AM-PM response over the power range of modulation is within £3.5°.

It is possible, for simplicity, to drive both inputs symmetrically (with equal power.)

20 ' — ' 5
24 25 26 27 28 29
Frequency (GHz)

Figure 5.12: Measured saturated output power, peak PAE, 6 dB, and 8 dB back-off PAE versus
frequency for symmetric input power split.
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Table 5.1: Comparison to Recent mm-wave Doherty and Outphasing PAs.

This Work [46] [43] [32] [33] [47]

Technology 45 nm SOI 130nm  28nm Oé ::;“ 130nm
CMOS SiGe CMOS HEMT SiGe
Architecture therty therty therty Dgherty Dgherty Outphasing
2 input linput linput 1input 1 input

Fo (GHz) 26 28 30 32 28 28
Supply (V) 24 & 4.8 24 1.7 1 4 4
Gain (dB) 10, 8 10 6.9 22 12 15
Psat (dBm) 25 22.4 21.3 19.8 26 23
OPy4p (dBm) 23.2,24.2 21.5 N/A 16 N/A N/A
PAEMmax (%) 31 40 17 21 40 41.4
PAE¢gp (%) 24,27 28 243 12.8 29 34.7
PAEggp (%) 21,34 28 243 12.8 29 34.7
Area (mm?) 0.63 0.63 1.87 1.79 2.86 0.56

Illustrated in Fig. 5.11 are large signal measurements of gain, PAE, and drain efficiency (DE) at
26 GHz versus output power for this case. Measured saturated output power is Pg = 25dBm
(just as for the asymmetric drive.) Peak PAE is slightly above 31%, while the 6 dB back-off PAE
is 24%. With the symmetric input drive, the PA shows linear gain and the output P1dB is only
1.8 dB lower than peak power. Measurements of Py, peak, 6 dB, and 8 dB back-off PAE over
frequency are shown in Fig. 5.12, which shows an effective bandwidth of more than 5 GHz within
1 dB of the saturated power.

Table 5.1 lists recently reported, state of the art Doherty and out-phasing PAs for mm-wave
applications. To the authors’ knowledge, the Doherty PA presented in this work features the

highest power and 8 dB back-off PAE among silicon Doherty PAs.

5.4 Conclusion

A high efficiency, dual input, asymmetric, mm-wave Doherty PA in GlobalFoundries

45 nm CMOS SOI that uses a novel low-loss combiner is demonstrated. The main Doherty path
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uses a high efficiency 2-stack amplifier with a shunt feedback drain-source capacitance. The
peaking path uses a high power 4-stack amplifier to achieve more than 6 dB back-off efficiency

improvement.

5.5 Acknowledgment

Chapter 5 is mostly a reprint of the material that has been submitted for publication
as it may appear in N. Rostomyan, M. Ozen, and P. Asbeck, ”A Ka-Band Asymmetric Dual
Input CMOS SOI Doherty Power Amplifier with 25 dBm Output Power and High Back-Off
Efficiency,” 2019 IEEE Topical Conference on RF/Microwave Power Amplifiers for Radio and
Wireless Applications (PAWR), 2019. This dissertation author was the primary author of this

material.
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Chapter 6

Synthesis Technique for Low Loss
Mm-Wave T/R Combiners for TDD

Front-Ends

6.1 Introduction

Current developments in mm-wave high data-rate links for emerging 5G and low-cost
satellite communication systems have resulted in substantial interest in Ka-band silicon (Si)-
based front-ends, which can potentially integrate all the critical transceiver building blocks. Of
particular concern for transceiver co-integration in Si is the achievable power and efficiency of
power amplifiers. The efficiency of the PA can have a significant contribution in the overall power
consumption and thermal management of mm-wave transceivers with a large number of antennas.
High antenna gain of beam-forming arrays reduces the required output power for each antenna.
In many systems the requires saturated output power is relatively low and can be in the range of
15 - 25 dBm, which can easily be achieved with CMOS or SiGe based PAs.

This chapter explores the possibility of reducing the losses of the overall mm-wave
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transceiver front-end by exploiting the integration capabilities of CMOS and the ability to co-
design different building blocks of a fully integrated transceiver. A T/R combiner synthesis
methodology is proposed that minimizes the losses by incorporating the PA output and the LNA
input matching networks together with the T/R switch into one network. This technique can also
reduce chip area by minimizing the number of passive component. It is demonstrated here using
CMOS SOI technology, but it is not limited to this technology, as it does not rely on a stacked
transistor switch architecture to handle high voltage swings. The synthesis of the network is based
on the desired PA output load impedance from load-pull simulations and the optimum source
impedance for minimum noise figure for the LNA. An implementation example is also considered
that includes a high power, 4-stack based PA and an inductively source degenerated, cascode
based LNA. The PA inside the front-end achieves saturated output power of 23.6 dBm with peak
PAE of 28%, while maintaining LNA noise figure of 3.2 dB and IIP3 greater than 5 dBm.

The chapter is organized as follows. In Section 6.2, two-port network parameters of the
T/R combiner are derived. Then, in Section 6.3 all building blocks of the front-end comprising
the PA, LNA and the T/R combiner are described in detail. Finally, Section 6.4 covers the

measurement results.

6.2 Combiner Synthesis

The T/R combiner synthesis methodology utilizes an analytical technique to design a
combiner with minimum losses, given the impedance presented at its inputs. This technique
has been previously used provide a general solution for synthesis of a Doherty PA combiner
which comprises impedance inversion and matching into one network [48]. In the context of a
TDD T/R switch, the goal is create a single 2-port network that provides the desired PA output
impedance and the LNA input impedance together with a matched antenna port. This network can

be represented as a lossy and reciprocal 2-port network that includes the antenna (load) inside of
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Figure 6.1: T/R combiner network represented as a lossy and reciprocal 2-port network.

it, and an external shunt switch to isolate the LNA input in the transmit mode. This configuration
is shown in Fig. 6.1. In this section, boundary conditions that are necessary for the synthesis are

first presented, followed by derivations of the network parameters.

6.2.1 Boundary Conditions

The derivation of Y>,, admittance parameters of the 2-port network from Fig. 6.1 requires
a set of boundary conditions that are determined from design goals. For the PA, it is assumed
that the large signal load impedance and the off-state output impedance can be determined from

load-pull or s-parameter simulations (measurements), respectively. Similarly, the desired source

O °
r [Yz] y [Yz] |
|_ —| swon Yea,off |_ —| lysw,offﬂ
Yin TS PN Yout
* | ] * |
(a) (b)
Lseries
O
| 000 [ Yzl ! 41
Cra,off |_ —| lysw"’ﬁ
I . You
| * |

(©)

Figure 6.2: Transmit and receive states for determining the 2-port matrix. Transmit mode (a),

general receive mode (b).
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impedance for the LNA and the on/off-state impedance values of the switch are also assumed to
be known.

In transmit mode, the shunt switch is closed and is represented as Ysw on admittance in
parallel with the LNA input. As shown in Fig. 6.2a, in this mode of operation, it is desired that
the PA is presented with an optimal load impedance Y1 pa, which is given as
Y 122

12 6.1)
Y+ st,on

Yipa=Yn=Y11-

As shown in Fig. 6.2b, in the receive mode, both the PA and the shunt switch are off and
can be represented as Ypa off and Yo off, respectively. The desired LNA source impedance Ys 1 NA

at the input can be found with

2

Y,
12 =Y =Yoo — ——2 L Ve off- 6.2
S.NA = You = V2 = 3o Yonort sw,off (6.2)

Without much loss to accuracy, (6.2) can be simplified if we assume that the PA can be
modeled as a capacitor to ground in the off-state. If desired, the equation can be further simplified
if the off-state PA output capacitance is tuned out with a series inductor Lgeies, as illustrated in

Fig. 6.2c. In this case, at resonance, (6.2) can be written as
Ys 1NA (fo) = Y22 + Yaw offs (6.3)

where fo =1/ (270 /Lseries Cpa off) -

Circuit level realization of the lossy and reciprocal 2-port network of Fig. 6.1 requires
transformation to a lossless reciprocal 3-port network where the antenna (load) port can be
explicitly defined, as shown in Fig. 6.3. Thus, it is necessary to derive conditions for this

transformation to be valid.
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The Y3, admittance matrix of the 3-port network of Fig. 6.3 can be written as

Y11 Y12 Y13
Yap= |y y2 yo3|> (6.4)

Y31 Y32 Y33

where all the elements of the matrix are purely imaginary due to the lossless condition of the

3-port, and y12 = y21, Y13 = Y31, Y23 = y32 due to reciprocity.
If the third port of the 3-port is terminated with a load having admittance Y7, the resultant

2-port network y-parameters expressed in terms of the 3-port network parameters are

2

Y13
Yii=yn-— , (6.5)
y33+ 1L
Y13 Y23
Yio =y12— , (6.6)
y33+ 1L
2
Y23
Y20 =y — . (6.7)
Y y33+ 1L

In order to simplify these equations, the common denominator term can be abbreviated as

C=y3+1. (6.8)

Given that all the terms of (6.4) are purely imaginary, the real parts of the 2-port network

are found to be
» R{n}

R{Yui} =13 P (6.9)
R{¥
R{Yi2} = —y13Y23|é—’;}, (6.10)
R{Y,
R{Yn}= —y%g—léﬁ}. (6.11)
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Figure 6.3: Combiner network represented as a lossless reciprocal 3-port network.

Thus, for the 2-port network that results from terminating a lossless reciprocal 3-port with
a load Y1, a necessary and sufficient condition for transformation is formulated from (6.9)-(6.11)

to be

R{Yi2} = VR{Y1} R{¥}, (6.12)

So far, only five equations have been identified for determining six unknowns in the Y2,
matrix. An additional condition can be set to maximize isolation between the PA and the LNA

ports. Given that the real part of Y75 is set by (6.12), highest isolation can be achieved if

S{Y}=0. (6.13)

Thus, all elements of the Y, matrix are fully determined. Due to the complexity, the
roots of the equation system consisting of (7.5), (6.2), (6.12) and (6.13) are found with numerical

solvers.

6.2.2 Combiner Realization

After the Y, admittance matrix is fully determined, it is necessary to convert the 2-port
network of the combiner into its circuit implementation. This can be accomplished in different
ways. In this work, the method presented in [48] was used, where two lossless and reciprocal

2-port networks are utilized for the combiner realization.
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It can be observed that the 3-port lossless combiner of Fig. 6.3 can be presented using two
lossless reciprocal 2-port networks that are cascaded together with the load network, as illustrated
in Fig. 6.4. For the sake of simplicity, the networks are represented in ABCD matrix form. By
denoting the PA side network as T3, pa, and the LNA side as T3, 1 NA, the resultant 2-port network

between Py and P; ports is determined as

Ty = TappaTz Topina
A By 1 0| A2 jB
= (6.14)

jC1 Dy /7, 1| |jCy Dy
PA LNA

where the lossless property of the ABCD matrix was used to assign real components to the
diagonal elements and imaginary components to the off-diagonal ones.

Based on the equations derived in the previous section for Y2p), the system of (6.14) can
be solved analytically, which has been discussed in [48] in detail.

In the final stage of combiner realization, the 2-port networks T5;, pa and 75, 1. nA can be
converted to lumped element 7t- or T-networks, thus resulting in four possible combinations. The

solution that results in the best compromise for losses and effective chip area should be selected.

Ps

Tap,pa [:] Z | Top,Lna

o— —o

P P>
Figure 6.4: Representation of the lossless 3-port combiner network with two 2-port networks
terminated with a load.
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Figure 6.5: Schematic of the front-end. Vppina = 2.4V, Vgiina = 0.5V, Vgoina = 1.8V,
VDD’pA =4.8 V, VGI,PA =0.25 V, VGz’pA =1.8 V, VG3,PA = 2.9V, VG4.,PA =4.2V.

6.3 Building Blocks of the Front-End

The design of the fully integrated TDD front-end that includes the PA, LNA, and the T/R
combiner is shown in Fig. 6.5. The values of the components are provided in the caption of the
figure. In this section, the design approach of the high power PA is first presented, followed by
the description of the LNA and the shunt switch. Subsequently, an implementation demonstration

of the T/R combiner synthesis is discussed.

6.3.1 High Power PA Implementation

It is well known that the power handling capability of CMOS FETs is limited due to low
breakdown voltages. However, in a CMOS SOI process, high output power can be achieved by

transistor stacking, which allows voltage swings of each transistor to add together. Compact
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and high power implementations, that produce more than 25 dBm saturated output power using
4-stack devices have been demonstrated in [4, 23] for 15 GHz and 28 GHz, respectively. In
transistor stacking, gates of the stacked transistors are terminated with appropriate capacitors to
maintain equal voltage division along the transistors and to limit drain to gate voltage swings
to values below breakdown. The 4-stack device used in this work is based on a multigate
approach [4] and relies on the back-end-of-line (BEOL) metalization to realize gate capacitors.
The multigate approach has the advantage of significantly reducing inter-node parasitic inductance
and resistance. Besides, it provides a scalable solution for realizing large sized devices, as the
cells can be arranged in an array of N elements to achieve desired device width of N - we, where
wy is the width of each individual multigate cell. However, due to the difficulty of ensuring phase
coherence between cells that are spaced far apart, the maximum number of elements N is limited
and depends on the frequency of operation.

The high power PA used in this work consists of 256 multigate 4-stack unit cells, as shown
in Fig. 6.5. Each cell is wy = 1.2 um wide, resulting in total device width of 307.2 ym. Minimum
length, double pitch devices were used. The PA uses drain supply voltage of Vpp pa =4.8V. The

input terminal is matched to 50 Q.

6.3.2 LNA Implementation

The LNA is based on an inductive source degenerated cascode architecture, as shown
in Fig. 6.5. Device width of 48 um was chosen to achieve the real part of the optimal source
impedance for minimum NF (N F,) to be close to 50€Q. The current density for this size cascode
device at the (NFy;,) point is about three to four times smaller than the current density for peak
f1. Thus, biasing for N Fy, can result in reduced gain. To achieve a compromise between gain
and noise figure, the LNA is biased at almost half of the current density for peak fr, at about
0.45mA /um. Although this causes the noise figure to increase by 0.1 dB above the simulated

NFyi, = 1.4dB, it allows the device to operate close to the peak fr (180 GHz).
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The source degeneration inductance needs to be carefully EM simulated to include the
ground return path inductance as well. The output is matched with a single stage LC matching
network. The top gate has independent bias control and is bypassed to ground with a large

capacitor Cg = 434fF. The LNA uses Vpp Lna = 2.4V, which is half of the PA supply voltage.

6.3.3 Switch Implementation

The design considerations for the switch are simplified due to the fact that its voltage
handling capabilities are relaxed. Although the PA can output peak voltage swings up to 2Vpp pa,
the voltage swing at the LNA input (and thus across the switch), is much smaller due to impedance
transformation of the T/R combiner. This is a significant advantage over conventional SPDT
switch architectures, which usually require transistor stacking in order to handle large voltage
swings. However, transistor stacking increases switch insertion loss and has many limitations
when implemented on a non-SOI process such as bulk CMOS or SiGe. By contrast, the T/R
switch and combiner architecture shown here can be implemented in any process.

The size of the switch is mainly determined by considering two factors. First, increasing
the switch size results in lower R, resistance, and thus lower losses in the combiner. However,
large switch transistor size also leads to significant parasitic capacitance, which tends to increase
losses. Second, as the switch is realized with a non-linear element, it can contribute to signal
distortion and spectral regrowth in the transmit mode. To reduce the non-linearities arising from
the switch, it is required to increase the transistor size and thus reduce the voltage drop on it. The
process of finding the optimal size of the switch is iterative and simulations need to be carried out
together with the T/R combiner network. The switch used in this work has 67 um width, which

results in equivalent R, resistance of 4.4€).
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6.3.4 Combiner Synthesis

As mentioned in Section 6.2, the combiner synthesis methodology is based on desired load
impedance for the PA and source impedance for the LNA. This impedances can be determined
either by simulations or measurements.

At 28 GHz, load-pull simulations for the high power 4-stack PA stage at Vpp pa = 4.8V
results in optimal load impedance at the fundamental frequency of Z; pa = 6.2+ j12.3€Q, which
corresponds to equivalent parallel load resistance of Ry pa = 30€2 and reactance of X pa =
j15.4Q. At the off-state, with the bottom-most transistor of the 4-stack biased to zero by
grounding the gate, the PA presents output impedance of Zpa off = —j 17.6£2, which is equal to
parasitic capacitance of Cpa off = 323 fF to ground.

For the LNA, the optimum source impedance for achieving minimum NF at 28 GHz is
equal to Zs 1 na = 50+ j70Q. The off-state input impedance of the LNA can be neglected as the
switch on-state impedance is much lower. For the switch of 67 um width and Zy, on = 4.4 €, the
off-state impedance is Zgy off = —j 159.7 Q.

In this work, the combiner topology that makes use of a series inductor Lgrieg to tune out
the output off-state capacitance of the PA is utilized. This has the advantage of simplifying the
equation (6.2) into (6.3) and speeding up the calculations. Besides, based on simulations, addition
of Lgeries Substantially increases the isolation between the PA and the LNA in the transmit mode,
as shown in Fig. 6.6. Here, isolation is defined as the ratio of voltage amplitudes at the LNA input
and the PA output. The simulations are based on synthesized Y, 2-port networks for both cases.

Lgeries = 100pH is required to tune out Cpa off = 3231{F at 28 GHz, which effectively
reduces the imaginary part of the PA optimum load impedance to Zj po = 6.2+ j12.3—j17.6 =

6.2 — j5.3Q. Plugging this impedance, as well as Zgy on, Zsw.off, and Zs 1 na into equations (6.1),
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Figure 6.6: Simulated PA to LNA isolation in the transmit mode at Py, = 23 dBm with and
without L, ies.

(6.3),(6.12), and (6.13), the 2-port admittance matrix of the combiner can be found as

0.1323¢/3%°  0.02694
Yy = . (6.15)

0.02694  0.0171¢/67°

0.5 . . .
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LNA Input Loss
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Figure 6.7: Simulated PA to antenna and LNA to antenna losses.
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It was outlined in Section 6.2.2 that the Y3, matrix can be realized with two 2-port networks, each
represented with lumped element - or T-networks. m-networks were chosen in this design as
they lead to the lowest losses and optimal layout in terms of realizable LC component values.
Furthermore, a choke element was added to the network to supply the drain of the PA. If a small
choke is chosen, the designer can include the impedance of the choke in the calculations for Z;_pa
and Zpa ofr. The realization of the final network will also require adjustments of LC components
values due to their finite quality factors and subsequent detailed EM simulations.

The complete T/R combiner network is shown in Fig. 6.5. The network consists of three
inductors and three capacitors. The effective quality factors of the inductors are in the range
of 15-25, depending on the inductance. EM based simulations of the PA (from top transistor
drain terminal) to antenna loss in the transmit mode; and antenna to LNA (to input transistor
gate terminal) loss in the receive mode are illustrated in Fig. 6.7. It can be observed that the
overall simulated PA output loss, which by the nature of the combiner design includes both PA

matching and the T/R switch loss, is about 0.9 dB at 28 GHz. Similarly, the LNA input loss is
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Figure 6.8: Simulated PA to LNA isolation and voltage amplitude at the LNA input in the
transmit mode at Py, = 23dBm.

89



Loss (dB)

PA Output Loss .
LNA Output Loss

2.4

0 100 200 300 400
Phase (deg)

Figure 6.9: Simulated PA to antenna and LNA to antenna losses at 28 GHz versus phase of
antenna load reflection coefficient I" with |I'| = —10dB.

about 1.4 dB. In the transmit mode, it is important that the PA to LNA isolation is sufficient
enough to maintain voltage swings at the input of the LNA within reliability or breakdown limits.
As shown in Fig. 6.8, even at peak output power of 23 dBm, the isolation is more than 23 dB and
the LNA gate voltage is below 0.35 V in the frequency range from 24 to 32 GHz. The synthesized
T/R combiner provides wideband frequency response both for the PA and the LNA.

In a phased array system, the the antenna impedance can vary depending on beam-steering
angle. To evaluate the sensitivity of the T/R combiner against antenna mismatch, the PA to
antenna and LNA to antenna losses at 28 GHz were simulated for load reflection coefficient of
magnitude |I'| = 10dB and phase of 0 to 2w. The results are shown in Fig. 6.9 and suggest that
antenna mismatch has lesser effect on the PA performance than on the LNA.

As the switch transistor is the only active component in the T/R combiner, its size is the
major parameter defining the linearity of the switch. Also, the gate resistance Ry sy of Sy transistor
can substantially degrade the linearity. The combiner non-linearities were evaluated based on

two-tone simulations to achieve third order inter-modulation distortion component at the antenna
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Figure 6.11: Simulated transient response in the transmit mode with settled PA.

terminal below -45 dBc at the peak output power in transmit mode. The dependance of the output
IMD3 component versus Rg sy is illustrated in Fig. 6.10. It can observed that for values of Ry sw
above 1k€, no additional improvements in terms of linearity can be gained. Ry sw = 2.5k was

chosen in this work.
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Figure 6.12: Micrograph of the 0.7x0.77 mm? TDD front-end chip.

The on/off switching time of the T/R switch combiner is determined by Ry sw biasing
resistor and the junction capacitance at the gate of S; transistor, as well as the settling time of the
network. The effective switching speed will also be determined by the settling behavior of the PA
and LNA. Transient response for the transmit mode in the event of S; turning “on” while the PA
is already settled, is shown in Fig. 6.11. For Ry s = 2.5kQ, the simulated switching times f1x on

and f1x off at 28 GHz are about 240 ps and 200 ps, respectively.

6.4 Experimental Results

The TDD front-end chip which contains the high power PA, the LNA and the novel T/R
switch combiner for 28 GHz band was fabricated in GlobalFoundries 45 nm CMOS SOI process.
It occupies overall chip area of 0.7x0.77 mm?; the RF portion (without pads) occupies a compact

area of 0.5x0.55mm?. The chip micrograph is shown in Fig. 6.12.

6.4.1 Front-end LNA Measurements

Fig. 6.13 shows measured small-signal s-parameters of the integrated LNA. The mea-
surements are done in the receive mode, for which the input gate voltage of the PA is set to zero

(VG1,pa = 0V, the rest is the same as on Fig. 6.5) and the S; switch is off. The DC power con-
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Figure 6.13: Measured (solid lines) and simulated (dashed lines) s-parameters of the LNA.

sumption of the LNA is 48 mW. The LNA small-signal s»; gain peaks at 27.5 GHz and measures

11.2dB.

Continuous wave (CW) and two-tone large signal measurements were conducted to
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Figure 6.14: Measured IIP3 and input P1dB of the LNA.
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Figure 6.15: Measured (solid lines) and simulated (dashed lines) NF of the LNA.

evaluate the linearity of the LNA. Fig. 6.14 demonstrates input referred P1dB and IP3 versus
frequency. 10 MHz tone spacing was used for two-tone measurements. In the frequency range of
24 to 30 GHz the IIP3 is above 5 dBm, while the lowest input P1dB of -9 dBm (output P1dB =
1.6dBm) is attained at 27 GHz. The LNA achieves saturated output power of 8.6 dBm and peak
power added efficiency (PAE) of 19%.

Noise figure measurements were conducted using Keysight 346CKO01 noise source. Mea-
sured and simulated noise figure versus frequency curves are shown in Fig. 6.15. Minimum NF

of 3.2 dB is achieved at 28 GHz.

6.4.2 Front-end PA Measurements

Fig. 6.16 shows measured small-signal s-parameters of the PA when the front-end operates
in the transmit mode by de-biasing the LNA and turning the S; switch on. s2; gain measures
12dB at 26 GHz with a -3 dB bandwidth from 23 to 30.9 GHz, which results in a fractional
bandwidth of 30%.
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Fig. 6.17 illustrates measured and simulated large signal gain, PAE, and drain efficiency
(DE) at 26 GHz. Large signal measurements were conducted with the gate-to-source voltage
biased at 0.25 V. The PA achieves maximum saturated output power Py = 23.6dBm (230 mW)
and a peak PAE n,x = 28% as well as drain efficiency DE = 31% at Poy; = 23dBm. Output P1dB
is almost 1.5 dB lower from Psy and is about 22 dBm. Slight deviation from simulations can be
attributed to transistor large-signal modeling, input matching and output combiner EM modeling
and simulation inaccuracies.

The linearity of the PA has been studied with 64-QAM orthogonal frequency division
multiplexing (OFDM) signals of 800 MHz modulation bandwidth. The signals were generated
using a Keysight M8195A 65 GSa/s arbitrary waveform generator (AWG). A high sampling rate
digital oscilloscope and an external mixer were used to capture down-converted output signals
from the PA. Measured EVM and average PAE results are shown in Fig. 6.18 for at 26 GHz. Input
PAPR value for the signal used is 9.7 dB. For the highest allowed EVM = 5.5% (normalized to
the RMS of the signal constellation) for 64-QAM according to IEEE 802.11 standard, the PA

achieves average output power of 14 dBm, average PAE of 11.5%, and ACLR1 of -30.4 dBc.

20 T T

S-Parameters (dB)

20 25 30 35
Frequency (GHz)

Figure 6.16: Measured (solid lines) and simulated (dashed lines) s-parameters of the PA.
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Figure 6.18: Measured EVM and average PAE of the PA at 26 GHz with 64-QAM 800 MHz
OFDM signal.
The captured baseband spectrum is shown in Fig. 6.19. No DPD was used for the modulated
measurements in order to characterize PA’s inherent linearity limitations.

It is also important to analyze amplitude to phase distortion (AM-PM) of the PA. Fig. 6.20
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illustrates output AM-PM response over the power range of modulation. The PA demonstrates
excellent AM-PM response, in keeping with prior reported results of AM-PM using stacked FET
PAs in CMOS SOI.

Table 6.1 lists recently reported, state of the art, Ka-band, mm-wave transceiver front-ends.
Compared to other works, the front-end presented in this paper features higher PAE and saturated
output power in transit mode and state of the art noise figure (LNA including T/R switch) in

receive mode.

6.5 Conclusion

In this paper, a T/R combiner synthesis methodology is presented that optimizes the
losses by combining the PA output and the LNA input matching networks together with the T/R
switch into one network. A front-end implementation that includes a high power 4-stack PA,
an inductively source degenerated, cascode LNA and the proposed T/R switch combiner is also

demonstrated in GlobalFoundries 45 nm CMOS SOI technology. The PA inside the front-end
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Figure 6.19: Measured spectrum of the PA at 26 GHz with 64-QAM 800 MHz OFDM signal at
Poyt = 14dBm, EVM = 5.5%.
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Figure 6.20: Measured AM-PM of the PA at 26 GHz with 64-QAM 800 MHz OFDM signal at
Pout = 14dBm, EVM = 5.5%.

achieves saturated output power of 23.6 dBm with peak PAE of 28%, while maintaining LNA

noise figure of 3.2 dB.

Table 6.1: Comparison to Recent Ka-band mm-Wave Transceiver Front-ends.

This Work [11] [12] [9]
45 nm 130 nm 180 nm
) 28 nm )
Technology CMOS SiGe CMOS SiGe
SOI BiCMOS BiCMOS

Fo (GHz) 28 28 28 29
Supply (V) 24&48 27&1.5 - 1.2&2.2
TX Psat (dBm) 23.6 16 14 12.5
TX OP1dB (dBm) 22 13.5 12 10.5
TX PAEmax (%) 28 20 20 13
RX NF (dB),
LNA w/ SW 3.2 6 3.8-4.4 4.6
RX IP1dB (dBm) -7.1 -22.5 - -22
RX IIP3 (dBm) 5.7 - - -12
Area per 0.54% 5.19 1.16  2.94

channel (mm?)

Notes: *Includes PA, LNA, T/R switch only.

98



6.6 Acknowledgment

Chapter 6 is mostly a reprint of the material that has been submitted for publication as
it may appear in N. Rostomyan, M. Ozen, and P. Asbeck ”Synthesis Technique for Low Loss
Mm-Wave T/R Combiners for TDD Front-Ends,” IEEE Trans. Microw. Theory Tech., 2018. This

dissertation author was the primary author of this material.

99



Chapter 7

Adaptive Cancellation of Digital Power
Amplifier Receive Band Noise for FDD

Transceivers

Highly reconfigurable and multi-standard radio blocks have attracted considerable research
interest to overcome the problems of overcrowded RF frequency bands and increased demand for
lower cost, fully integrated radio systems. A promising approach to achieve high efficiency, high
integration, and wideband operation is based on digitally modulated power amplifiers (DPAs),
which function as RF power digital-to-analog converters. These circuits not only allow frequency
agnostic PA designs, but also provide digital modulation and output power control. They facilitate
efficiency enhancement techniques such as polar and Doherty techniques [13—16]. However, due
to their clocked nature, the DPAs suffer from high level of out of band quantization noise which
makes their use in frequency division duplex (FDD) systems challenging.

In FDD systems widely used for current cellular communication, the transmitter and the
receiver operate at the same time but at different center frequencies. The transmit and receive

bands are usually closely spaced, such that undesired spurious emissions from the transmitter
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can limit the performance of such systems. In particular, spurious emissions from the transmitter
in the receive band, commonly referred as receive band noise (RxBN) are filtered by a duplexer.
Currently, in order to minimize degradation of receiver sensitivity, it is required that the RxBN
power spectral density at the input of the receiver LNA be kept below 180 dBm/Hz. To achieve
such low RxBN floor (below kT'), the out of band noise floor at the PA output is usually required
to be below 130 dBm/Hz, and the duplexer is required to have large TX-RX isolation (> 50dB).
Given the close frequency spacing (10s of MHz) between transmit and receive bands, the use of
high-Q resonators in duplexers is necessary, resulting in high insertion loss (=~ 3 —4dB). Besides,
the duplexers require large PCB area, usually in the order of 2x2mm? per component. As each
band requires a separate duplexer, enabling multi-band operation results in a large number of
duplexers, increasing the size and the cost of a cellular communication device.

Significant improvements can be achieved if the duplexer rejection in the receive band is
relaxed, for example, to achieve 1 dB lower insertion loss of the duplexer in the transmit band. The
benefits of 1 dB lower insertion loss can be appreciated by recognizing that it leads to more than
25% reduction in power consumption of the PA (assuming 24 dBm average output power at the
antenna port) - nearly equivalent to the benefits of alternative efficiency enhancement techniques
such as envelop tracking (ET). Furthermore, reduction of RxBN in the receiver will allow the use
of more advanced PA architectures, such as DPAs, which have inherent high quantization noise
(> —120dBm/Hz) and at present fail the RxBN specs of current cellular systems.

This chapter proposes the use of a feedback receiver to cancel high levels of quantization
noise of digital PAs at the receive band located at a small duplex spacing. In the digital domain,
this technique utilizes well-known adaptive noise cancellation principles which reduce the noise
in a signal if a correlated noise component is known [49, 50]. Adaptive cancellation also has
the advantage of being able to track system response changes due to temperature variations and
antenna mismatch. Using main and feedback receiver implementations based on off-the-shelf

components, experimental verification of cancellation is discussed in detail for a high power
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CMOS digital PA at LTE band 5 (TX: 881.5MHz and RX: 836.5 MHz). More than 22 dB
cancellation is achieved to reduce RxBN below thermal noise floor at 45 MHz duplex spacing.
The cancellation technique is also able to recover fully corrupted constellations in the presence of
a low power desired RX signal.

The organization of this chapter is as follows. In Section 7.1, an introduction to digital
power amplifiers and their quantization noise is presented. Section 7.2 covers the proposed

cancellation principle. Finally, experimental results are discussed in Section 7.3.

7.1 Digital Power Amplifier and Quantization Noise

The receive band noise cancellation technique presented in this paper utilizes a watt-level,
digital polar PA implemented in 0.18 um CMOS SOI that was presented in [16]. The DPA uses a
10 bit amplitude control word (ACW) to realize amplitude modulation by controlling the number
of active output cells, while a constant amplitude input signal centered at the carrier frequency
provides the phase modulation.

Finite resolution of the amplitude modulation creates quantization error, which causes
white amplitude noise commonly referred as quantization noise in classical DAC theory. In a
polar PA architecture, this wide-band noise is up-converted with the phase modulated signal and
appears at the output spectrum as a white noise floor. Based on elementary sampling theory, the
quantization noise increases by approximately v - 6dB, where v is the effective number of bits
(ENOB). This can be confirmed with system-level simulations on a conventional polar DPA. The
resulting spectral regrowth was estimated as a function of the ACW resolution. As shown in
Fig. 7.1 for a 5 MHz LTE signal with 45 MHz sampling rate and ACW resolution varying from 4 -
10 bits, the spectral purity improves with higher resolution. The quantization noise floor can also
be reduced by oversampling, which spreads the total quantization noise power across a larger

bandwidth. However, both increasing the ACW resolution and the sampling clock rate result in
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Figure 7.1: Simulated spectrum of a 5 MHz LTE signal with 45 MHz sampling rate and ACW
resolution varying from 4 - 10 bits.
non-ideal effects which degrade spectral purity both for close-in adjacent channels and far-out
broadband flat noise. These effects reduce the achievable ENOB and are dominated by code
glitches, as well as time misalignment between the amplitude and phase signals. Also, ENOB is
further reduced by the number of bits required for DPD and power control, thus making it more

challenging to achieve RxBN floor below required -130 dBm/Hz.

7.2 Cancellation Technique

The quantization noise of DPAs has a stochastic, random nature, and cannot be reduced
by DPD. Various approaches have been demonstrated to reduce the out of band non-deterministic
noise of linear as well as digital power amplifiers. On-chip digital up-sampling and FIR filtering
have been proposed to mitigate the quantization noise and sampling clock images of DPAs in [14]
and [51]. However, these methods substantially increase the sampling clock rate as well as the

complexity of the DPA and fail to reduce the noise floor below -115 dBm/Hz at less than 100 MHz
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Figure 7.2: Block diagram of a FDD transceiver including the proposed feedback receiver and

the adaptive RxBN cancellation.
offset from the center frequency. Use of an additional feedback receiver was proposed in [52] to
model determinist output noise components of the PA that arises from non-linearities. [53] has
also made use of a feedback receive to filter stochastic white noise of a linear PA.

The cancellation technique used in this work is also based on the concept of capturing the
PA output at the receive band with a feedback receiver through a coupler. The block diagram of
the technique is illustrated in Fig. 7.2. The system is realized with off-the-shelf components from
Mini-Circuits, ADI, and TI, while the digital processing is done on a PC. LTE band 5 commercial
duplexer was used with TX-RX isolation of at least 60 dB. Note that the directional coupler is
already part of commercial cellphone transceivers for output power control and DPD.

One of the main challenges of realizing the feedback receiver is the high blocker power
tolerance requirement. The feedback receiver operates at frx center frequency and captures the
PA output noise through a directional coupler. With a -30 dB coupler, the transmit signal from the
PA at frx with up to 27 dBm peak power (for cellular uplink LTE systems) is still high enough to
desensitize the feedback receiver.

High blocker tolerance can be achieved with mixer-first receivers [54] or N-path filter
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Table 7.1: Performance Summary of Main and Feedback Receivers

Main RX ‘ Feedback RX
Architecture Low IF
fRX (MHZ) 836.5
Jir (MHz) 25
NFpsg (dB) 0911 12.55
Gain (dB) 56 36.8
TX blocker rejection 16dB @70 MHz
Input P1dB (dBm) 40 | -9.5

based LNAs [55,56]. While these receivers traditionally suffer from high NF (> 5dB), significant
levels of RxBN from digital PAs (> —120dBm/Hz) allow enough signal-to-noise ratio for
cancellation. With IC level implementation of a feedback receiver, the additional DC power
consumption (< 50mW) required for it is more than an order of magnitude smaller than that of
the transmitter. In this work, mixer-first, low-IF architecture was used to enable system level
(non-IC) implementation and verification. Key performance parameters of the realized main and
feedback receivers are summarized in Table 7.1.

The cancellation algorithm is based on classical adaptive noise cancellation principle.
According to Fig. 7.2, the d(n) signal of the main receiver path in the digital domain contains an
information bearing signal s(n) coming from the antenna and a corrupting noise signal x(n) that
is dominated by the PAs receive band noise. The feedback receiver, on the other hand, receives

only the reference RxBN signal x’(n) which is statistically correlated with x(n), such that

E{x(n)x'(n—k)} #0. (7.1)

Furthermore, it is assumed that the signal s(rn) is not correlated with the noise sources x(n) and
x'(n), thus

E{s(n)x(n—k)} =0, E{s(n)x'(n—k)} =0, (7.2)

for all k.

105



For any sample at time instance n, the reference noise x'(n) is processed by an adaptive
filter with time varying filter coefficients w = wy(n),w(n),...,wy—1(n) to produce the filter
output signal

M—1
y(n) = Z wi(n)x' (n—k), (7.3)

k=0

while the residual error signal of the noise canceling system is

e(n) =d(n) —y(n) = s(n) +x(n) — y(n). (7.4)

The error signal e(n) is fed back to the filter in order to modify the filter coefficients in an
adaptive manner, for example using (Least-Mean-Square) LMS or (Recursive Least-Squares)
RLS algorithms. RLS algorithm has higher computational requirement than LMS, but behaves
much better in terms of steady state MSE and transient time. Upon convergence, both adaptation
algorithms will yield x(n) to be statistically close to y(n), hence e(n) will be a close replica of

s(n), and therefore, upon adaptive filter convergence
e(n) = s(n). (7.5)

Thus, the output of the noise cancellation filter is the “cleaned” information carrying signal. In
practice, e(n) also contains a residual error term (excess mean square error (EMSE)) and thermal
noise components of the main and feedback receivers, thus reducing the SNR of the output
signal [50,53].

The adaptive noise cancellation allows several important advantages. First, the system
can track changes in the main and feedback receiver due to temperature and antenna mismatch.
Besides, this technique requires only a small amount of DC power consumption, in line with
current state-of-the-art receivers. Furthermore, the frequency reconfigurable architecture of the

main and the feedback receiver allows multi-band operation.
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7.3 Experimental Results

As already mentioned, the verification of the receive band noise cancellation has been
performed on a CMOS digital PA to mitigate its high levels of quantization noise and ideally
reduce it below -180dBm/Hz. Measured PA output spectrum at the center of LTE band 5
(881.5 MHz), is shown in Fig. 7.3. The DPA produces 22.3 dBm average output power using a
4 MHz 16-QAM OFDM signal. The sampling rate of the DPA is 85 MHz. At 45 MHz duplex
spacing, the DPA produces a flat wideband noise floor with average spectral noise density of
-91 dBm/Hz. This high level of noise is not sufficiently attenuated by the duplexer isolation and
can significantly increase the NF of the main receiver and completely desensitized it.

Verification of the cancellation has been conducted with and without the presence of a
desired signal at the main receiver. RLS algorithm was used with 6 filter taps. Shown in Fig. 7.4
are the spectra of pre- and post-cancellation measured total noise floors as well as the thermal
noise floor of the main receiver without an information bearing signal (which corresponds to a
noise figure of about 1 dB). The noise floors are referred to the input of the main receiver. The
average RXxBN power before cancellation over a 10 MHz band is PrxgN,pre = —156dBm. The
total post-cancellation noise floor is a summation of both the residual RxBN as well as the thermal
noise of the main receiver. Because the thermal noise of the main receiver is not correlated with
the RxBN of the PA, the power spectral density Nrxgn of the residual RxBN can be computed
by subtracting the thermal noise Ny, rx of the main receiver from the post-cancellation Nyotar post

according to

NrxBN = Ntotal,post - Nm,RX- (7-6)

The average post-cancellation residual RxXBN power over the same 10 MHz bandwidth is calcu-
lated to be PrxBN,post = —178.2dBm, achieving over 22 dB of cancellation.
It is also important to evaluate RxBN cancellation in the presence of a desired information

carrying signal at the main receiver. Here, EVM was used as a metric to measure the effectiveness
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Figure 7.3: Measured DPA output spectrum for 22.3 dBm average output power using a 4 MHz
16-QAM OFDM signal.

of the cancellation. A 5 MHz 16-QAM signal was used to compare the EVM before and after

cancellation, as well as the main receiver EVM without the presence of RxBN. EVM versus
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Figure 7.4: Measured pre- and post-cancellation spectra together with thermal noise floor of
the main receiver without an information carrying signal.
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Figure 7.5: Measured pre- and post-cancellation EVM, as well as the main receiver EVM
without the presence of RxBN.
input power at the antenna port for these three cases are illustrated in Fig. 7.5. It can be seen that
the cancellation technique can successfully reconstruct corrupted signals both for low and high
input powers. An example of a pre- and post-cancellation constellations are shown in Fig. 7.6 for

-80 dBm input power.
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Figure 7.6: Measured constellation for -80 dBm input power. Pre-cancellation (a), and post-
cancellation (b).
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7.4 Conclusion

An adaptive filter based, digital cancellation technique for mitigating stochastic quantiza-
tion noise of digital power amplifiers is presented. The cancellation technique uses an additional
feedback receiver to capture the receive band noise at the output of the PA. The hardware is
realized with off the shelf components to demonstrate the effectiveness of the technique. Can-
cellation results have been presented both with and without the presence of a desired signal at
the main receiver. The results indicate that excess RxBN from an important class of PAs can be
canceled to appropriate levels, and that there is the possibility of relaxing duplexer requirements

for multi-band radios.
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Chapter 8

Conclusions and Future Work

8.1 Dissertation Summary

High integration capability and low cost of fabrication have increased the demand for
using Si-based transceivers in high data rate mm-wave wireless communication. Such systems are
based on beam-steering and MIMO architectures to increase the channel capacity and overcome
high path-loss at mm-wave frequencies. The large number of front-ends, wide channel bandwidth
(above 200 MHz for mobile, 800 MHz for base-stations), large integration, support of high PAPR
signals, and excessive heat dissipation demand high efficiency and stringent linearity from the
PAs and the overall front-ends.

This dissertation addresses various circuit designs and architectures to improve the effi-
ciency of cm/mm-wave CMOS power amplifiers and TDD front-ends at frequencies from 15 GHz
to 28 GHz. Furthermore, a DSP based noise cancellation is proposed to increase efficiency and
performance of cellular (LTE band) transmitters.

Chapter 2 discusses a 15 GHz two stage, high output power symmetric Doherty PA that is
based on a classic load modulation output network with a lumped 90° phase shifter. The driver

stages consist of 2-stack amplifiers, while the final stages are implemented using 4-stack multigate
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cells to achieve high power. A simple analog linearizer is also proposed that performs Doherty
gain correction in the RF domain. The PA achieves more than 25.7 dBm saturated output power
and peak PAE of 31.2 %. PAE at 6 dB back-off is 25 %, which is more than 64 % higher than for
an ideal class B PA roll-off. The analog linearizer effectively flattens the overall gain and extends
the output P1dB of the amplifier from 23 dBm to 25.1 dBm without much penalty on the PAE.

While the 15 GHz band is actively being explored for satellite communication, various
international organizations have proposed to allow portions of the 28 GHz, 39 GHz and 60 GHz
bands to be used for 5G communication. In chapter 3, Ka-band, high efficiency, one stage
mm-wave power amplifiers based on nMOS and pMOS transistors in GF 45 nm CMOS SOI
with different metalization options have been demonstrated. The amplifiers arranged in a 2-stack
configuration to increase the output voltage swing and achieve high efficiency. Preliminary
reliability tests have also been conducted to demonstrate greater voltage handling capability of
pMOS devices. The pMOS PA achieves world record PAE up to 46% and 19.5 dBm saturate
output power, while the nMOS PA sustains 40% PAE with close to 19 dBm saturated power.
These compact PAs occupy only 0.18 mm? and can be useful as a standalone amplifier or a
component of more complex architectures such as Doherty or out-phasing for 5G transceivers.
The use of pMOS provides the potential for increased robustness to hot carrier injection effects.

Achieving high peak efficiency is not sufficient for modern communication signals with
high PAPR and efficiency improvement at back-off power levels is of significant importance for
Si-based mm-wave transceivers. Chapter 4 considers a high efficiency, linear mm-wave Doherty
PA in CMOS that uses a novel low-loss combiner. A compact modeling approach for CMOS
PAs is also demonstrated that considerably reduces simulation times. With more than 22 dBm
saturated power, 40% peak PAE, and 28% at 6 dB back-off, the PA features the highest peak and
6 dB back-off PAE among silicon Doherty PAs.

More than 6 dB back-off efficiency improvement can be achieved with asymmetric Do-

herty PA realizations. Chapter 5 demonstrates a dual input CMOS Doherty PA for the Ka-band
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based on asymmetric main and peaking amplifiers using a Doherty combiner which is based on
an optimized and low loss synthesis methodology. Both the main and peaking amplifiers utilize
same size devices, however the voltage supply of the peaking PA is twice as high and thus results
in efficiency peaking at more than 6 dB back-off, which is desirable for modulated signals with
high PAPR. The main Doherty path uses a high efficiency 2-stack amplifier with a shunt feedback
drain-source capacitance. The peaking path uses a high power 4-stack amplifier to achieve more
than 6 dB back-off efficiency improvement. With dual, asymmetric input drive, the PA is able to
output 25 dBm saturate power with 31% peak PAE as well as 34% 6 dB back-off PAE, which
constitutes to the highest peak power and back-off efficiency of any Si-based Doherty PAs in the
Ka-band due date.

The losses that occur between the output of the PA and the antenna can have significant
effect on the overall mm-wave transmitter efficiency. In chapter 6 high integration ca[ability of
CMOS is utilized to demonstrate a FDD front-end combiner synthesis methodology that optimizes
the losses by combining the PA output and the LNA input matching networks together with the
T/R switch into one network. A front-end implementation that includes a high power 4-stack
PA, an inductively source degenerated, cascode LNA and the proposed T/R switch combiner
is also demonstrated in 45 nm CMOS SOI technology. The front-end achieves state-of-the-art
performance both in the transmit and receive modes. The PA inside the front-end produces
saturated output power of 23.6 dBm with peak PAE of 28%, while maintaining LNA noise figure
of 4.3dB.

Finally, as the need for sub-6 GHz flexible, multi-band, and highly reconfigurable software
defined radios increases, the use of digital power amplifiers for such systems becomes a viable
option. However, for FDD radios, the quantization noise of digital power amplifiers causes high
levels of receiver desensitization. To address this issue, the final chapter presents an adaptive filter
based, digital cancellation technique for mitigating stochastic noise, in particular quantization

noise of digital power amplifiers. The cancellation technique uses an additional feedback receiver
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to capture the receive band noise at the output of the PA. The hardware is realized with off the
shelf components for LTE band 5 to demonstrate the effectiveness of the technique. Cancellation
results have been presented both with and without the presence of a desired signal at the main
receiver. It has been shown for the first time that the quantization noise of a digital PA can be
reduced below -180 dBm/Hz at the receiver. The cancellation technique enables higher efficiency
PAs driven with stronger DPD along with less demanding design requirements for duplexers,

which facilitates their use in ever increasing number of bands in FDD systems.

8.2 Future Work

The higher voltage handling capability and efficiency of pMOS transistors in the GF
45 nm CMOS SOI technology opens new possibilities for mm-wave power amplifiers. pMOS
devices can be further utilized to implement three and four stack, higher power PAs. Also, the
Doherty power amplifier design concepts presented in this thesis can benefit from pMOS devices
to achieve better reliability and higher efficiency. More than 30% PAE at 6 dB back-off can
be anticipated by using 2-stack pMOS PAs to implement a symmetric Doherty PA. Besides,
higher voltage handling of pMOS devices mitigates reliability issues related with strong antenna
mismatch due to beam-steering.

Back-off efficiency enhancement of PAs is will continue to be an active research area.
While considerable advances have been demonstrated with Doherty PAs in this dissertation,
out-phasing PAs pose an additional avenue for exploration.

It is envisioned that future Si-based power amplifiers will comprise re-configurable
building blocks to achieve multi-band operation, power and gain control, RF domain linearization,
as well as high back-off efficiency. As depicted in Fig. 8.1, such highly re-configurable PAs will
first of all include a back-off efficiency improvement architecture, such as Doherty or out-phasing.

In addition, developments of high speed VGAs and phase shifters that can support up to 3-5
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Figure 8.1: Frequency reconfigurable, mm-wave Si-based power amplifier concept with back-off

efficiency improvement technique.
times the modulation bandwidth will be necessary. These building blocks will allow memory-less
AM-AM and AM-PM correction in the RF domain, thus substantially reducing the need for DPD.
Also, having VGAs and phase shifters for each path of Doherty or out-phasing PAs will allow to
precisely control the turn-on behavior of the peaking PA as well as make frequency reconfigurable
Doherty/out-phasing configurations possible. All of these efforts can also be extended to other
mm-wave communication frequency bands, such as the 39 GHz and 60 GHz bands as well as to
other technology nodes, such as the CMOS SOI FDX 22 nm or below.

The system level demonstration of receive band noise cancellation serves as a basis for a

custom integrated IC implementation. The IC will include an LTE transmitter and the feedback
receiver. If the transmitter is based on a digital PA, such transceiver IC can enable low cost, highly

flexible, and frequency agile cellular software defined radios (SDR).
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