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SUMMARY

The advent of Internet-of-Things (IoT), smart factories, and mobile devices has
caused a surge of connected devices and proliferation of wireless sensor nodes. Modern
communication systems, which need to be connected everywhere and at all times, require
each device to be compact, and impose stringent standards for the RF systems.
Transmitters, in face of the explosive increase in data rates require high speed complex
modulation schemes with high spectral efficiency and large peak-to-average power ratios
(PAPRs), such as high-order quadrature amplitude modulations (QAMs) and orthogonal
frequency-division multiplexing (OFDM) are needed. In addition, due to the nature of
modern society that must always be connected, battery life is also becoming increasingly
important. As a result, due to the complex modulation that requires high PAPR, efficiency
in the power Back off (PBO) state as well as maximum power is becoming more critical.
From a receiver perspective, massive RF applications lead to a crowed spectrum, making
receivers susceptible to mutual interference. Hence, along with cost and power
consumption, interference robustness is becoming a major concern for the radios targeting
these applications. As the demands of these modern communication systems become more

diverse and complex, it is increasingly necessary to approach them in new ways.

Analog RF circuits have been studied intensely, but suffer from many circuit level
and system level limitations. For example, analog PAs frequently operates at the output
1dB compression point (P14s) to ensure its amplitude and linearity, which reduces PA
efficiency [1-4]. In addition, most analog RF circuits have a separate function with

matching/filtering networks between each stage to ensure performance, which makes
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further area-reduction difficult. Digital RF circuits are able to overcome many of these
inherent limitations of analog approaches and their achievable performance has been
highlighted in proportion to the recent technology of complementary metal-oxide-
semiconductor (CMOS). Therefore, a lot of research has been conducted on digital RF
circuits. This thesis work aims at expanding upon this. In particular, this dissertation
presents several AM-PM behavior analyses and compensation techniques in digital Power
Amplifiers (PAs) and circuit innovation to support completely integrated digital front-end

circuitry, which can be one of solutions for modern communication systems.

Chapter 2 presents a summary of the past state-of-the-art works on digital PAs and
mixer first receivers. Digital PAs can be largely divided into two types: a voltage mode
method and a current mode method. This chapter explains the operating principles of the
voltage mode and the current mode method, and describes the limitations of the existing
method and the latest research on it. In addition, we explain the basic behavior of N-path
filter, a receiver (Rx) method that splits capacitors like digital PA, and we also describe the
latest studies. Understanding the operating principles and limitations on these TX/RX
circuit architectures the state-of-the-art will help understand the motivation operation of

the proposed techniques in this work.

Chapter 3 presents a digital power amplifier AM-PM compensation technique
utilizing a single transformer footprint. The AM-PM distortion behavior of the current
mode/voltage mode PAs is detailed and an AM-PM compensation technique for both
modes is introduced. The proposed architecture provides enhanced linearity through
adaptive biasing and hybrid current/voltage mode Doherty-based power combining, which

can also operate over broadband.

XVvi



Chapter 4 proposes a new bidirectional class-G digital Doherty switched capacitor
transmitter and N-Path quadrature receiver in CMOS. Through sharing on-chip capacitor
banks, typically occupying a major portion of the digital Tx or Rx chip area, as well as the
RF passive matching networks, the overall size can be radically reduced. This proposed
architecture has advantages not only in terms of area reduction but also in terms of
performance. Based on the linearity principle analyzed in Chapter 3, the proposed structure
also has excellent linearity, and also shows an analysis of the efficiency that depends on

the sequence of operation in which each cell is turned on.

Chapter 5 provides a conclusion to this dissertation.
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CHAPTER 1. INTRODUCTION

Recently, there is a growing amount communication platform such as smart factory,
IoT, and portable devices, each of which transmit and receive various data among another.
Due to this increased communication speed and data traffic, new technologies are being
explored for more linear and broadband hardware to satisfy the growing demand. In
addition, in order to fully take advantage of the available frequency bandwidth while still
supporting explosive data rates, highly spectral efficient modulation schemes are being
developed and employed such as high-order quadrature amplitude modulations (QAMs)
and orthogonal frequency-division multiplexing (OFDM). However, these modulation
schemes put strict requirements on the transmitter (Tx) hardware. QAM and OFDM have
high PAPR which degrades the Tx’s modulation efficiency and places stricter linearity
requirements. In addition, communication hardware should be as compact as possible for
various platforms. Therefore, we have design challenges of implementing broadband,
linear, efficient, and compact TX designs to fully take advantage of the available frequency
spectrum. Moreover, in the case of PA, the last active circuit stage of transmitter and most
critical for performance, there are various trade-off relationships, as shown in figure 1-1[5],
and it is the stage of the greatest power consumption. Because this is closely linked to
battery life, efficient power consumption according to RF output power is particularly
essential for mobile devices. Power saving techniques are become even more important in
applications such as multi-in multi-out (MIMO), which are used to achieve high data rates

in a single system but whose power consumption scales by the number of array elements.



Frequency Output Power

Reliability Data Rate

Energy Spectrum
Efficiency Efficiency

Figure 1-1 PA design trade off relationship

Several broadband analog PAs are recently reported to support multiple RF bands
and standards [6-10] but analog PAs inherently suffer from low efficiency. Furthermore,
analog PAs often operate from the output 1-dB compression point (Pi4g) to ensure
sufficient amplitude and phase linearity, which is generally at the 1- 3dB power back off
(PBO) point from the PA saturated output Power (Psa) and thus results in reduced PA
efficiency. For these reasons, digital power amplifiers (DPAs) and transmitters are one of
the most promising technologies as alternative options. CMOS can be used to create high
integrability at a low price, combine components such as the Digital-to-Analog converter
(DAC), mixer, etc., within a single block, reducing area and power overhead [11]. In

addition, digital PAs continue to become more attractive in terms of switch speed and



power consumption as process technology advances. Moreover, unlike analog power
amplifiers, digital PAs theoretically achieve 100% drain efficiency. While current work
only can demonstrate drain efficiencies as high as 49.4% [12], it only further verifies that
the achievable efficiency is limited by the PA implementation rather than the theoretical
foundations and that further research is required to truly take advantage of this PA

architecture.

As mentioned earlier, modern communication systems require complex
modulation schemes, which require stricter standards not only for efficiency but also for
linearity. However, several technologies that increase efficiency could deteriorate the
linearity[13, 14]. As a result, Digital Pre-Distortion (DPD) techniques are also studied to
compensate for nonlinearity, however this also requires more data processing, increases
power consumption, and limits the modulation bandwidth. Therefore, research on inherent

PA linearity is becoming increasingly important.

Digital circuits can also offer benefits for the receiver implementation, particularly
for seamless transmitter integration for full transceiver (TRX) implementation. The
traditional receiver architectures often uses Surface Acoustic Wave filters (SAW) or Film
Bulk Acoustic Resonator (FBAR) filters with high-Q values, but it is non-tunable,
requiring multiple filters present for multiband operation, resulting in increased overall cost
and area overhead[15]. However, N-path filter-based mixer first receivers provide inherent
sharp filtering during down conversion, removing the need for external filters. In addition,

since the mixer first receiver can also take advantage of reduced power consumption and
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Figure 1-2 Examples of each component size used in CMOS digital PA.

improved switch speed with the continued development of CMOS, like digital PA, it will

be important to study together with the research of digital PA.

As mentioned earlier, the RF digital TRX frontends naturally offer excellent RF
performance, reconfigurability, and wideband operations, but they commonly rely on
architectures based on binary and/or unary arrays of sliced active and passive devices,
which can result in a substantial area overhead. Figure 1-2 illustrates an example of the
size of each element used in a CMOS digital PA. As shown in the figure, each element has
a different size physically required, and it would be very important in researching digital
circuits to make optimum use of large area elements such as output matching networks

(inductors) and capacitors for compact implementation.

In summary, existing digital RF hardware offers many advantages, however there
are several limitations that prevent them from becoming widely adopted. Some of the

1ssues are listed below:



1)

2)

3)

Although digital PA can theoretically achieve 100% Drain Efficiency (DE), in
practice, non-idealities limit the achievable DE below 100%. Moreover, by
using complex modulation schemes for modern communication systems, high
PAPR is unavoidable. However, traditional digital PA circuits are less efficient
at PBO state. Therefore, it is a need for research that not only increases the DE
at the peak output power, but also improves the efficiency in the PBO status to

operate efficiently in complex modulation schemes.

Linearity is crucial for supporting the complex modulation methods used in
modern communication. However, the linearity worsens the more technologies
are applied to enhance high efficiency in PBO states in line with high power
and high PAPR. The DPD technology could be a solution to this when linearity
is poor, however it has several limitations. First, it must characterize the PA
precisely to cancel out the PA non-linearity. Second, DPD inevitably increases
the power consumption and complexity of the overall system. Finally, even
with DPD, not all nonlinearities can be eliminated, especially as the load on the
antenna varies as the PA non-linearities are load dependent. Therefore, it is
necessary to have inherently good linearity performance.

In modern communication systems, where [oT and small portable devices are
in high demand, miniaturization of RF circuits is becoming increasingly
important. In the case of digital circuits, multiple functions can be applied to a
single chip to reduce the total area. However, these digital circuits still require
bulky passive elements to ensure operation. For example, switched capacitor

PAs require a large capacitor bank with scaled switches. The N-path mixer-first



RXs also require large differential capacitor banks, which scale with the
quadrature operations and number of N-paths. Therefore, a new architecture is
needed for how to utilize physically large capacitors well in digital circuits. In
addition, it is important to implement the minimum number of output matching

networks that occupy the largest area.

During my five-year study in the Georgia tech GEMS/ ETH Zurich IDEAS lab, the
major research theme of my PhD consisted of new digital PA/front-end architectures and
innovative circuits techniques, to achieve compact, linear, and efficient operation for small-
size applications such as [oT and portable devices. Several major contributions of my PhD

thesis are highlighted below:

1) We propose a compact one footprint hybrid Doherty digital PA. The proposed
structure improves linearity and realizes miniaturization by connecting the
current mode and voltage mode PA to one output matching network. A proof-
of-concept PA has been designed and fabricated in 45nm RF CMOS SOI
process, which achieves a peak PAE of 37.6% with a Py, of over 21.8dBm from
1.2 to 2.4GHz. The PA also achieves a 1.2x/1.4x PBO efficiency enhancement,
compared to the ideal class-B at 3/6dB PBO at 1.2GHz. This proposed digital
PA supports 20MSym/s 64-quadrature amplitude modulation (QAM) at
14.8dBm average output power and 22.8% average PA DE while maintaining
error vector magnitude (EVM) lower than -23dB without any phase pre-

distortion.



2)

3)

4)

We proposed a single footprint transformer for current/voltage mode hybrid
digital PA. This is the first implementation to combine current mode and
voltage mode digital PA in a single footprint. This allows hybrid digital PA
using current mode and voltage mode to be implemented in a small area.

Furthermore, this single footprint transformer operates broadband.

We analyze the principle of AM-PM distortion behavior of current mode DPA
and proposed adaptive biasing technique to mitigate the nonlinearity of current
mode DPA. Moreover, we analyze the principle of AM-PM behavior of voltage
mode DPA as well and proposed class-G DPA as hybrid Doherty digital PA
architecture. In addition, it was analyzed that the efficiency of Doherty digital
PA varies according to the sequence of operation in which PA is turned on, and

the optimal sequency of operation was applied accordingly.

We propose a fully integrated bidirectional class-G digital Doherty switched
capacitor transmitter and N-Path Quadrature receiver (Rx) in CMOS. Through
sharing on-chip capacitor banks, typically occupying a major portion of the
digital TX or RX chip area, as well as the RF passive matching networks, the
overall size can be radically reduced. Moreover, the overall performance could
be further improved by eliminating the need for an integrated T/RX switch and
its corresponding loss and area overhead. As a proof-of-concept, the joint
bidirectional class-G digital Doherty switched-capacitor TX and N-path
Quadrature RX through capacitor bank sharing is implemented in a 45-nm
CMOS SOI process. The TX demonstrates a Pout 1dB bandwidth (BW) of 1.6-

3.1 GHz, a fractional BW >63%, and peak output power (Pour) of 22.5dBm at



2.4GHz. The peak drain efficiency (DE) of the TX is 49.5% at 1.8GHz and
41.5%/38.7%/31.6%/18.1% for the peak/2.5/6/12dB power back off (PBO) at
2.4GHz. The DE improvement compared to class-B PA is 1.24x/1.51x/1.72%
at 2.5/6/12dB PBO. The TX is measured using 64-QAM/20MHz modulation
without the use of AM-PM pre-distortion or pattern based DPD. It achieves an
excellent -27.1dB EVM, -31.31dBc ACLR, 14.6dBm average Pout and 25.8%
average DE at 1.6GHz. The RX achieves a noise figure (NF) of 7.6dB at
2.2GHz and a conversion gain of 17dB with a 12 MHz bandwidth. In addition,
the proposed RX front-end achieves < -60 dBm LO leakage over the operating

frequency range.

The remainder of this dissertation is organized as follows. Chapter 2 details the past
work in digital power amplifier and mixer first receiver. In Chapter 3, the behavior of non-
linearity of digital PA both current mode and voltage mode will be explained. We also
propose a single footprint hybrid (current/voltage) digital PA that compensates for its AM-
PM distortion. A novel bidirectional front-end circuit is detailed in Chapter 4. This

dissertation is summarized in Chapter 5.



CHAPTER 2. PRIOR ART ON DIGITAL POWER AMPLIFIER

AND MIXER FIRST RECEIVER

This chapter presents a study on past works on digital TXs/RXs to better understand
their inherent limitations in linearity and miniaturization and to motivate the proposed
digital PA and bidirectional digital front-end architecture covered in chapter 3 and 4. We

discuss the digital PA and mixer first receiver, in this section, respectively.

2.1 Prior Work in Digital Power Amplifier

With the advancement of CMOS technology, digital power amplifiers are in the
spotlight[16-22]. In particular, as shown in Fig 2-1, unlike conventional analog Tx
architecture, the digital Tx structure can integrate multiple circuit functions within a single
chip, making it a very attractive research topic in modern communication that requires
miniaturization for IoT and portable devices. In addition, due to the increase in switch
speed with the development of CMOS, it is possible to operate at higher frequencies and
consume less power, causing many studies on digital PA to become active. Furthermore,
digital PAs can achieve 100% drain efficiency as the loss at the amplifier can be zero if the
switching device is assumed to be “ideal”. On the other hand, in other amplifiers such as
analog PA, the theoretical efficiency is inevitably less than 100% due to the limitations of
the linear mode operation of the devices [23]. Thus, the possibilities of these digital

amplifiers are attractive enough to be further researched in the future.
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These digital PA can be divided into two main types: the voltage mode DPA and
current mode DPA. We will now look at the basic operation and the past studies of each

mode of digital PA.

2.1.1 Voltage Mode Digital PA (SCPA).

Switched Capacitor Power Amplifier (SCPA) is one of the popular voltage mode
digital PAs. It consists of capacitor arrays, which are switched between the ground and the
supply voltage or held at a signal ground at the carrier frequency. It operates like a class-D

PA with a capacitive voltage divider in series resonance with the matching network.

Unit Cell
VDD

|
AM+RF ' Cu

nn =

Unit Cell S -
VDD - L
° T ./ 0 Vout

° —i Cu

AM+RF | |
L L

R

Figure 2-2 Schematic of SCPA
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The output matching network resonates out harmonic frequency, thus only the fundamental
component at the RF carrier frequency flows to the output. The conventional schematic of
SCPA is shown in Fig. 2-2. The input signal of the cell with the AM code enabled goes
into square waves. This square wave is filtered by bandpass matching network so only the
fundamental harmonic goes through, saving wasted harmonic power. Hence, a resonant
tank consisting of capacitor array (C,) and inductance (Lo) is inserted in series with R in
order to allow only the sinusoidal current though Rp [24]. Ideally, there is no overlap
between the current waveform and the voltage waveforms, causing there to be no switching
loss, which in principle achieves 100% efficiency. Figure 2-3 shows the block diagram and
equivalent circuits of ideal single-ended SCPA. This architecture control output amplitude
by selecting the number n of capacitors switched between VDD and GND among the total
number N of capacitors in the array. At this time, high accuracy is achieved by utilizing
the precision capacitance ratio traditionally provided by CMOS. However, the voltage
mode DPA has low output power because the output voltage swing cannot exceed its
supply voltage. The output voltage swing and output power of the SCPA are shown in the

equation below:

n 2-1
Vour = (N) X Vpp ( )
2 N2 Vpp? (2-2)
Pout = — (ﬁ) X R
opt
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For this reason, research has been conducted to increase the output power of voltage mode

DPA through various technologies such as device stacking or complex power combining

C=XC, Bandpass
C1=C2=Cn =Cu Matching Network

T
A A A A i

Voo GND Vpp GND Voo GND Voo GND

(a) Block diagram of an ideal single-ended SCPA

Con=2Ch Bandpass
Coff = XCNen Matching Network

e
g,l A

Voo GND

(b) Equivalent circuits of an ideal single-ended SCPA

Figure 2-3 (a) Block diagram of an ideal single-ended SCPA and (b) Equivalent circuit

of an ideal single-ended SCPA

output matching networks [25]. Figure 2-4 also shows past research to increase the
efficiency and output power of voltage mode digital PA. The Doherty PA architecture (Fig.
2-4 (a)) 1s a popular solution to achieve PBO efficiency enhancement. It achieves the PA
PBO efficiency enhancement through active load impedance modulation. The Class-G

structure (Fig. 2-4 (b)) shows efficiency enhancement in PBO status through supply voltage
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modulation. In addition, the subharmonic switching structure (Fig. 2-4 (c)) achieves

improvement in PBO efficiency by toggle the switching PA cells at the subharmonic of the
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o
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Input ¢ N "* Ba(A)-- Envelope Input

(b) Class-G

Lem

e
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?
Lm.. i
Tl
:

ler
S|

Figure 2-4 Prior work in voltage mode DPA (a) Doherty digital PA[26] (b) Class-G
digital PA [27] (¢) Subharmonic switching (SHS) digital PA [28] (d) Switched/floated
capacitor PA (SFCPA) [29].

carrier frequency, e.g., one-third of the carrier frequency. This architecture can reduce the
conduction loss of the PA, switching capacitance dynamic loss, and provide better
impedance matching. Finally, the switched/floated capacitor power amplifier (Fig. 2-4 (d))
reduces dynamic power consumption by expanding a capacitor connection to floating

status from VDD or GND status. This increases the efficiency at power back-off status by

14



reducing dynamic power consumption that is needed to charge/discharge by floating an
unused capacitor array. As described above, various studies have been conducted in voltage
mode digital PA to increase power and efficiency, but there is a trade-off for size,
efficiency, output power, linearity, and complexity. In particular, since linearity tends to
decrease as various techniques are applied, research considering linearity is increasingly

necessary.

2.1.2  Current Mode Digital PA (Class D)

As the demand for operating at higher frequencies increases, research on the current
mode digital PA is also increasing [14, 30-32]. This is because the voltage mode DPA has
some limitations as the operating frequency increases. For the voltage mode DPA, the drain
capacitance of the transistor is not part of the matching network and must be charged and
discharged every cycle, resulting in CV*f power dissipation. Therefore, the loss scales with
frequency. Another disadvantage of the conventional voltage mode DPA is that PMOS
devices that have higher on-resistance than NMOS devices are used. In general, the PMOS
switch size needs to be increased 2-3 times to achieve a similar on-resistance to NMOS
switches due to the difference in mobility of the devices, which significantly increase input

capacitance significantly and makes the driver design more difficult.

The model of current mode DPA (class-D™") is shown as Fig. 2-5. This is dual of a
conventional class-D PA, which is voltage mode PA. In class-D™! PA, the current through
the transistor is a square wave, whereas the output voltage is sinusoidal. There is a parallel-

connected filter, with resonant frequency set to the carrier frequency. Due to the filter
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resonance, there is no voltage across the transistors at each switching time and so-called
zero voltage switching (ZVS) is achieved. Even if the transistors have some output

capacitance, it can be incorporated as part of the output parallel filter.

Voo

Vin.

Figure 2-5 Model of the class-D! power amplifier.

Another advantage is that unlike SCPA, the class D! can have their output swing
beyond the supply voltage and thus achieve higher output power. The output voltage swing

and output power of the class-D™' are shown in the equation below:
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Figure 2-6 Prior work in current mode DPA. (a) Doherty mode PA [33] (b) AM-PM
distortion self-compensation technique [34] (c¢) Single supply PBO efficiency
enhancement [35] (d) 28GHz cascode in class-D! PA [36]

The current mode DPA has high output power, but relatively poor linearity.
Although AM-AM distortion of current mode DPAs can be mitigated by optimum AM

control code selection, they typically exhibit excessive AM-PM distortion. [13, 32, 37].
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Therefore, research that can alleviate their AM-PM distortion is becoming increasingly
important. Figure 2-6 also shows past research to improve the efficiency and the linearity
of current mode digital PAs. The Doherty PA architecture (Fig. 2-6 (a)) is also a popular
solution to achieve PBO efficiency enhancement through load impedance modulation and
is a widely used solution in current mode DPA as well as in voltage mode DPA. AM-PM
distortion self-compensation technique (Fig. 2-6 (b)) is applied by feedforward capacitors
in differential cascode power cells. Through feedforward capacitors, the variation in the
output capacitance is reduced to mitigate AM-PM distortion. Figure 2-6 (c) shows that the
output voltage is changed through additional switches to increase the PBO efficiency even
with single supply voltage. Figure 2-6 (d) is current mode DPA to operates 28GHz by
employing a stacked topology in 22nm FDSOI. In order to use high output power, it uses
the cascode configuration to prevent breakdown. As shown above, various studies have
been conducted to improve efficiency, and output power in current mode DPA, but due to
large AM-PM distortion, DPD is required for modulation measurement, except for Fig. 2-
6 (b) to which the technology for AM-PM compensation is applied. Accordingly, further
research is needed to improve linearity for current mode DPA in order not to use complex

DPD.

2.2 Prior Work in Mixer First Receiver

The transmitter is not the only thing we need to focus on in the complexity of the
spectrum. Due to the growing number of devices, complex spectrum, vulnerable receivers

due to mutual interference, and studies of low power and small size, like transmitters,
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indicate that more research is needed on receivers as well as transmitters. Accordingly, we
should also look at CMOS receivers together. To attenuate the blockers and enhance their
out-of-band (OOB) selectivity, CMOS receivers typically use high-Q external filters [e.g.,
surface acoustic wave filters (SAW) and film bulk acoustic resonator (FBAR)] or off-chip

and on-chip LC resonant tanks. Figure 2-7 shows the block diagram of the conventional
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Figure 2-7 Block diagram of (a) Conventional receiver structure (b) Mixer first
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receiver and the mixer first receiver structure. Conventional receiver’s filters are not
tunable, impose both size and cost, and introduce 2-3 dB in-band loss. However, the mixer
first receiver can be a SAW-less solution compatible with CMOS integration with a single
chip in a modern communication system that requires multi-band and miniaturization.
Also, it does not use a LNA, so it consumes relatively less power consumption. As a result,

passive mixer-first receivers have been much studied recently by this demand[38-45].
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Figure 2-8 (a) Model of 4 phase passive mixer with sampling capacitor Cr and load

resistor Rp (b) LO driving waveforms and resulting virtual voltage at Vx

Figure 2-8 shows the model of 4 phase passive mixer with sampling capacitor CL
and load resistor Rg and LO driving waveforms. A quadrature passive mixer is connected
directly to an antenna. Each switch is loaded with a capacitor, and a resistive load. Non-

overlapping LO pulses with a 25% duty cycle are used to drive the switches. We can regard
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the four parallel switch resistances as one as the antenna port will only see one path at a
time due to the non-overlapping nature of the pulses. The signal from that LO pulse is
sampled onto the corresponding switch as each switch closes. The baseband resistors Rg
are loaded into four capacitors. The switches sample the RF voltage onto four capacitors
loaded by the baseband resistors Rg. Due to the phase-split nature of the LO, mixer,
differential baseband signal both I (from the 0° and 180° switches) and Q (from 90° and
270°) components are produced [46]. A passive mixer performs the same basic frequency
translation function as an active mixer, with the additional feature of bidirectional
impedance transparency. A passive mixer simultaneously up-converts the signals on its
baseband port and down-converts those on its RF port [47]. This two-way frequency
translation property provides passive-mixers with a number of benefits over active-mixers
with little penalty in performance, providing new opportunities as well as distinct design

challenges.

Figure 2-9 shows prior work for the mixer first receiver. In Figure 2-9 (a), bottom-
plate mixing technique to improve linearity by reducing the gate-source voltage modulation
of the MOSFET switches is proposed. Figure 2-9 (b) also provides enhanced selectivity by
using capacitive negative feedback across the baseband amplifier serves as a blocker
bypassing path, while an extra capacitive positive feedback paths synthesizes a complex
pole pair at the input of the BB amplifier, which is upconverted to the RF port to obtain
steeper RF bandpass filter roll-off and reduced distortion. The capacitive stacking
technique in Fig. 2-9 (c) achieved 2% voltage gain after down conversion by reading out

the voltage from the bottom plate of N-path capacitors instead of their top plate. The mixer
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Fig. 10. Complete architecture of the implemented RF front end

(c) Capacitive stacking

Figure 2-9 Prior work in Mixer first receiver (a) Bottom plate mixing[48] (b)
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(d) mmWave mixing

enhanced selectivity[49] (¢) Capacitive stacking[15] (d) mm-Wave mixing [S0]

first receiver also operates millimeter-wave (mm-Wave) frequency (43-97 GHz) by
implementing low-IF topology as shown in study Fig.2-9 (d). In the case of mixer first
receivers, gain and selectivity performance are improved through various approaches, but

the capacitor size determines the overall size as it is implemented using a capacitor array

like digital PA.
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2.3 Conclusion

Multiple studies have been demonstrated in literature on digital RF circuits. To have
high power, broadband, small size, linearity, and high efficiency at PBO status required by
modern communication system, digital PAs have been studied in various ways,
respectively, voltage mode DPA and current mode DPA. However, each study has a
different trade-off, and accordingly, research on techniques that can create synergetic
effects is needed. It also requires careful implementation and fundamental understanding
of the mechanisms behind the PA non-idealities. Therefore, this paper analyzes the
characteristics of current mode PA and voltage mode PA and proposes a structure that can
complement each other based on this. It should be noted that none of the class-G DPA
studies, which are frequently used in digital PA to improve PBO efficiency, have proven
the underlying principle of its AM-PM distortion. In addition, it should be accompanied by
research focusing on improving the entire system performance of the through seamless
integration of the Tx/Rx as well as integration of the current/voltage digital PA. Therefore,
this paper proposes new circuit architectures that improve both the TX inherent

performance and integrability of the TX and RX in a compact form factor.
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CHAPTER 3. A DIGITAL POWER AMPLIFIER WITH BUILT-
IN AM-PM COMPENSTAION AND A SINGLE-TRANSFORMER

OUTPUT NETWORK

3.1 Introduction

Modern wireless communication systems adopt spectrally-efficient modulation
schemes to enhance the link throughput within a given frequency bandwidth at the cost of
a large PAPR. This poses stringent requirements on the energy efficiency of RF power
amplifiers for both peak output power and also at PBO to ensure efficiency under
modulation. Therefore, there is an increasing interest in exploring PBO efficiency
enhancement technique to achieve high PA average efficiency under these high-PAPR
modulation schemes [28, 51-54]. Doherty load modulation is one of the widely used
techniques to boost PA PBO efficiency. However, when the Doherty PA’s main path and
auxiliary (Aux) path do not cooperate well together, they have limited linearity and require
large area to support the load modulation output matching network [33, 55, 56]. Outphasing
PAs support PBO efficiency enhancement but require significant baseband computation to
generate the outphasing signals often with limited dynamic range [57-60]. Envelope
Tracking (ET) PAs exhibit a trade-off for the envelope tracker’s own efficiency, dynamic
range, speed, and accuracy, which are unsuitable for high-speed (>100MHz) and high-
PAPR signals [61-64].

Analog PAs are widely used in modern wireless communication systems. However,
their designs cannot be readily transferrable across process nodes, benefit from device
scaling, or support direct synthesis. Thus, there is an increasing interest in digital power
amplifier (DPA) research [65-72]. DPAs support the ability to implement multiple

functionalities within one compact formfactor block, extensive digital reconfigurability,
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and performance and design tracking aggressive CMOS process scaling.

A DPA can be generally divided into two categories based on their power cells, the
current mode DPA such as the class-D!, and the voltage mode DPA such as the Switched
Capacitor Power Amplifier (SCPA). Current mode DPAs typically support higher output
power levels for a fixed supply voltage as the output voltage swing can exceed the supply
voltage, but they suffer from large signal non-linearities due to distortion [73-75], except
for some recent designs which utilize built-in analog compensation techniques, such as
AM-PM linearization [34]. Voltage mode DPAs achieve good linearity and efficiency but
provide limited output power levels as their output voltage swing is lower than the supply
voltage [26, 76, 77]. Recently, a hybrid technique that improves the linearity by
implementing the current mode and voltage mode DPAs together has been demonstrated
[37]. However, it sacrificed peak drain efficiency (DE) of the current-mode DPA by tuning
on only half of its total power cells and suffers from area overhead and major passive loss

penalty by connecting three transformers in series as its output matching network.

While a large amount of research to increase the PBO efficiency for complex
modulation communication has been conducted, the techniques applied typically
deteriorate the overall linearity [12, 29, 37, 78]. Therefore, many digital PAs inevitably use
2-dimensional digital predistortion (2D DPD) tables or models to compensate for their
linearity. However, using 2D DPD comes with various limitations. First, it is necessary to
accurately characterize the PA and create an inverse function in the 2D space. Second, it
increases the system power consumption and complexity. Furthermore, it is often incapable
of sufficiently cancelling all the PA nonlinearity. In particular, output impedance variations
may aggravate DPD performance [79]. Therefore, it is essential to ensure intrinsic PA

linearity with built-in linearization.
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Figure 3-1 Top schematics of proposed hybrid polar Doherty digital PA.

To address the aforementioned issues, we propose a fully integrated single footprint
hybrid current-voltage mode digital Doherty PA [80]. In our proposed DPA topology,
adaptive biasing is implemented for the current mode DPA to minimize its AM-PM
nonlinearity. A class-G DPA with its own AM-PM compensation characteristics is used
for the voltage mode DPA, and a hybrid self-compensation technique consisting of a
current mode DPA and voltage mode DPA are implemented using a single footprint
transformer is used for the overall DPA. Note this reported design differs from the design
in [81], in that it implements two paths as a single transformer, utilizes all cells in the
current mode DPA using adaptive biasing scheme, and improves linearity and efficiency
using characteristics of class-G DPA. This chapter is organized as follows. Section 3-2
introduces the proposed hybrid polar Doherty digital power amplifier architecture. Section

3-3 presents the analysis of AM-PM distortion within the current/voltage mode DPAs and
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Figure 3-2 Routing line floorplan for the Main and Aux (auxiliary) PA paths.

proposes methodologies to improve the linearity of both, and measurement results are

shown in Sections 3-4. Section 3-5 concludes this paper.

3.2 Proposed Architecture

Figure 3-1 shows the system architecture of the proposed hybrid (current/voltage)
polar Doherty digital PA and routing line floorplan for the Main and Aux PA paths is shown

in Fig 3-2. This proposed architecture consists of a current mode DPA, a voltage mode DPA,

28



PM driver, AM driver, adaptive biasing R2ZR DAC, and an AM buffer array and a single
transformer output network. 8-bit AM codes control both the output power and adaptive
biasing. The constant envelope PM carrier signal is buffered by a comparator and a digital
driver that then feed the two sub-PAs. The AM signal is digitized to an 8-bit parallel AM
control code and is then fed to the PA to control the numbers of PA cells enabled. The main
path (C-DPA) and Aux path (V-DPA), which are distributed symmetrically along the output
feedline, apply a fork shape configuration to minimize the phase offset and deliver PM signals

evenly to the Main and Aux paths.

3.2.1 Single Transformer Broadband Load Modulation Network for Hybrid

Voltage/Current DPA

This design utilizes a single footprint parallel-combining transformer to achieve the
broadband Doherty power combining network [67]. The transformer occupies 430pum X
430um die area. Figure 3-3 shows the proposed single footprint transformer load
modulation output matching network. To achieve the desired impedance transformation
ratio and enhance the quality factor, the three-coil parallel-combining transformer is
implemented with nine turns, of which three turns are the two primary inductances
(connected to the Main and Aux path PAs) and the other six turns are the secondary
inductance (connected to the 502 antenna load). The passive efficiency of this single
footprint transformer at the peak PA output power is shown in Fig. 3-4. Note that this
proposed load modulation architecture doesn’t need a large switch in the aux path to
provide a short, because the voltage mode PA used in Aux path provides a low impedance
when turned off, supporting a very compact formfactor. However, if a current mode PA is
used in the Aux path, when the current mode is turned off, a switch is then required, because

the current mode DPA shows high impedance when turned off, which will load the PA
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Figure 3-3 Proposed single footprint transformer as the DPA output matching
network. Note the Main-path AP is current-mode, while the Aux-Path PA is voltage-
mode.
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output passive network and degrade its efficiency. To the author’s knowledge, this is the
first demonstration of power combing current mode and voltage mode DPAs in a single

transformer footprint by using a single transformer-based parallel combining network.

Note this output passive network is not designed to realize any impedance inverter
properties to ensure its broadband operation, since the turning-on sequence of the
voltage/current-mode PAs perform effective Doherty active load modulation. This is
detailed as follows. The output voltage swing in the differential current mode[74] and

voltage mode PAs [11], with n out of N unit cells turned on are as follows:

n -1
Vout_Current_mode =TT (N) X Vbp (3-1)
4 /n 3-2)
Vout_Voltage_mode = E (N) X Vpp (

The impedance at the main and Aux PA output for a Doherty PA can be derived as equation

(3-3) and (3-4):

R, (3-3)
ZMain = —V
1+ Aux
Main

7 = Ry (3-4)
Aux ™ VMain
1+ V—
Aux
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Figure 3-4 EM simulated passive efficiency of the PA output.

where Vmain and Vaux are the Main and Aux amplifier voltages, respectively. Replacing
equations (3-1) and (3-2) into (3-3) and (3-4) the impedance presented to each PA can be

derived as

1 (3-5)
Zmain = Ry 4 2n+m
L+ X ow— )
1 (3-6)
ZAux = RL T[Z 2M _ 1
(1+ T Xt m)

where M is total number of bits for VDPA, and m and n are the number of “ON” power

cells of VDD mode and 2VDD mode in VDPA, respectively. Thus, depending on the AM
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turn-on sequence, each PA experiences proper active load modulation, achieving deep PBO

efficiency enhancement.
3.2.2  Overall Operation of Proposed DPA Architecture

The proposed hybrid single footprint transformer digital PA combines one main
path C-DPA and one Aux path V-DPA, Class-G DPA, to achieve built-in AM-PM
compensation and PBO efficiency enhancement. In the low power region, as the output

power increases, current DPA cells sequentially turn on until 5.2 dB PBO shown as Fig 3-

Zant

B

5 (a). At this time, if the output voltage of Main and Aux path are equal, it would be 6 dB
= (Main Path -)
(a)

"
(Main Path +) %
=
Zant
] - [
(Main Path +) (Aux Path +)
] I

(Aux Path -) ) (Main Path -)

(b)

Figure 3-5 Block diagram of (a) Main operation (5.2 dB PBO) (b) Main and Aux
operation (2.2dB PBO or 0 dB PBO).
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PBO after all the cells of Main path are turned on like conventional Doherty structure,
however the proposed architecture has different output voltages and impedances between
main path and Aux path as shown in equation (3-1) ~ (3-4), thus when all the cells of Main
path are turned on, theoretically, it achieves an efficiency peak at 5.2 dB PBO due to
Doherty load modulation. After all the cells of the main path are turned on, the unit cells
of the Aux path are gradually turned on in VDD mode. When the cells of Aux path are
fully turned on to VDD mode, the overall PA achieves an additional efficiency peak by
class-G operation at 2.2dB PBO, and then the Aux PA cells are gradually turned on to
2VDD mode as well (Fig 3-5 (b)). Figure 3-6 illustrates the efficiency, load impedance,

and overall turn-on sequence of each PA operation.

3.3 Theory of AM-PM Distortion of Digital PA

There are two main sources of linearity distortion for PAs, AM-AM and AM-PM
[82]. Since AM-AM distortion can be compensated through proper selection of the AM
control code [34], we will focus on AM-PM distortion. The principles for the occurrence
of AM-PM distortion the methods to improve/compensate for it regarding the current mode

DPA and the voltage mode DPA, respectively are described below.

3.3.1 Current Mode Digital PA AM-PM Compensation

We will first review the behavior of conventional current mode, class-D™! PA, and
its main causes of AM-PM distortion. Figure 3-7 shows the schematic for class-D' PA
composed of N-bit segment binary-weighted cells. The nonlinearity of the current mode

DPA is mainly caused by the output capacitance Cq variations against output power
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36



Vref_H -‘VZWR 4\5\, R Vbias
2R 2R 2R

Vref L [ Tvref H [ Tvref H [ Vref H
(a)

1T 11 21 31 4 51 61 71 81 91 101 111 121

Code
(b)

Figure 3-8 (a) Schematic of R2ZR DAC (b) Simulated results of adaptive biasing.

level [34]. C4 can be derived as Cgq + (1-1/]A]) X Cqgs, where Cgs is the total effective
capacitance between the drain and the source of M> and A is the voltage gain of the cascode
transistor (M2) [83]. First the Cgq of the cascode transistor (M2 in Fig.3-7) is varied

according to the device operation region as the below equations (3-7) -(3-9) [84].
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WLC,, (3-7)

ng_triode = + WCoy
ng_saturation =WCoy (3-8)
Cga_orr = WLCoy (3-9)

where W is the cascode transistor gate width; L is the gate effective length; Cov is the drain-
gate overlap capacitance; and Cox is the gate-oxide capacitance. As more digital cells are
turned on, the output voltage swing of Voue node increases. At this time, since the gate bias
is fixed, as Vou increases, M» operates in the triode region for a longer period, which
increases Cq. In addition, when the power cell is turned off, Cq = Cgd ofr, since Cgs is
terminated with high impedance, providing low capacitance. In summary, as more cells are
turned on in the conventional current mode DPA, more cells operate in triode for longer
periods, hence the total PA output capacitance increases as a function of output power.
This modulated capacitance shifts the resonance frequency, which causes AM-PM
distortion as shown in Fig.3-7 (c). As the output power increases, the AM-PM goes
increasingly negative, and we call it as lagging AM-PM. To reduce the time-period during
triode region, we use adaptive biasing on the cascode device. As more cells are turned on,
the bias voltage is decreased as shown in Fig.3-8 (b). This operation shortens the interval
in the triode region, which reduces the capacitance variation over output power. As shown
in Fig. 3-9, employing adaptive biasing reduced the total AM-PM distortion from 11.3° to

6.7° at 2.4GHz.
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3.3.2 Voltage Mode Digital PA AM-PM Compensation

In this section, we analyze and show the AM-PM distortion behavior of voltage
mode digital PA, conventional SCPA, and class-G. As shown in Fig.3-10, the conventional
single-ended SCPA consists of an M-bit binary weighted unit cell and a bandpass matching
network. The output power level is determined according to the number of cells turned on
by the AM code selected (m), whose bottom plates are switched between Vpp and GND at
the carrier frequency. The capacitance of the unswitched cells (2M-(m+1)) x C, is shorted
to ground, while the capacitance looking into the switched-on cells is m x Cy. Hence, the
equivalent capacitance (Cou) looking into the PA continue to be (2M - 1) x C, regardless of

number of cells turned ON. Hence, the inductance (Lind) continues to resonate at the same
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Figure 3-10 Schematic of conventional SCPA
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frequency, and we can assume there is same phase between Vx and Vou. On the other hand,
the equivalent capacitance Ci, observed by the PA cells changes as a function of number

of cells turned on as follows:
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m(2M — (1 + m)) (3-10)
in = oM _ | X Cy

where M is the total number of bits of the SCPA, and m is the number of “ON” SCPA
power cells. The charging/discharging time (At) of Ci, can be expressed as the following:
(3-11)

Vs
At:CinXW

where I is the current driving strength of the SCPA unit power cell. Ci, is substituted in (3-
11) and as a result, the transition charging/discharging time (At) at Vx can be further derived

as [81]

m )VDD (3-12)

2M 1) |

At=Cyx(1- :

As shown in this equation, the larger the number of unit cells (m) turned on, the shorter the
transient time, corresponding to a positive frequency shift, and a corresponding leading
behavior, which is inverse from the current mode DPA AM-PM distortion. We can expand
this concept to the class-G DPA. A voltage mode amplifier can be represented as a
capacitive divider, and Fig. 3-11 and Fig. 3-12 show the VDD mode and 2VDD mode of
class-G operation respectively. In class-G VDD mode, AM-PM distortion demonstrates a
leading behaviour, the same as the conventional SCPA. However, when operating in the
2VDD mode, it can be expressed as a capacitive divider with two input sources as shown

in Fig.3-12 and it can be expressed by the following charging/discharging equation:

43



Cin = Cypp + Covpp (3-13)

2M +n + 1) Vob (3-14)

At = X
tC”(ZM—l I

where n is number of tuned on unit cells as 2VDD. As summarized in Fig.3-11, for VDD
mode, as the number of VDD cell (m) turned on increases, the charging/discharging time
becomes shorter, which illustrates the leading AM-PM distortion behaviour. However, in
the case of 2VDD mode shown in Fig.3-12, as the number of unit cells (n) transitioning
from VDD to 2VDD is increased, the output power increases, the charging/discharging
time becomes longer, and lagging AM-PM distortion behaviour occurs. Looking at the
simulation results of class-G operation, as shown in Fig.3-13, the efficiency improves at
6dB PBO thanks to class-G operation[27], and at the same time, the AM-PM distortion
direction transitions from leading to lagging, and hence compensates itself. The magnitude
of leading AM-PM distortion of the V-DPA can be manipulated by the driving strength of
the SCPA power cells and the size of Cy, which is a direct trade-off with the efficiency and

output power[81].
3.3.3  AM-PM Operation of Proposed Architecture

The AM-PM non-linearity as a function of the output power level is self-
compensated by the proposed architecture. First, the AM-PM distortion of current mode
DPA has a lagging (negative) behavior according to output capacitance. However, it is
mitigated by adaptive biasing. Second, as the DPA in the voltage mode DPA is turned on
in VDD mode, the direction of AM-PM distortion is changed to the leading (positive)

behavior, opposite to the previous current mode, which is a characteristic of the hybrid
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(current/voltage) operation. Third, the AM-PM distortion behavior changes its direction
back to lagging as the cells in the Aux path change to 2VDD mode. Figure 3-14 illustrates
the simulation results of the AM-PM distortion that changes as each mode is operated in

proposed architecture.

3.4 Measurement Results

Class G DPA
= Aux Path

Figure 3-15 Chip microphotograph

A proof-of-concept hybrid polar Doherty DPA is implemented in the Globalfoundries
45nm CMOS SOI process with a chip size of 2.57mm x 1.98mm including all decoupling
capacitors and electro-static discharge (ESD) I/O pads (Fig. 3-15). This is a fully integrated
DPA design with C-DPA and V-DPA power cells, adaptive bias, output passive network, AM
and PM drivers. The chip is mounted on an FR4 PCB board and wire-bonded to facilitate the
probing-based testing. The DC supplies are 1.1V and 2.2V for class-G operation. We first

characterize the DPA using continuous wave (CW) signals with a 50Q standard load. A single-
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Figure 3-17 Modulation measurement with 20Msym/s 64-QAM at 1.2GHz

ended phase modulation (PM) signal is first converted by an off-chip balun (Krytar4010180)
to generate the differential signals and fed to an input PM driver. The AM sequence is
controlled using an USB-1024LS with custom LabVIEW code. The amplified single-ended
output signal is measured by an RF power meter (Keysight N1913A). Figure 3-16 summarizes
the CW measurement results. The measured Peak Pout is 21.8dBm at 1.2GHz and 1dB
bandwidth is from 1.2-2.4GHz, which fractional bandwidth of 66%. The peak DE is 37.8% at
1.4GHz and DE is 33.8%/29.3%/20/4% for the peak/3dB/6dB/ PBO at 1.2GHz, which
demonstrates 1.2%/1.22x PBO efficiency enhancement, compared to the ideal class-B. The PA
is then characterized with modulation. Desired complex modulation signals are synthesized in

Advanced Design System (ADS) and decomposed into their corresponding AM and PM
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signals for polar operation. The memoryless 1-D AM-AM lookup table (LUT) for each PA is
made based on the characterized CW test and a pattern generator (Keysight 16822A) generated
the 8-bit AM control LUT. The PM signals are generated by the arbitrary waveform generator
(AWG) (Tektronix AWG7002A). Since the timing alignment between AM path and PM path
is very critical for the modulation performance[31], we used a pulse function generator
(Agilent 81160A) to generate the trigger pulses for AWG and pattern generator to synchronize
the AM and PM signal with a fine control delay. The output signals from the PA are
demodulated by a real-time oscilloscope (Keysight MSO840A). Figure 3-17 shows the
demodulated 20MSym/s single-carrier 64 QAM signal at 1.2GHz without any phase pre-
distortion. It achieves 14.8dBm average Pout and 22.8% average DE, 23.48dB EVM and -
25.36dBc ACLR. Table 3-1 shows the comparison of the proposed hybrid single transformer
with state-of-the-art RF CMOS digital PAs. This proposed the single transformer footprint
hybrid current-voltage digital Doherty PA achieves broadband operation compared to the state-

of-the-art.

3.5 Conclusion

This chapter present a compact broadband hybrid current/voltage mode digital
Doherty PA with a single transformer as its output network and built-in large-single AM-
PM distortion compensation, which is capable of supporting large PAPR and high-speed
modulation signals without any DPD linearization. An adaptive biasing scheme is proposed
to minimize the current mode DPA’s inherent AM-PM nonlinearity. Class-G operation

within the voltage mode PA is introduced to achieve efficiency enhancement and AM-PM
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nonlinearity reduction. A current/voltage mode DPA architecture is proposed to support
AM-PM cancelation, removal of unnecessary switches, and support load modulation

within a single transformer network.
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CHAPTER 4. A COMPACT CMOS BIDIRECTIONAL DIGITAL
TRANSCEIVER FRONT-END WITH CAPACITOR BANK AND

TRANSFORMER MATCHING NETWORK REUSE

4.1 Introduction

Spectrally efficient complex modulation schemes are widely employed to support
the exponential growth in data traffic. However, this places stringent requirements on the
RF electronic frontends, including strict linearity due to high PAPR. Large PAPR also
results in reduced energy efficiency for power amplifiers as the PAs often need to operate
at power back-off (PBO) modes. This poses major challenges in traditional analog RF
transceiver designs. In parallel, with the technology advance and maturity of electronic
frontend at RF frequencies, it is now increasingly important to explore RF transceiver
(TRX) frontend solutions with ultra-compactness to support low-cost small form-factor
high-volume applications, such as [oT and portable mobile devices. Most existing analog
TRX systems consist of chains of separate TX/RX functional blocks (Fig.4-1) with
corresponding inter-stage matching/filtering networks to ensure performance, making
further area-reduction difficult. In contrast, digital TRXs realize multiple block
functionalities within a single block to drastically reduce the overall TRX complexity and
overhead. For example, the digital TX contains digital-to-analog converter (DAC), mixer,
filters, and the PA all together[11], and thus they offer excellent RF performance within a
compact area. In addition, the digital TRX has performance compatible with aggressive
CMOS process scaling and supports extensive reconfigurability and wideband operation

for multi-band multi-standard radios. Therefore, there is recently a surge of interest to
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explore high-performance digital TRX frontends. Digital PAs (DPAs), a key building block
within the digital TX, have been studied extensively[20, 74, 85] and can be broadly divided
into two general categories. One is the voltage-mode DPAs such as the switched capacitor
PAs (SCPAs), which achieve good linearity and efficiency, but also suffer from limited
output power, since their output voltage swing is lower than the supply voltage[19, 26, 69,
76]. An alternative is the current-mode DPA such as the inverse class-D, which realizes
higher output power as its output voltage swing can exceed its supply voltage, but may
exhibit large nonlinearities due to distortion[13, 33, 73, 75], except for some recent designs
for AM-PM compensation [34]. Due to the increased PAPR in complex modulation
schemes, PAs with PBO efficiency enhancement have become essential to ensure overall
high system efficiency[5]. A fully integrated digital Doherty PA was first demonstrated
in[86]. Examples include class-G PAs[27, 51, 87] with digital supply modulations, and

Doherty PAs[12, 56, 67, 88, 89] and Outphasing PAs[58, 59, 63, 90] with active load
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modulations. Other solutions include the Sub-Harmonic Switching (SHS) PA[28, 78, 91]
and the Switched/Floated Capacitor Power Amplifier (SFCPA)[29, 92] with tri-state
floating capacitors. Recent designs also demonstrate hybrid use of voltage- and current-

mode PAs in digital Doherty PAs for balanced linearity and efficiency performance[81].

In parallel, Mixer first RX architectures have attracted extensive research focuses
as well for wideband, compact, and high dynamic range radios[40, 93, 94]. In particular,
the N-path mixer-first receivers are a popular choice due to their inherent capabilities of
high linearity, sharp and tunable front-end filtering, and wideband carrier frequencies[43,
45, 95-100]. The N-path mixer-first RXs also potentially consume low power due to the
removal of the LNA and are area efficient due to their inherent reconfigurable bandpass
filtering, removing the need for bulky and narrowband SAW filters. Recent designs also
show that mixer-first RXs can be extended to wideband high mm-Wave frequencies[50,

101, 102].

While RF digital TRX frontends naturally offer excellent RF performance,
reconfigurability, and wideband operations, they commonly rely on architectures based on
binary and/or unary arrays of sliced active and passive devices, resulting in a substantial
area overhead compared to their analog RF counterparts. For digital TXs, the current-mode
digital TXs require a large array of class-D™! RF current sources, while the voltage-mode
switched capacitor digital TXs require a large capacitor bank with scaled switches. In both
cases, sliced PA arrays require large binary/unary array configurations to ensure high
Effective number of bits (ENOB), e.g., 8-bits to 14-bits[103] and high TX dynamic range.
Although mixed-signal PAs with hybrid analog/digital configurations substantially reduce

the ENOB requirements and achieve super-resolution, they require separate analog paths
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and are not fully digital in nature[52]. On the other hand, N-path mixer-first RXs require

large differential capacitor banks as well, which scale with the quadrature operations and
number of N-paths. In summary, although digital RF TRXs merge multiple functional
blocks, their practical implementations often exhibit large chip areas fundamentally due to

their nature of sliced digitized operations.

In this chapter, we propose a compact CMOS broadband bidirectional digital TRX
frontend with capacitor bank and transformer matching network reuse. The bidirectional
digital TRX functions as a class-G digital Doherty switched-capacitor TX in its TX-mode
and an N-Path quadrature differential RX in its RX-mode[65]. To radically save chip area,
we exploit extensive sharing of the switched capacitor banks and the TRX-antenna
transformer matching networks in the TX- and RX-modes combined with inherent digital
TRX configurability. Moreover, the bidirectional digital TRX front-end eliminates the
need for an integrated T/RX switch, hence eliminating the area overhead and loss/linearity
constraints of the T/RX switch. This chapter is organized as follows. We present the
proposed bidirectional digital TRX architecture, its operation and theoretical analysis of
the digital class-G Doherty switched-capacitor TX in Section 4-2. The detailed circuit
implementation is described in Section 4-3. Section 4-4 presents the measurement results

and comparison with the state-of-the-art works. Section 4-5 concludes this chapter.
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4.2 Operation of Bidirectional Digital Transceiver

Figure 4-2 shows the architecture of a 2-way digital TX, an N path mixer-first
receiver, and the proposed bidirectional digital transceiver. The 2-way digital TX can
operate as a 2-way digital Doherty TX with parallel power combining. The proposed
bidirectional digital TRX merges a 2-way switched capacitor digital TX and an N-path
mixer first receiver together through passive reuse. The transformer-based TRX-antenna
interface matching network is shared by the TX and RX operations. As on-chip transformer
antenna interface banks (Cy), which often occupy a large chip area of the switched capacitor
PA and N-path switched capacitor RX, are now shared between the TX/RX modes in our
bidirectional TRX architecture as well. Finally, our proposed TRX architecture eliminates
the need for an integrated T/RX switch. This reduces antenna-interface loss/linearity
constraints and further saves chip area, which improves the overall TRX system

performance, such as NF, output power, linearity, and energy efficiency.
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4.2.1 Digital Transmitter Operation Mode
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Figure 4-3 TX/RX operation of proposed bidirectional digital TRX frontend

In the TX mode, the proposed digital TRX frontend consists of two PA paths in a

parallel transformer-based power combining. The two PA paths serve as the main and

auxiliary (Aux) paths, thus realizing a 2-way parallel Doherty PA configuration [55]. A

class-G 2-level supply modulator is added to the 2-way switched-capacitor Doherty PA to

boost the backoff efficiency (Fig. 4-3). The TX mode is divided into two operations, the
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VDD mode and 2VDD mode, depending on the class-G operation and the output power
level. While in TX mode operation, the main path operates exactly the same as class-G
operation and the transistors (M17~Mj9), which is not related to TX operation in Aux path,
are turned off. Thus, it acts identically to class-G operation. The transistor, M3 is added to
prevent breakdown when the TX operates in 2VDD mode. In this operation, we adopt the
natural supply transition class-G architecture[27] to minimize phase discontinuity. The
proposed TX operation is the following. As the output power increases, each Main
switched capacitor PA cell turns on sequentially until 12dB PBO. When the Main cell path
is fully turned on, the Aux cells gradually turn on, which improves the efficiency peak at
6dB due to Doherty load pull operation. After the Main and Aux PAs are fully switched on
to VDD mode, the Main PA cells are gradually switched from VDD to 2VDD mode. This
improves the efficiency at 2.5dB PBO, and then the Aux PA cells are gradually turned on
to 2VDD mode as well. The complete turn on sequence is detailed in Fig. 4-4 (a)-(c)-(d)-
(e). An alternative turn-on sequence is the following. All the cells of the Main path are
sequentially turned on to VDD mode (up to 12dB PBO) and then sequentially switched to
2VDD mode (up to 6dB PBO). Then, for the Aux cells, we gradually turn them on to VDD
(up to 2.5dB PBO) and change them sequentially to 2VDD mode (Fig. Error! Reference
source not found.4-4 (a)-(b)-(d)-(e)). We explain in detail below the differences between
the two turn-on sequences and how they work within the proposed structure. The major
performance equations V¢, Poyt, Qioad, N(DE) of differential class-G SCPA in Fig.4-4
are given below[87]:

2 4-1
Vout = ; [(ZmM + nM + ZmA + nA)Vdd] ( )
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Vout? 1 2 " 5 (4-2)
out — Z—RL = R—LFVdd (ZmM + ny + ZmA + nA)

0 = 2nfL 1 (4-3)
toad = “p = T 2nfCR,

y = Pow _ 1 (4-4)
Pout + Peq + Poy 1_|_PCd _|_PS_W
Pout ~ Pout

where, m, n, and Qioad are the fraction of unit cells operating in 2VDD mode, the fraction
of unit cells operating in VDD mode, and the loaded quality factor of the output matching
network (OMN), respectively. In addition, the subscripts M and A indicate the Main and
Aux path, respectively. The power dissipation of capacitive divider (P.;) and switching

loss (P;,,) are defined as the following[26]:

Pg = [4my (1 —my) — dmyny +ny (1 —ny) + (4-5)
4mA(1 - mA) - 4'mAnA + nA(l - nA)]CVDZDf

Via” (4-6)
= dd _f (4mM + nM + 4'mA + +nA)
2nRoN fsw

Pow

When we look at the losses relative to the power delivered to output matching network, it
can be seen that P.; of different sequences are the same regardless of the operation

sequence but P, is different according to each sequence following by below equation.

Pow Ry [ (4my +mny +4my + +ny) (4-7)
Pout 4 Ron fsw (zmM + ny + 2"’-A + nA)Z
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Figure 4-5 Comparison of a conventional SCPA and the class-G turning on sequences
of a 2-way Doherty PA (a) Normalized DE (b) Load impedance (c) Normalized
capacitive divider loss (d) Normalized switching loss (Qioaa=1, Ron =30hm, fsw=24GHz,
f=2.4GHz)

Where, R,y and f denote on-resistance and operating frequency, respectively.

Letting A = %ﬁL , the relative switching loss to the power delivered the output

on Jsw

matching network at 6 dB Back off depending on the sequence becomes the following:

Pow . _ (4-8)
o (6dB,Fig.4.(b)) = A
Psw (4'9)

, 1
Pout (6dB,Flg. 4, (c)) = EA

Figure 4-5 shows the results of the normalized efficiency, load impedance and normalized

losses according to sequence (a-b-d-e) and sequence (a-c-d-e) assuming that other losses
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Figure 4-6 (a) Overall operation in RX mode of proposed bidirectional TRX and (b)
Schematic operation of RX mode.

(Insertion loss, conduction loss) are the same. From these results, the TX operation uses

sequence (a-c-d-e) method in order to have the best PBO efficiency performance.

4.2.2 Mixer First Receiver Operation Mode

The overall operation of the mixer first RX and the equivalent circuit schematic
operation are highlighted in Fig. 4-3 and Fig. 4-6 (a)-(b). During RX mode operation, VDD
is connected to the gate of M (Ve <I> in figure 4-3) of the Main path, and the Main path is
shorted to GND through M1, resulting in a low impedance. Since the TX cells are turned off,
this is equivalent to the TX operating in the very low power region. Therefore, due to the
Doherty operation of the OMN, the impedance presented to the Aux path increases,
enhancing OOB linearity and voltage gain. For the Aux path, the transistors associated with

TX operation are turned off and floated (M11-M¢) as detailed in figure 4-3. Therefore, the
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TX path inherently has minimal impact of the RX operation and hence it is possible to

perform RX operation properly without an additional switch in the Main PA path.

In the RX mode, the proposed circuit performs bottom plate sampling to achieve
better linearity by reducing the modulated on-resistance[48]. The RX operation in our
proposed architecture adopts the capacitive stacking technique to achieve additional voltage

gain for enhanced sensitivity [15].

We now detail the conceptual operation of the proposed receiver cell. To ease the
analysis, we assume that Vrr consists of a single sinusoidal wave input, and we consider the
behavior of a bottom plate N-path mixer first receiver with resistor and capacitors as shown
in figure 4-6. The switches are ideal and have negligible on resistance. We assume the RC
time constant is much larger than the on-time (Ton) of the switch. All the switches are driven
by 4-phase non-overlapping 25% duty-cycle clocks provided by a divide-by-2 circuit. As the
single-ended RX input is converted to a differential signal at the N-Path mixer through the
transformer-based balun, the output is differential quadrature as well. The capacitor, Cya,
which is connected to the bottom plate, is connected to the read-out capacitor (Cp) though
the switch, Mig. After a large number of switching cycles, each capacitor is assumed to have
stored the average value of the input signal seen during its ON-time. Applying a 180-degree
LO to My turns on and turns off the M7 operating in different phases. Since this structure
uses a 4-phase clock for quadrature receiving, we can ensure that the voltage charged to Cua
and the voltage charged to Cyp are anti-phase. Therefore, the read-out capacitor, Cyp, can get
as much voltage gain as the Cya and Cup combined. The voltage at each Cy is the down-

converted baseband voltage stored in the capacitor because fin = fio. This results in a 6-dB
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voltage gain occurring similarly at 0°, 90°, and 270°. For these in-band signals, the baseband

(BB) current is converted to a BB voltage Vgg via transimpedance amplifiers (TIAs)[49].

4.3 Proposed Bidirectional TRX Architecture

Parallel

Digital Dohery Tx prggg oy Digital
Aux Path or Digital 53 -y | Power Doherty Tx
RxPath i el Main Path
x2 2ypD VDD to Support

CtlQ Cﬂ|

Desired Ctrd T, Ctr2
Loading for ‘_E : i

Tx and Rx "é.;_l foues :]M

Operation

i1l

:
=i Driver

Digital N-path Rx Non- =
overlapping LO clocks i N

i gbitAM |

code jers Sycw I
---------------- S (Y o awp
Dlgltal Doherty Tx ] t 3 [ SRS e Rt RIS J
AM Digital Code

Phase Modulated (PM) Digital
Doherty Tx Input

Figure 4-7 Top schematic of proposed architecture

Figure 4-7 shows the top schematic of the proposed bidirectional digital transceiver
with single transformer footprint parallel Doherty output matching network. This proposed
structure consists of a parallel Doherty OMN, a conventional class-G DPA, a newly
proposed T/RX class-G PA, Phase modulated (PM) digital TX input driver, RX 4- phase
non-overlapping clock, an 8-bit AM driver and an RX op-amp. In TX mode, the Main and
Aux path are controlled by an 8-bit AM code. 1 bit enables the RX mode, and when
enabled, all schematics related to TX are disabled as shown in figure 4-3. The proposed

transceiver is implemented in 45nm SOI CMOS process with 1.98mm x 2.57 mm chip area
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(including pads). The IC is wire bonded to a PCB to provide DC and control inputs and the

RF is probed.

4.3.1 Proposed Bidirectional T/Rx Schematics

s :
Conventional
VDD 2VDD Digital Tx Class G

Cell Layout

M IVctI<4>M4 IVctI<2>

Veti<3>
A M Vdd g

Il
To OMN c'u'
IM<1>

Conventional Digtial Tx ~
Class-G Unitcell Schematic

(a)

C. Reused (Proposed Digital
takesup  YEP 2VDD TRx Cell Layout 4o 8%™
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\',1;._ ! : IVdd g

IRx_ln Mo} Vcti<1>

c Digital TRx Unit Cell Unit Cell Area
T n  Schemae :
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Figure 4-8 Schematics and layout of (a) Conventional class-G unit cell (b) Proposed
digital T/RX class-G unit cell.
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Figure 4-9 Simulated results of proposed T/Rx structure and conventional Tx
structure (a) Output power (b) Drain Efficiency (¢c) AM-PM distortion.

Figure 4-8 shows schematics and layout in detail. Figure 4-8 (a) shows the schematic and
layout of the conventional class-G unit cell. It occupies a total area of 623um? Within the
cell, the capacitor size occupies a high area overhead, accounting for 47% of core area in
class-G switched capacitor PA unit cell. Figure 4-8 (b) shows the schematic and layout of
the proposed bidirectional T/RX cell. The value of shared capacitor is the same, and layout

is approximately 740um? primarily due to the additional required read out capacitor (Cp) for
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the receiver. By sharing the capacitors that occupy the largest area in the SCPA and N path
mixer first receiver, we can add the RX functionality with an additional area overhead of
only 19%. In addition, the Aux TX path is extended to share with the RX mode. The Aux
TX path is chosen for the TRX sharing because the Doherty Aux path typically has lower
impact on the overall TX gain and linearity compared to the Main path[52] . Figure 4-9 shows
the simulated Tx results with conventional class-G structure and newly proposed T/RX class-
G structure. As we can see in the Fig. 4-9, the results of newly proposed T/Rx structure are

almost same as conventional class-G.

4.3.2  Output Matching Network (OMN)

The 3-D EM model of the single footprint output network and its simulated passive
efficiency according to frequency are shown in Fig. 4-10. This OMN supports Doherty
operation and parallel power combining. The OMN occupies an area of 0.212mm?. It
achieves a wide band operation from 1.2GHz to 5GHz with a loss less than 1dB for the
band of interest. Figure 4-11 shows the output waveforms of the Main and Aux paths when
the RX mode and TX mode are enabled for operation, and the corresponding load
impedance seen in each path during the operation. Note that there is an inherent tradeoff
between the transmitter and receiver. In the RX mode, high input impedance is desired to
get better OOB linearity (IIP3)[15]. However, in TX mode, the output impedance should
be proposed lower to increase the output power. To meet these requirements, this proposed

circuit uses parallel Doherty output matching networks. In RX mode, the Main path is
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Figure 4-10 (a) 3-D EM model of single footprint transformer (b) Simulated results

of passive efficiency.

turned off and is low impedance thanks to voltage mode operation [81]. Thus, its

impedance is around 50 ohms. For TX mode, each cell turns on gradually according to the

required output power, and the turning on sequence follows as analyzed in Section 4-2 to

get better efficiency in PBO status. Once the Main cell turns on to VDD mode (Fig. 4-11

(b)), the Aux path also turns on to VDD mode (c¢) and thus employs Doherty operation and

achieves backoff efficiency enhancement. After all the turned-on cells are operating in

VDD mode, the Main cells start to turn on to 2 VDD mode (d) and then the Aux cells start

to change from VDD to 2VDD mode (e). The active load modulation impedance of each

PA path is derived below:
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k 2
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1+

where k is the magnetic coupling coefficient of OMN, n is the turn ratio of OMN, m and n
are the number of bits turned on power cell of 2VDD and VDD, respectively. The overall

active modulation results are shown as Fig. 4-11.
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4.3.3 Routing Line Floorplan

In TX mode, the Main and Aux path are controlled by an 8-bit AM code. The Main
and Aux paths consist of 7-bits. Among them, 6-bits control the number of unit cells in an
unary and binary manner and 1-bit controls the supply modulation between 2VDD mode
and VDD mode. There is 1-bit control, Rx-on. When the Rx-on bit is turned

Digital Doherty Tx Aux . .
Path or Digital Rx Path Digital Doherty Tx Main Path

Number of Unitcell
<Tx Mode CTRL Bit>

32

<5>

32

<4> <4>

Figure 4-12 Routing line of Main path and Aux path

on, all the Tx cells are turned off. The Main and Aux cells are distributed symmetrically
along the output feeding to minimize phase offsets. Additional minimum sized cells are

added in the Aux path to balance the I/Q signals when in RX mode.
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4.4 Measurement Results

The bidirectional digital transceiver is implemented in the Global-Foundries 45-nm CMOS
SOI process, and the chip photograph is shown in Fig. 4-13. This is a fully integrated design
with two sub-PAs, output passive network, input TX PM driver and AM buffer array, RX
mode PM driver and op-amp. The dc supply is 2.2V and 1.1V for the PA and drivers
respectfully. The chip is mounted on an FR4 printed circuit board (PCB) and on-wafer

probed for the following measurements.
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Figure 4-13 Chip photograph
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4.4.1 Transmitter CW Measurement Results

Figure 4-14 shows the test setup for CW measurement. The PA is first characterized
using continuous wave (CW) signals with a 50 ohms standard load. A CW signal is
generated by a signal generator (N5193B) (Keysight), converted to a differential signal by
an off-chip balun (Krytar4010180), and fed to the PA differential input. The PA output is
monitored by a power meter (N1913A) to measure Pout and PA efficiency. The AM
sequence is controlled using an USB-1024LS with custom LabVIEW code. Figure 15
shows the measured PA output power and the drain efficiency. The measured peak PA Poy
and Peak/2.5dB/6dB/12dB PBO drain efficiency (DE) are 22.8dBm and
42%/38%/32%/18% at 2.4GHz, respectively. The PBO efficiency enhancement is
1.25%/1.51x/1.72x at 2.5/6/12dB PBO respectively compared to a class B PA. The
measured peak drain efficiency is 49.5% at 1.8GHz. This design supports wideband

operation from 1.8GHz to 3GHz and its fractional bandwidth is 63%.

Tx CW Measurement Setup

LabVIEW
Automated CW
Sweep Program

External DAC (USB 1024LS)
RF PA Output

¥

Phase Modulated RF Signal
Signal Generator (N5193B)

Power Meter
(N1913A)

Figure 4-14 TX CW measurement setup
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Figure 4.15 (a) TX output power and drain efficiency (b) PBO efficiency enhancement
results.
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Tx Modulation Measurement Setup
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Figure 4.16 TX modulation measurement setup

4.4.2 Transmitter Modulation Measurement Results

The PA 1is then characterized with modulated signals. High-order modulated signals
are generated in advanced design system (ADS) and separated into AM and PM signals for
polar operation. The memoryless 1-D AM-AM lookup table (LUT) that can be readily
generated is used to control the desired AM signals. The AM-AM LUT is generated by a
pattern generator (Keysight 16822A) for the modulated AM signals. An arbitrary

waveform generator (Tektronix AWG7002A) generates the RF PM signals (64-QAM).
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Figure 4-17 TX modulation results at 1.6GHz, 2.2GHz, 2.4GHz, and 3.0GHz without
any phase compensation

The output signals from the PA are demodulated by a real-time oscilloscope (Keysight
MSO840A) or Spectrum analyzer (Keysight N9040B). A pulse function arbitrary generator
(Agilent 81160A) triggers 16822A and AWG7002A to synchronize the AM and PM
signals with a fine delay control. We use single-carrier 64-QAM with 20Msym/s for
modulation tests. Figure 4-17 shows the demodulated error vector magnitude (EVM),
adjacent channel leakage ratio (ACLR), average output power (Pavg), and average
DE(DE.ave) with single-carrier 64-QAM at 1.6GHz, 2.2GHz, 2.4GHz and 3.0GHz. The

measured Poutaye value is 14.6 dBm with 25.8 DEav.. The measured EVM is 4.4%, while
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the ACLR is-32.1/-31.3 dBc at 1.6GHz. Note that no DPD is performed during modulation
tests. The TX performance summary of the proposed bidirectional transceiver and the
comparison with other state-of-the-art digital transmitters is shown in Table 4-2. We
achieve competitive efficiency, bandwidth, and area with respect to the state of the art

while also supporting embedded RX functionality.

4.4.3 Receiver Results

Rx CW Measurement Setup

LO Signal

Signal enerator (N5193B) ‘

Signal Generator (N5173B)

Balun
(Krytar 4010180)

Spectrum Analyzer  Oscilliscope
_ __(MSOS840A)

Power (\:};m biner
(RF Lambda
RFLT2W9DC 67G)

Active Probe Pair (N5193B)
(N2795A)

Figure 4-18 RX modulation measurement setup

Figure 4-18 shows the test setup for RX measurement. A CW signal is generated
by a signal generator (N5193B) (Keysight), converted to a differential signal by an off-
chip balun (Krytar4010180), and fed to the LO differential input. The input signal is fed to
the mixer first receiver and the I/Q outputs are used to measure gain. We achieve a

conversion gain of 17dB from 1.6GHz to 3.0GHz with 12 MHz bandwidth. RX has a low
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return loss of <-10dB across the operational bandwidth, i.e., FLo = 1.6 to 3GHz. The OOB
IIP3 is -30dB and OOB IIP2 is -59 dB. The proposed front-end achieves <-60 dBm. LO
leakage across the operation frequency range. Figure 4-19 shows the RX performance
summary of the proposed bidirectional transceiver and the comparison with other state-of-
the-art N path mixer first receivers is shown in Table 4-3. As we can see from the results,
this proposed architecture is implemented with a small area compared to the state of the art

due to the transformer and capacitor reuse.

4.5 Conclusion

This Chapter presents a bidirectional digital transceiver architecture by sharing OMN and
capacitor banks. The proposed new architecture exhibits the highest peak DE and a
competitive bandwidth. Furthermore, this proposed design supports additional receiver
functionality without any performance degradation. To the author’s knowledge, this is the
first demonstration of a bidirectional digital T/RX sharing a switched capacitor and single
transformer matching network. This work also presents the smallest RX core area
compared to the reported designs as it shares the capacitors in TX. The potential area
savings and performance enhancement of this design makes it a promising candidate for

compact formfactor applications.
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CHAPTER 5. CONCLUSION

In this dissertation, we presented novel digital PA and digital RF front-end
architectures related to linearity and miniaturization required in modern communication
systems. The presented techniques/works can support a variety of existing/emerging
applications such as [oT, portable devices. More specifically, we present a hybrid current
mode/ voltage mode digital PA and bidirectional digital front-end architecture that uses
one output matching network to support broadband highly linear power combining and
concurrent TX/RX impedance transformation. Continued research on this work will allow
the incorporation of more diverse digital PA technologies, enabling the design of
miniaturized chips with further enhanced linearity performance that can communicate

without the need for DPD.

5.1 Research Summary

In Chapter 2, we review the state-of-the-art digital power amplifier and mixer first
receiver. For digital PAs, they can be divided into voltage mode and current mode. The
structure and operating principles of SCPA in voltage mode DPA and class-D! DPA in
current mode DPA are explained, and the research directions that have been further studied
for each method are also explained. The mixer first receiver also describes the structure
and operation principles and the research trend of the mixer first receiver. The limitations
of all these designs are detailed to properly motivate the proposed two architectures in this

thesis.
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Chapter 3 proposed a single footprint hybrid current/voltage mode digital Doherty
PA with built-in large signal AM-PM distortion compensation, capable of supporting large
PAPR and high-speed modulation signals without any DPD linearization. The principle of
AM-PM distortion in voltage mode DPA and current mode DPA are analyzed and an
adaptive biasing scheme in current mode DPA is proposed to mitigate the AM-PM
distortion. Class-G operation as voltage mode PA was introduced to achieve efficiency
enhancement and AM-PM nonlinearity reduction. In addition, to improve linearity through
a hybrid method, current mode DPA was implemented in the main path and voltage mode
DPA in the Aux path. For the first time, the voltage mode digital PA and the current mode
digital PA were made into a Doherty structure using a single transformer. The chip
prototype achieves a peak PAE of 37.6% with a Pg of over 21.8dBm from 1.2-2.4GHz.
The PA also achieves a 1.2%/1.4x PBO efficiency enhancement, compared to the ideal
class-B at 3/6dB PBO at 1.2GHz. This proposed digital PA supports 20MSym/s 64-
quadrature amplitude modulation (QAM) at 14.8dBm average output power and 22.8%
average PA DE while maintaining error vector magnitude (EVM) lower than -23dB

without any phase pre-distortion.

Chapter 4 presents a bidirectional digital transceiver architecture by sharing OMN
and capacitor banks. Furthermore, this proposed design supports additional receiver
functionality without any performance degradation. To the author’s knowledge, this is the
first demonstration of a bidirectional digital T/RX sharing a switched capacitor and single
transformer matching network. This work also presents the smallest RX core area
compared to the reported designs as it shares the capacitors in TX. The potential area

savings and performance enhancement of this design makes it a promising candidate for
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compact formfactor applications. We also detail the theory on the efficiency as a function
of the order of the Doherty operation in, whereby we propose an optimal order of operation.
The proposed new architecture exhibits the highest peak DE and a competitive bandwidth.
The TX demonstrates a Pout 1dB bandwidth (BW) of 1.6-3.1 GHz, a fractional BW >63%,
and peak output power of 22.5dBm at 2.4GHz. The peak drain efficiency (DE) of the TX
1s 49.5% at 1.8GHz and 41.5%/38.7%/31.6%/18.1% for the peak/2.5/6/12dB power back
off (PBO) at 2.4GHz. The DE improvement compared to class-B PA is 1.24x/1.51x/1.72%
at 2.5/6/12dB PBO. The TX is measured using 64-QAM/20MHz modulation without the
use of AM-PM pre-distortion or pattern based DPD. It achieves an excellent -27.1dB EVM,
-31.31dBc ACLR, 14.6dBm average Pout and 25.8% average DE at 1.6GHz. The RX
achieves a noise figure (NF) of 7.6dB at 2.2GHz and a conversion gain of 17dB with a 12
MHz bandwidth. In addition, the proposed RX front-end achieves < -60 dBm LO leakage

over the operating frequency range.

5.2 Future Work

This research mainly focuses on the new architecture to enhance linearity and to
maximize digital RF advantages by reusing passive components. This dissertation
represents only the beginning of research on this architecture. There is a plethora of
opportunities to extend the application of CMOS digital RF circuits. Several interesting

opportunities for future work are as follows:

1. Although the proposed PA operates broadband, it only operates below SGHz.

PA research on extending the operating frequency is needed to meet the current
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growing data traffic demands. By applying the current mode DPA, which is
advantageous at high frequencies, and the adaptive biasing technique proposed
in Chapter 3, it will be worth studying digital PA that operates without DPD by
improving AM-PM even at higher frequencies.

2. In this paper, the principle of AM-PM nonlinearity of class-D!, SCPA and
Class-G structure was analyzed using time domain. It would be meaningful to
analyze the nonlinearity of AM-PM of each DPA through frequency domain
and study the nonlinearity that changes by power combining through output
networks, including Doherty structures.

3. The new structure of implementing Tx/Rx using capacitors and output
networks, which are passive devices, is now considered to be the same as
opening the door to new research. Based on the new circuit structure used in
this paper it would be worthwhile to study the optimal digital front end by
combining mixer first receiver with various digital PA structures such as SHS

and SFCPA as well as class-G structure.

5.3 Research Publications
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[1]d. Lee, D. Jung, D. Munzer, and H. Wang, "A Compact Single Transformer Footprint
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