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1. Introduction

1.1 Background

In todays mobile world, we expect to be seamlessly connected regardless

of time and space. This seamless connection is provided by the cellular

network, keeping us connected nearly anywhere we go.

The original purpose of the cellular network in 1980’s was to provide

us bare mobile voice connection in most urban areas. From those days,

the cellular network has been developed to provide nearly full coverage

voice and data connectivity we have today. Figure 1.1 illustrates the

operation of the cellular network from the perspective of a mobile device

as it communicates with nearby basestations. When moving out of the

range of a basestation, the mobile device seamlessly switches to another

basestation with a better connection. This seamless connectivity has

made for example watching videos on the internet using mobile devices

convenient, which has lead to exponential data growth over the cellular

network. For example in the first half of 2016, the amount of cellular

data transmitted in Finland was over 14 gigabytes per person in a month,

amounting up to 465 terabytes in total [1]. By the end of latter half of 2017,

the total amount of transmitted cellular data nearly doubled to impressive

812 terabytes [2]. This growth is no longer driven by the growing number of

connected devices, but instead due to emerging applications in our mobile

devices that consume the available bandwidth. The widely adopted 3rd

generation partnership project (3GPP) 4th generation (4G) radio standard

enables theoretical datarates up to 300 mbps by supporting up to 20 MHz

signal bandwidth, although these datarates are rarely achieved in real-life

environments. Consequently, high data consumption per mobile device

combined with high population density generates bottlenecks especially in
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Figure 1.1. Dynamic connection between a moving mobile device and cellular basestations
based on optimal environmental conditions [5]. ©2014 IEEE.

urban areas that necessitate improvements in the cellular network.

The first specification of the emerging 3GPP 5th generation (5G) radio

standard was announced in January 2018, which aims to improve our

mobile connections over the 4G standard [3,4]. Long range communication

is supported with up to 100 MHz bandwidth at 5G frequency range 1

(0.45–6 GHz) (FR1), which mostly co-exists with 4G bands. On the other

hand, extremely high datarates for close range communication in urban

environments are enabled by 5G frequency range 2 (24.25–52.60 GHz)

(FR2) at new millimeter wave bands with up to 400 MHz signal bandwidth.

Based on signal bandwidth alone, 5G enables a significant 5x (or even

20x) increase in datarates compared to 4G. In addition, 5G supports lower

latency than 4G, which is necessary to enable new emerging services such

as augmented reality, industry automation and autonomous driving. 5G

also supports the emerging internet of things (IoT) paradigm, where a

large number of low power and low datarate sensors and devices can be

simultaneously connected to the network. These new emerging services

expand the role of the cellular network to serve as a more generic platform

for wireless communication [5,6]. It is clear that as 5G expands to these

emerging services, a higher level of reconfigurability and new innovations

are needed in basestation transmitter design.

Three aspects drive innovations (and cost factors) in cellular radios on

the device side: integration, digitalization and process scaling of the domi-

nant integrated circuit technology known as complementary metal oxide

semiconductor (CMOS). Higher integration levels are essential in the cel-

lular market, due to its complex and competitive nature. A chip that

integrates a complex circuit entity is known as a system-on-chip (SOC),

which enables faster design time, smaller area, less power consumption

and a smaller bill of materials when manufacturing complete mobile de-
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vices. As a practical example, the cellular frequency bands are fragmented

due to incompatible spectral allocations in different countries around the

world. Hence, a cellular radio transmitter should be capable of operating

on several frequency bands. In conventional implementations, several

parallel transmitter front-ends are required, each operating at dedicated

frequency bands. In order to decrease the amount of cost associated with

several transmitter chips, several radio frequency (RF) front-ends can be

integrated on a single chip.

An evident step forward in integration is to have a single reconfigurable

RF front-end that can be used to operate on several frequency bands. This

can be achieved by digitally tuning the characteristics of the RF front

end circuits. The trend exceeds past this however, as digital control can

also be used to reduce mismatches in analog sections of the transmitter

by calibration, thus enabling improved performance over conventional

analog architectures. Consequently, the radio transmitter RF front end is

becoming more and more digital.

The final aspect that accelerates the migration towards SOCs is CMOS

process scaling. CMOS process scaling mostly improves the performance

of digital signal processing (DSP) at the expense of analog circuits. This

means that the speed, power consumption and area of digital logic cells im-

proves in each new node. Modern CMOS enables high-speed synchronous

DSP with the capability to replace analog signal processing up to several

gigahertz frequency. The steady decline in nominal supply voltages also

significantly decreases the power dissipation of digital circuits. Analog

passive devices used for example in filters do not scale with similar pace as

digital logic cells and their physical sizes remain large in RF applications,

making them bulky and expensive compared to digital logic.

Integration and the use of digital circuits have given rise to the software-

defined radio (SDR) paradigm. The main idea of the SDR concept is that

the radio connection could be configured to operate in any environment.

A prequisite for this is that all the properties of the transmitter and

receiver can be controlled with software. In order to enable complete

reconfigurability of a SDR transmitter, the digital-to-analog (D/A) boundary

should be pushed as close to the antenna as possible. The final step before

the antenna thus becomes D/A conversion of digital bits into an analog

radio signal.

Conventional D/A converters operate in amplitude domain, where a digi-

tal codeword is converted into a corresponding level of voltage or current.
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This approach does not benefit from CMOS process scaling as supply volt-

ages decrease, and leads to degradation of achievable amplitude resolution

or dynamic range. Instead, time-domain signal processing can be utilized

to remove or at least limit the dependency on amplitude resolution. In

time-domain signal processing the information is coded into the phase

or delay of the signal. As amplitude resolution is not required, digital

logic can be extensively utilized to generate these signals. Furthermore,

time-domain signal processing benefits from CMOS process scaling, as

digital logic becomes faster and more efficient in every node.

The emerging 5G standard and high-performance digital logic enabled

by CMOS process scaling enable exploration of higher performance radio

transmitter circuits. This is especially true with transmitter architec-

tures based on time-domain signal processing. Asynchronous digitally

controlled circuits can be used to achieve below picosecond time resolution,

corresponding to teraherz sample rate with synchronous digital logic. Con-

sequently, rail-to-rail signals with high time resolution can be utilized in

power efficient transmitters that can provide sufficient performance even

for basestation applications.

1.2 Objective of this work

The objective of this dissertation is to study efficient and digital-intensive

5G basestation transmitters for FR1. The specifications for a 5G basesta-

tion transmitter have several challenging properties that must be met:

• Up to 5x wider signal bandwidth than 4G

• Demanding linearity requirements

• Frequency bands of operation span over 0.4–6 GHz at FR1

In addition to challenging basestation transmitter properties, this work

targets to support the use of highly efficient and digital-like switch-mode

power amplifier architectures until the antenna. This approach enables

the use of designed CMOS chips with switch-mode booster amplifiers

based on non-CMOS high power technologies, thus enabling high overall

efficiency and output power. The objectives that combine high efficiency,

high output power and digital-intensiveness guides the research away

from the conventional Cartesian architecture, which exacerbates the use

of switch-mode booster amplifiers. Therefore, the ultimate objective of

this work is to identify and implement an alternative to the Cartesian
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transmitter architecture that could enable significant benefits from CMOS

process scaling for the complete transmitter chain.

1.3 Contents and organization

Chapter 2 provides the necessary background information about digital-

intensive transmitters for this work. Section 2.2 describes the operation of

the D/A converter that has a significant role in digital-intensive transmit-

ters. Section 2.3 discusses digital-intensive radio transmitter architectures

and their operation principles. Section 2.4 focuses on 5G basestation

transmitters and their requirements.

After deciding on outphasing as the most feasible transmitter archi-

tecture to study, Chapter 3 discusses specific challenges related to the

phase modulator in digital-intensive outphasing transmitters. Section 3.2

provides an overview of phase modulators in the literature. Section 3.4

discusses the fundamental distortion sources in digital-intensive delay-

line based phase modulators. In order to solve these challenges, a new

phase modulator architecture is proposed in Section 3.5 that can solve the

identified challenges in the conventional delay-line architecture. Section

3.6 presents design considerations and measurement results of an imple-

mentation of the proposed phase modulator for outphasing transmitters.

Following a detailed discussion on outphasing, Chapter 4 shifts focus

to the multilevel outphasing architecture that enables improving the ef-

ficiency of the outphasing architecture. Section 4.2 provides an overview

of reported multilevel outphasing transmitters, and Section 4.3 reports

our prototype multilevel outphasing transmitter in 28 nm CMOS. Section

4.4 discusses our observations on the fundamental distortion sources in

the multilevel outphasing architecture. In Section 4.5 we propose a new

multilevel modulation method that we call tri-phasing, which can alleviate

the distortion sources in multilevel outphasing and thus improve its perfor-

mance. Section 4.6 presents a prototype implementation of the tri-phasing

transmitter in 28 nm CMOS. Finally, Chapter 5 summarizes the findings

of the thesis with considerations about future work.
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1.4 Main scientific merits

The original scientific content of this dissertation is embodied in Publi-

cations [I–V]. Chapters 3 and 4 of this thesis summarize the research

highlights of this work. The most relevant original contributions to the

scientific community can be summarized as follows:

1. A source of ACLR limitation in digital-intensive outphasing trans-

mitters was identified to originate from intermodulation between the

sampling images and LO harmonics in [I].

2. A new digital-intensive phase modulator architecture that utilizes

linear interpolation instead of conventional sample-and-hold was

proposed in [I]. As linear interpolation attenuates the sampling im-

ages, this architecture enables improved ACLR in digital-intensive

outphasing transmitters.

3. The proposed phase modulator in [I] enables a new feature that

we call digital carrier generation. This feature enables operation

on an arbitrary carrier frequency with a fixed sampling clock, thus

removing the need for complex frequency synthesizers.

4. Design considerations and on-chip implementation of the proposed

phase modulator front-end for an outphasing modulator in [II].

5. A complete digital-intensive multilevel outphasing modulator is re-

ported in [III]. The modulator operates at 1.8 GHz sample rate, while

enabling digital carrier generation between 0.35–2.6 GHz. At the

time of publication, the modulator achieved the highest reported

instantaneous bandwidth of 400 MHz and frequency tuning range

for a (multilevel) outphasing transmitter.

6. An analysis of fundamental distortion sources in the multilevel out-

phasing architecture which are caused by discrete amplitude transi-

tions in [IV].

7. A new tri-phasing transmitter architecture that significantly allevi-

ates the distortion sources identified in the multilevel outphasing

architecture in [IV].

8. A detailed description of phase-modulator DSP that optimizes the

performance of the tri-phasing transmitter in [IV].

6



Introduction

9. An implementation of a tri-phasing modulator with integrated power

amplifiers in 28 nm CMOS in [V].
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2. Integrated Digital-Intensive Radio
Transmitters

2.1 Overview

This chapter provides the necessary background information for digital-

intensive radio frequency (RF) transmitters for basestation applications.

The operation of the radio transmitter is first described, and Section 2.2 de-

scribes essential properties of the D/A converter that has a significant role

in digital-intensive transmitters. Section 2.3 describes digital-intensive

radio transmitter architectures and their operation principles. Section 2.4

focuses on 5G basestation transmitters and their requirements.

The function of a radio transmitter is to frequency shift the information

signal to a desired frequency band with sufficient signal quality and power

level defined by the radio standard. Although this task sounds straightfor-

ward, implementation related non-idealities often make the transmitter

design challenging and lead to compromises in the design process. Fig-

ure 2.1 depicts the block diagram of a generic radio transmitter which

allows us to identify blocks that provide the transmitter its functionality:

The baseband (BB) microprocessor (μP) generates the information signal,

which is typically interpolated to a higher sample rate in an interpolation

chain. The radio standard defines the information signal coding scheme

that can, for example, include forms of amplitude, phase and frequency

modulation1.

This thesis focuses on the design and implementation of the modulator

that is highlighted in Figure 2.1. The modulator is responsible for two

of the main functions of the transmitter: first, the digital BB signal is

converted into analog form by performing digital-to-analog (D/A) conver-

1Decription of basic baseband modulation schemes and concepts from the perspec-
tive of an RF designer can be found for example from [7,8].
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Figure 2.1. A generic block diagram of a digital transmitter.

sion; second, the analog signal is frequency shifted, or up-converted, to

the carrier frequency. Due to the importance of D/A conversion in digital-

intensive transmitters, the properties of the D/A converter are discussed

more thoroughly in Section 2.2.

The modulated carrier wave at the output of the modulator is amplified

by a power amplifier (PA) connected to the antenna. PAs can be categorized

into conventional linear PAs and highly efficient but nonlinear switch-mode

power amplifiers (SM-PAs) [9]. Linear PAs can be used in all transmitters

as they can amplify both amplitude and phase-modulated input signals.

Linear PAs include for example classes A and B, and their charateristic

trait is that they are operated as current sources. The efficiency of linear

PAs is typically limited, as theoretical efficiencies for class A and B reach

only up to 50% and 79%, respectively. Efficiency enhancing techniques

exist for linear PAs that enable moderate efficiency improvement especially

in power back-off (PBO), with the Doherty amplifier being the most well

known. Instead of using linear PAs, SM-PA classes such as D and E can

achieve theoretical efficiencies of 100%. They are operated as switches

and work most efficiently when controlled with rail-to-rail signals with

minimal transition time between states. Hence, SM-PAs are unable to

convey amplitude information, but they are commonly used to amplify

phase-modulated signals with constant-envelope.

The carrier wave at frequency fc is often referred to as the local oscillator

(LO) signal in the context of direct-conversion radio transmitters [10–13].

The spectrally clean LO tone is generated by a circuit known as a frequency
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synthesizer. Digital-intensive frequency synthesis approaches include

for example phase-locked loops (PLLs) or multiplying delay-locked loops

(DLLs) which utilize a lower frequency reference fref that is multiplied

and conditioned to generate a sufficiently pure LO. The multiplication

factor is typically tunable, such that the frequency synthesizer is able to

cover several frequency bands.

Due to limited resolution of the D/A converter and other analog front

end impairments, the signal quality typically degrades as it proceeds

through the analog portion of the transmitter chain. This degradation

is visible in the spectum of the transmitted signal as a rise in the noise

floor and spurious tones. The carrier wave can be modulated by a number

of ways, and the chosen approach defines the transmitter architecture

with its individual properties, benefits and challenges. These transmitter

architectures are described in Section 2.3.

2.2 D/A conversion in digital-intensive transmitters

The D/A converter has an important role in defining the signal quality of

a digital-intensive transmitter. In the scope of this thesis, it is sufficient

to consider that the D/A converter either operates in amplitude or time

domain. An amplitude domain converter is called a digital-to-analog con-

verter (DAC), where the digital control signal is converted to an accurately

specified level of voltage or current. For high-performance DAC figures of

merit and design aspects the reader is referred to [14–16]. A time domain

converter is known as a digital-to-time converter (DTC), which delays the

reference (square-wave) waveform as defined by the digital control signal.

The DTC is typically a sub block in a larger system, and thus its design

details are often omitted in the literature. However, a few journal papers

focusing on the design of digital-intensive DTCs exist and can be used as a

reference [17–19]. A signal delayed by a time-variant delay τ(t) is equiva-

lent to modulating the phase φ(t) of the signal at the carrier frequency fc

as

τ(t) = − φ(t)

2πfc
. (2.1)

Thus, a DTC can be used as a digital-intensive means to phase-modulate a

carrier wave.
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Quantization

Digital signals convey information that is coded into a limited number of

bits, and therefore the information is represented only at discrete points

in amplitude and time. Consequently, also the D/A converter has finite

resolution that is limited by the number of input bits and sample rate,

and on the other hand by implementation impairments that degrade ideal

performance.

The quality of D/A conversion can be condensed into the definition of

signal-to-noise ratio (SNR). SNR is defined as the signal power divided

by integrated noise power over the signal bandwidth fbw. For a wideband

signal, quantization appears as white noise that generates a flat noisefloor

throughout the frequency spectrum. Considering a wideband signal with

constant output power and sample rate, multiplying bandwidth by a factor

of two would thus decrease SNR by 3 dB. Due to the flat noisefloor, quanti-

zation determines the SNR and out-of-band (OOB) noise level of an ideal

D/A converter. As a digital-intensive transmitter contains D/A converters

as its last stage, this is also true for an ideal modulator.

SNR depends on the amount of quantization levels in the converter, often

referred to by the amount of input bits. This N-bit resolution is equivalent

to 2N quantization levels, and ideally achieves an effective number of bits

(ENOB) of N. Relation between SNR and ENOB for a full-scale sine tone

for a Nyquist-rate converter can obtained from

ENOB =
SNRdB − 1.76

6.02
. (2.2)

For example, a converter targeting 60 dB SNR requires 10 bit ENOB.

SNR is also influenced by the oversampling ratio (OSR), which is defined

as

OSR =
fs

2fbw
, (2.3)

where fs is the D/A converter sample rate and fbw the bandwidth of the

signal. Therefore, oversampling can be used to improve SNR as

SNROSR,dB = 6.02ENOB + 1.76 + 10log10OSR. (2.4)

Doubling the sample rate therefore provides an additional 3 dB of SNR.

The D/A converter typically suffers from mismatches and other impair-

ments, and therefore additional physical resolution is required to achieve

target ENOB. Furthermore, power amplifiers can severely distort the am-
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plified signal, which necessitates accurate predistortion to achieve desired

linearity. Consequently, the use of predistortion typically decreases the

ENOB of a D/A converter as all available input code values are no longer

utilized.

Sample-and-hold

In conventional D/A converters the analog value (amplitude or phase)

is held constant between two samples for a constant period Ts. Circuit

designers call this behavior sample-and-hold (SH), and in the field of

signal processing it is known as zero-order hold (ZOH). A ZOH signal has

sampling images at integer multiples of sample frequency fs = 1/Ts, and

the images are attenuated by the normalized sinc function. Thus, the sinc

response as a function of frequency f can be calculated with the normalized

frequency fn as

fn =
f

fs
(2.5)

sinc(fn) =
sin(fnπ)

fnπ
. (2.6)

Modern CMOS enables complex DSP with synchronous logic operating

up to few gigahertz frequency, which is typically the upper limit for D/A

converter sample rate fs.

Up-conversion in the presence of sample-and-hold

If the D/A converter sampling images pass through the transmitter chain

unattenuated, they can generate spectral degradation causing both in-band

SNR degradation and OOB violation of radio standard spectral masks.

SNR degradation occurs due to the up-conversion process which shifts

the sampling images in frequency domain. All real signals contain equal

amount of information in the positive and negative frequencies, as can be

observed from

cos(φ(t)) =
1

2

(
eiφ(t) + e−iφ(t)

)
. (2.7)

This can be applied to a phase φ(t) and amplitude r(t) modulated carrier

as

r(t)cos(2πfct+ φ(t)) =
r(t)

2

(
ei2πfct+φ(t) + e−i2πfct+φ(t)

)
. (2.8)

Such an up-conversion is illustrated in Figure 2.2 for fc = fs, where up-

conversion not only shifts the desired information signal from f = 0→ fc,

but also from f = 0 → −fc [8]. As sampling images repeat after each fs,

a sampling image originating from the negative up-conversion also falls
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Figure 2.2. The effect of ZOH in D/A conversion in a digital transmitter without recon-
struction filtering.

on fc. Although this mirrored sampling image is attenuated by the sinc

response, SNR degradation can still occur. Furthermore as illustrated in

Figure 2.2, remaining strong OOB sampling images can violate spectral

mask specifications of the radio standard if they are not filtered before

they make it to the antenna.

D/A conversion and up-conversion can also be combined in the D/A con-

verter, enabling a higher integration level and thus fewer analog circuits.

However, this leads to more challenging D/A converter design as sample

rate of fs = 2fc is required to operate at Nyquist rate. Furthermore, sam-

pling images are easier to filter out before up-conversion, as even simple

analog filters provide sufficient attenuation. Filtering sampling images is

more challenging after up-conversion, as a high-order bandpass filter is

required at RF to achieve equal attenuation. Thus, digital-intensive trans-

mitters that operate without analog filters to suppress the sampling images

either on the baseband or RF must resort to complex circuit solutions to

meet radio standard specifications.

2.3 Digital radio transmitter architectures

The task of the transmitter is to modulate the carrier wave as a function

of the baseband signal. The instantaneous phase and amplitude of the

baseband signal are presented geometrically in the complex plane as

vectors to ease the related arithmetic operations. Consequently, moving

to a point in the complex plane can be achieved in a number of ways. The

transmitter architecture is defined by the chosen approach, and typically

implementations of these architectures have their own set of pros and cons.

The following architectures are considered: Cartesian, polar, outphasing,

multilevel outphasing and RF-PWM. Complex plane vectors of the funda-
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Figure 2.3. Constellation diagrams of baseband signal vectors for (a) Cartesian, (b) polar,
and (c) outphasing transmitter architectures.
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mental architectures Cartesian, polar and outphasing are illustrated in

Figure 2.3 with 64-quadrature amplitude modulation (QAM) constellation

points, and the architectures are next described in more detail.

2.3.1 Cartesian

The Cartesian transmitter complex plane presentation is illustrated in Fig-

ure 2.3(a). Cartesian modulation is thus based on summation of amplitude-

modulated in-phase I(t) and quadrature Q(t) carrier waves with a constant

90 degree phase difference as

V (t) = IRF (t) +QRF (t)

= I(t)cos(ωct) +Q(t)cos(ωct+ π/2)

= I(t)cos(ωct)−Q(t)sin(ωct). (2.9)
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In conventional Cartesian direct-conversion transmitters, DACs are used

to generate the amplitude modulated signals I(t) and Q(t) at a low sample

rate, which necessitates bulky analog reconstruction filters to suppress the

sampling images. Furthermore, up-conversion is performed in a separate

analog mixer circuit. The conventional Cartesian transmitter is thus

analog-intensive and prone for mismatches and distortion [20,21].

Digital-intensive Cartesian quadrature transmitters utilize radio fre-

quency digital-to-analog converters (RF-DACs) that combine D/A con-

version and upconversion, enabling operation with fewer analog circuits

[22–26]. The block diagram and waveforms of a digital-intensive Cartesian

transmitter are shown in Figure 2.4.

The use of RF-DACs enables reducing the number of analog blocks in

the transmitter and thus leads to a more digital-intensive implementation.

Conventional RF-DACs utilize the current steering architecture that is

suitable for high frequency applications [27–32]. However, the current

steering approach is susceptible to output impedance variations as well as

amplitude and timing mismatches between the paths, which distort the

signal [16,33–35]. Recently, the switch-capacitor PA architecture has been

proposed, providing an alternative to the current steering architecture

[36–38]. Furthermore, a charge-based DAC that provides inherent linear

interpolation or first-order hold (FOH) response has also been proposed

in [39,40].

2.3.2 Polar

Figure 2.3(b) illustrates the polar complex vector, which can be obtained

from the Cartesian presentation as

r(t) =
√

I(t)2 +Q(t)2, r(t) ∈ [0, 1] (2.10)

tan(φ(t)) =
Q(t)

I(t)
, (2.11)

where r(t) is the normalized envelope magnitude and φ(t) corresponds to

the polar angle. The polar transmitter thus utilizes a single complex vector

that directly modulates phase and amplitude as

V (t) = r(t) cos (ωct+ φ(t)) . (2.12)

A block diagram of a digital-intensive polar transmitter and its time-

domain waveforms are illustrated in Figure 2.5. The Cartesian to polar
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Figure 2.5. (a) Block diagram and (b) time-domain waveforms of a polar transmitter based
on an RF-DAC.

coordinate conversion is often performed with a coordinate rotation digi-

tal computer (CORDIC), a computationally efficient method to calculate

trigonometric functions [41]. The discrete amplitude value of r(t) can then

be obtained from

APO(t) = �r(t)Amax�, APO ∈ {1, 2, 3..Amax}, (2.13)

where Amax is the number of quantization levels in the amplitude path.

Digital-intensive polar transmitters can be coarsely divided into three

categories with different approaches in generating the amplitude mod-

ulation; supply modulator enhanced SM-PAs [42–44], current steering

RF-DACs [45–50] and switch-capacitor power amplifiers (SC-PAs) [51–54].

Polar transmitters utilizing supply modulators with SM-PAs have con-

ventionally achieved high efficiency, but due to limited supply modulator

bandwidth they distort wideband signals. The current steering RF-DAC

is inherently fast and can achieve wider bandwidth, but cannot utilize

SM-PAs and faces similar challenges as its Cartesian counterpart. The

switch-capacitor PA has shown potential to combine the high efficiency of

SM-PAs and digital-intensive implementation of the RF-DAC.

Drawbacks of the polar approach include bandwidth expansion and diffi-

culty in aligning phase and amplitude paths. Even small mismatches be-

tween phase and amplitude paths lead to significant signal distortion [55].
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Figure 2.6. (a) Block diagram and (b) time-domain waveforms of an outphasing transmit-
ter.

Delay mismatch between the phase and amplitude paths is challenging to

avoid, as the phase and amplitude signals are generated by different cir-

cuits that typically have unmatched intrinsic delays. Bandwidth expansion

on the other hand originates from the nonlinear conversion from Cartesian

to polar coordinates of (2.11) and (2.12), which extends the bandwidth

requirement of the polar phase signal, especially when it traverses close to

the complex plane origin [56].

2.3.3 Outphasing

In addition to conventional Cartesian and polar coordinates, the complex

plane vector can also be presented with outphasing modulation. Figure

2.3(c) illustrates the complex plane outphasing representation with two

constant-amplitude complex vectors with a phase difference determined

by amplitude modulation as

V (t) =
1

2
(S1(t) + S2(t)) (2.14)

S1(t) = cos(ωct+Φ1(t)) = cos(ωct+ φ(t) + θ(t)) (2.15)

S2(t) = cos(ωct+Φ2(t)) = cos(ωct+ φ(t)− θ(t)). (2.16)

The amplitude information in outphasing is coded into the outphasing

angle component θ(t) that is calculated from the normalized envelope
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magnitude as

θ(t) = arccos(r(t)). (2.17)

Block diagram of a generic outphasing transmitter is shown in Figure

2.6(a). As depicted by the waveforms shown in Figure 2.6(b), these phase-

modulated rail-to-rail signals S1(t) and S2(t) enable complex modulation

with only two amplitude quantization levels.

Outphasing can be seen as a “more” digital-intensive alternative to

Cartesian and polar transmitters, as it can utilize efficient SM-PAs and

does not require amplitude-domain converters. Reported outphasing PAs

can be divided into three categories based on the power combiner type:

isolating, non-isolating and Chireix. Isolating combiners provide best

linearity, as the combiner isolates the PAs from each others and thus their

output impedances remains constant regardless of the signal envelope

[57–60]. Non-isolating combiners such as transmission-line or transformer

combiners have been used to improve the efficiency over the isolating

combiner [61–74]. The main drawback of the non-isolating combiner is

that the PAs no longer see constant load as the signal envelope varies,

which necessitates predistortion capabilities to achieve good linearity. The

Chireix combiner enables even further efficiency improvement in PBO, but

comes at a cost of more significant load modulation and distortion [75–78].

A more thorough discussion on the efficiency of outphasing transmitters

can be found for example in [79, 80]. Outphasing has also been studied

with high-power processes such as gallium nitride (GaN) that provide

SM-PAs with sufficient output power for basestation applications [81–88].

Due to the emerging 5G, the applicability of the outphasing architecture

has also been studied at millimeter-wave frequencies [89–92]. Although

outphasing achieves wide modulation bandwidth and high peak efficiency,

the architecture suffers due to bandwidth expansion and severe efficiency

degradation in deep power backoff. The outphasing concept and especially

the phase modulator entity are studied more thoroughly in Chapter 3.

2.3.4 Multilevel outphasing

Multilevel outphasing (MO) has been proposed as a solution to improve the

outphasing transmitter efficiency with high PAPR signals that require the

PA system to operate in deep PBO [93–100]. The block diagram of a generic

multilevel outphasing transmitter is shown in Figure 2.7(a). Multilevel

outphasing improves the efficiency of outphasing by introducing several
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Figure 2.7. (a) Block diagram and (b) time-domain waveforms of a multilevel outphasing
transmitter.

discrete amplitude levels for the outphasing components S1(t) and S2(t).

The power level of the outphasing components S1(t) and S2(t) thus becomes

scalable, leading to more optimal PA matching conditions at deep PBO

which improves efficiency.

The derivation of single amplitude level outphasing can be extended to

multilevel outphasing in the case of equally spaced amplitude levels as

V (t) =
AMO(t)

2Amax
(S1(t) + S2(t)) (2.18)

AMO(t) = �r(t)Amax�, AMO(t) ∈ {1, 2, 3...Amax}, (2.19)

where Amax is the maximum integer value of the discrete amplitude level.

The outphasing angle must also be redefined as

θMO(t) = arccos

(
r(t)Amax

AMO(t)

)
. (2.20)

This presentation of MO is symmetric, such that both outphasing compo-

nents S1(t) and S2(t) always have the same amplitude AMO(t). Waveforms

of the multilevel outphasing transmitter are shown in Figure 2.7(b).

Asymmetric multilevel outphasing (AMO) has also been proposed, where
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Figure 2.8. (a) Block diagram and (b) time-domain waveforms of an RF-PWM transmitter.

the magnitude of outphasing components is not necessarily equal [97,101–

104]. As reported in [103], AMO can further improve multilevel outphasing

transmitter efficiency, but comes at a cost of increased distortion. Further-

more, recent high-power demonstrators have studied the multilevel out-

phasing concept applicability also for basestation applications [105–107].

Symmetric multilevel outphasing is discussed more thoroughly in Chapter

4.

2.3.5 RF-PWM

Radio frequency pulse-width modulation (RF-PWM) has also been proposed

to improve the PA efficiency over outphasing [108–121]. The RF-PWM

modulator can be architecturally similar to outphasing when utilizing

an additional AND gate that combines the signals S1(t) and S2(t) in the

modulator output, as shown in Figure 2.8(a). This generates a fundamen-

tal distinction between the architectures, as the RF-PWM transmitter

requires only a single SM-PA and thus the power combiner is no longer

needed. The amplitude data is coded into the width of the RF pulse, and

the phase information into the position of the pulse, in a similar fashion as

in outphasing. The time-domain waveform of the RF-PWM transmitter is

illustrated in Figure 2.8(b). In theory, a single SM-PA enables a very robust

and digital-intensive transmitter. However, as will be explained in Chapter

3 in the context of outphasing transmitters, narrow pulses and pulse swal-
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lowing can distort the phase modulated signals in outphasing. This same

phenomenon can significantly limit the dynamic range of the RF-PWM

transmitter when operated at sufficiently high carrier frequency [120]. To

improve the dynamic range and alleviate the effect of pulse swallowing,

multilevel RF-PWM has been proposed in [122]. However, only a custom

PA design with continuous-wave simulation results based on this concept

has been demonstrated in [123]. A hybrid architecture that combines

RF-PWM and amplitude modulation has been demonstrated in [124]. The

architecture solves the problem with dynamic range by utilizing an RF-

DAC to generate amplitude modulation with high resolution. However, the

use of an RF-DAC exacerbates the capability to utilize SM-PAs for further

signal amplification.

2.4 Basestation transmitters

2.4.1 Performance requirements

The performance specifications are described in Base Station (BS) radio

transmission and reception [3], and this section briefly reviews the most

relevant specifications in the context of this thesis.

The basestation output power specification is dependent on the basesta-

tion class

• Local area: < 24 dBm

• Medium range: < 38 dBm

• Wide area: no upper limit

Recently reported state-of-the-art CMOS power amplifiers achieve approx-

imately 30–35 dBm peak output power [125], which corresponds to 20–25

dBm modulated output power for a signal with 10 dB PAPR. Therefore,

integrated CMOS PAs are not sufficient for medium or wide area bases-

tations, and external high-power boosters based on for example gallium

nitride (GaN) or gallium arsenide (GaAs) processes are required.

Error vector magnitude (EVM) specification is related to the minimum

level of transmitter in-band SNR that must be met, and can be expected

by the receiver. EVM is calculated as the deviation of the measured signal

from ideal points in the signal constellation [126] as

EVMRMS =
1
N

∑N
n=1 |Sideal,n − Smeas,n|2
1
N

∑N
n=1 |Sideal,n|2

, (2.21)
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where N is the number of symbols and Sideal and Smeas,n describe the

nth ideal and measured complex symbol values, respectively. The EVM

specification is dependent on the modulation scheme, where more complex

modulation schemes require better EVM as

• QPSK: 17.5 %

• 16QAM: 12.5 %

• 64QAM: 8 %

• 256QAM: 3.5 %

With a large number of symbols, EVM relates to SNR as

EVMRMS ≈
(

1

SNR

) 1
2

. (2.22)

Thus, meeting for example 3.5% EVM requires an SNR of 30 dB.

Adjacent-channel leakage ratio (ACLR), as the name implies, is defined

by the ratio of integrated power between the transmission band and ad-

jacent channel, having equal bandwidth as the transmitted signal. The

specification goes as follows: the ACLR limit is -45 dBc2, or the absolute

power limit of -32 dBm/MHz, whichever is less stringent. Especially for

local area basestations with wide signal bandwidth, the absolute power

limit may apply rather than the ACLR limit. The ACLR specification for

user equipment (UE) is -30 dBc, thus basestation specification is 15 dB

more challenging, which necessitates additional three bits of ENOB based

on (2.2).

2.4.2 State-of-the-art

Recently reported basestation transceiver SOCs include [127–130]. Com-

mon for all of these implementations is that they are based on the analog-

intensive Cartesian transmitter. Consequently, the number of analog

components is high, the chips consume large amounts of power, require

separate front-ends for different frequency bands and necessitate the use

of linear power amplifiers.

For example, Klemmer et al. [127] presented a 2x2 multiple-input and

multiple output (MIMO) basestation modulator system-on-chip (SOC) in

40 nm CMOS with impressive support for up to 200 MHz bandwidth, based

on an aggregated 10x20 MHz LTE signal. The block diagram with the

two receivers and transmitters are shown in Figure 2.9, illustrating the
2The LTE specification defines ACLR as a positive number, whereas negated
values are used in this thesis.
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Figure 2.9. 2x2 MIMO basestation RX/TX modulator SOC block diagram in [127]. ©2016
IEEE.

complexity of the conventional analog-intensive approach. The transmit-

ter requires analog reconstruction filtering, passive mixers and complex

frequency synthesizers. The power consumption of one modulator is 500

mW when transmitting 3x20 MHz LTE at 2.6 GHz center frequency with

0 dBm output power while achieving -54 dBc ACLR.

2.5 Summary

Digital-intensive transmitter architectures were introduced in Section

2.3, and stringent performance requirements for basestation applications

were described in Section 2.4.1. Table 2.1 gathers the properties of these

transmitter architectures in basestation context, which are elaborated

next.

The Cartesian architecture resorts in coding the information in the

amplitude domain. Thus, SM-PAs cannot be used as external boosters in

the Cartesian architecture as the quadrature signals are already amplitude

modulated, necessitating the use of inefficient linear PAs. Furthermore,

achieving high-resolution D/A conversion will be challenging in the future

due to CMOS process scaling. Although the Cartesian architecture has

several other beneficial properties that make it desirable in integrated

transmitters, it does not meet the criteria for this research project.
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Table 2.1. Comparison between digital transmitter architectures for basestation applica-
tions.

Property Cartesian Polar Outphasing RF-PWM
Digital-intensive No Yes/Yes Yes Yes

Supports SM-PA booster No Yes/No Yes Yes
Wideband Yes No/Yes Yes Yes

Sufficient Linearity Yes No/Yes Yes No

The polar transmitter section contains two sides in the table, the left one

considers supply modulation and the right one the RF-DAC/SC-PA based

approach. The polar architecture can be considered more digital-intensive

than Cartesian, as information is partly coded into the phase of the signal.

Supply modulation enables the use of SM-PA boosters, but also necessitates

the use of an external supply modulator. Due to the bandwidth limited

supply modulator, bandwidth and linearity of the transmitter would be

insufficient with widebands signals. Utilizing RF-DACs on the other

hand can significantly improve the bandwidth and linearity of the polar

transmitter. However, the use of RF-DACs necessitates recombining the

I and Q signal paths with amplitude modulation, thus inhibiting the use

of external SM-PA boosters. Alternatively, an infeasible amount of unit

PAs and connections would be required at the SOC boundary to achieve

sufficient linearity. Therefore, the polar architecture is not suitable for this

project.

RF-PWM seems like a promising candidate at a first glance, but the

architecture suffers from pulse swallowing when operated at 5G frequency

bands. Pulse swallowing essentially limits the dynamic range of the archi-

tecture, which appears as distortion when signals with small amplitude

cannot be correctly represented. As this work targets 5G basestation com-

pliant linearity and frequency range, RF-PWM is not a feasible architecture

for further study.

Outphasing has similar properties as RF-PWM, although it does not

suffer from pulse swallowing to the same extent. Outphasing therefore

stands out as the most promising candidate for a highly efficient bases-

tation transmitter architecture. The pulse swallowing related distortion

that is apparent in RF-PWM is remedied in outphasing by utilizing two

SM-PAs and a power combiner. This “more analog” approach also brings

forth the most visible drawback of the outphasing architecture, namely

the efficiency degradation at power backoff by inefficient power combining

of the PA signals. Thus, solving the efficiency issue either necessitates

innovations in PA and power combiner design, or it can be alleviated by
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utilizing multilevel outphasing. The latter approach has been chosen in

this work.

Hybrid architectures such as [53, 124, 131] are a combination of the

aforementioned transmitter architectures, where amplitude and phase

modulation have been combined in order to improve efficiency of the trans-

mitter. These architectures are therefore interesting when targeting high

efficiency. However, all of these demonstrators have focused on high ampli-

tude resolution in the form of RF-DACs or SC-PAs, which exacerbates the

use of SM-PAs boosters for efficient signal amplification.

Based on the power consumption of reported basestation modulators, a

relatively high power consumption has been the norm with conventional

Cartesian transmitters, and thus the implementations in later stages of

this thesis have not focused on power consumption optimization, but the

power consumption savings are expected to come from the use of SM-PAs

both on-chip and in external high power boosters.

The next two chapters will summarize the original work related to out-

phasing and multilevel outphasing transmitters. In the context of out-

phasing transmitters, the focus is on the digital-intensive phase modulator

and how to improve its linearity for outphasing-based basestation trans-

mitters. For multilevel outphasing, inherent distortion mechanisms of

the architecture are discussed and a new multilevel architecture that can

achieve sufficient linearity for basestation applications is proposed, and a

prototype is implemented and reported.
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3. Digital-intensive phase modulator
architecture for outphasing
transmitters

3.1 Overview

The outphasing concept was originally introduced by Chireix [132] in 1935

in the context of linear power amplifiers (PAs). The outphasing concept is

based on summation of two constant-envelope phase-modulated signals

that can create a linear recombination of the phase and amplitude mod-

ulated baseband signal. The outphasing concept was later reintroduced

by Cox [133] in 1974 as linear amplification with nonlinear components

(LINC), which validated the original outphasing concept also with non-

sinusoidal waveforms. This meant that non-linear PAs could also be uti-

lized for outphasing1, thus enabling the use of highly efficient switch-mode

power amplifiers (SM-PAs).

Since this realization, outphasing has been proposed as a means to im-

prove the radio transmitter efficiency while simultaneously preserving

wideband and linear signal amplification. On the other hand, the outphas-

ing concept has also gained interest due to the fact that constant-envelope

phase modulation can be performed with digital-intensive phase modula-

tors (PMs). As a result of CMOS process scaling, digital logic is fast enough

to enable generation of accurately delayed constant-envelope signals with

picosecond time resolution when appropriately calibrated. Furthermore,

digital-intensive architectures enable wideband open-loop circuits oper-

ating at several gigahertz sample rate. Outphasing thus combines the

attractive features of highly efficient SM-PAs and robust digital-intensive

delay generation in modern CMOS processes.

As this work targets digital-intensive solutions and the use of SM-PAs,

1Throughout the rest of this thesis no distinction is made between outphasing
and LINC.
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Figure 3.1. A block diagram of the outphasing transmitter highlighting the authors scien-
tific contributions.

the stringent linearity and baseband signal bandwidth requirements set

by 5G radio standard discussed in Section 2.4.1 necessitate the study

of digital-intensive phase modulators, including verification that these

requirements can be met.

The author’s contributions, which are highlighted in Figure 3.1 and

summarized in this chapter, focus on the design and implementation

of a new digital interpolating phase modulator (DIPM) architecture for

outphasing transmitters. Section 3.2 provides a review of the state-of-the-

art digital-intensive phase modulator implementations in recent literature.

Section 3.4 explains the fundamental distortion sources that exist in a

conventional delay-line PM. Section 3.5 describes the concept of linear

phase interpolation in digital domain and how it is used to implement a

DIPM that solves the challenges recognized in the delay-line PM. Section

3.6 describes a prototype implementation of an outphasing transmitter in

28 nm CMOS that utilizes the DIPM concept.

This chapter summarizes the key research findings from the original

work detailed in Publications I and II.

3.2 Digital phase modulator architectures

The linearity of the outphasing transmitter is ultimately defined by the

performance of the digital-intensive PM. The phase resolution and sample

rate of the PM define the accuracy at which the continuous-time analog sig-

nal can be generated. A high-performance PM also requires a robust digital

front end that provides high resolution data with sufficient datarate. The
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Figure 3.2. Block diagram of the IQ implementation with a modulator based phase modu-
lator of [50]. ©2017 IEEE.

digital front end includes functional blocks such as the interpolation chain

and the signal-component separator (SCS), of which high performance

implementations have been reported in [134–139].

A digital-intensive PM translates discrete phase values Φ[n] into a rail-to-

rail phase-modulated signal Ssq(t) that can be directly driven to a SM-PA.

This signal can be represented as

Ssq(t) = sgn(cos(ωct+Φ(t))), (3.1)

where sgn refers to the signum function and Φ(t) corresponds to the

continuous-time modulating phase signal.

Quadrature modulators are commonly used to enable wideband phase

modulation due to their open-loop nature and well-known behavior [50,61,

90,140]. The quadrature modulator utilized in Cartesian transmitters can

also generate constant-envelope phase-modulated signals when I and Q

signals are weighted appropriately to achieve constant r as

tan(Φ(t)) =
Q(t)

I(t)
(3.2)

r =
√
I(t)2 +Q(t)2 (3.3)

SIQ(t) = r · cos(ωct+Φ(t)) = I(t)cos(ωct) +Q(t)cos(ωct+
π

2
). (3.4)

Ssq(t) = sgn(SIQ(t)). (3.5)
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Figure 3.3. Block diagram of the phase modulator in [58]. ©2008 IEEE.

Figure 3.2 shows the block diagram of a quadrature modulator based phase

modulator (also referred to as a phase interpolator) in [50]. The PM based

on quadrature modulation shares common challenges to those observed in

Cartesian transmitters. The quadrature modulator requires high ampli-

tude resolution digital-to-analog converters (DACs) that are susceptible to

static mismatches and dynamic non-linearities. Furthermore, the quadra-

ture modulator requires an additional amplitude limiter to convert the

sinusoidal waveform SIQ(t) to a square-wave Ssq(t) that can drive a SM-PA.

The limiter is susceptible to noise and causes AM-PM2 distortion due to

limited gain and non-linear capacitance.

The first more digital implementation was presented by Kim et al. [58]

in 2008, where sequential digital logic was used to generate coarse phases.

Figure 3.3 shows the segmented phase modulator block diagram, where

the four coarse phases are created from four quadrature clocks operating at

4fc. The following logic selects a desired quadrature phase and divides the

frequency by 4, enabling 4-bit phase resolution. The logic simultaneously

provides signals for a finer 3-bit resolution phase interpolator. Thus, this

phase modulator architecture does not modulate the phase via quadrature

phase interpolation that occurs in one analog node, but instead uses digital

circuits to generate and select the desired phase signal that gets passed on

to the output.

The desired phase is mapped to a delay3 τ(t) relative to the carrier

2Amplitude modulation to phase modulation
3A positive delay corresponds to a negative phase shift.
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frequency fc as

τ(t) = −Φ(t)

2πfc
= −Φ(t)

ωc
(3.6)

cos(ωct+Φ(t)) = cos(ωct− Φw(t)) = cos(ωc(t+ τ(t))). (3.7)

The phase signal is unique only between Φ ∈ [0, 2π[, and thus a corre-

sponding wrapped phase Φw(t) exist that can be mapped to a positive delay

τ . Consequently, relative delays between τ ∈ [0, Tc[ need to be generated

in the digital phase modulator, where the carrier period is defined as

Tc = 1/fc. In the case of this implementation, seven bit phase resolution

at 1 GHz carrier frequency requires approximately 8 ps delay accuracy,

which demands accurate design from the finer phase interpolator.

Digital PMs that target high phase resolution often utilize a segmented

approach to achieve balance between power consumption, complexity and

linearity. Coarse phase resolution down to few tens of picoseconds can be

achieved by utilizing the intrinsic delay of a CMOS buffer. In recent litera-

ture, the coarse phases in digital phase modulators have been generated

with the following methods: by a delay-locked loop (DLL) [66,68], a plain

tapped delay line (TDL) [110], or with frequency dividers [54, 141]. As

the phases are generated simultaneously on parallel nodes, a multiplexer

(MUX) is necessary to select the coarse delay from the desired node.

In order to improve time resolution below the time resolution of a CMOS

buffer, more accurate control over the buffer intrinsic delay is required.

The following two approaches have been utilized to achieve fine delay

tuning accuracy: a digitally-controlled delay line (DCDL) based on tuning

the capacitance of load varactors in an inverter chain [54,66,68]; or phase

interpolators [58,110,141].

A highly digital-intensive phase modulator implementation for a polar

transmitter is presented in [54], with block diagram depicted in Figure 3.4.

An interesting detail of this work is that the PM is implemented by utilizing

digital synthesis and place-and-route tools, demonstrating the feasiblity

of implementing high time-resolution delay generation also with digital

circuit design tools. Furthermore, the PM utilizes three segmentation steps

that enable linear and energy efficient digital-to-time conversion. First, a

2x frequency divider is used to obtain 2-bit resolution, then a tapped delay

line provides additional two bits of delay resolution. The final 8-bit delay

resolution is achieved by cascading the delay line with a 4-bit DCDL.

Digital-intensive phase modulators also made possible to include ΔΣ

modulation that enables shaping the quantization noise out of the sig-
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Figure 3.4. The three-way segmented phase modulator architecture with a frequency
divider, TDL and a DCDL of [54]. ©2017 IEEE.

(a) (b)

Figure 3.5. Glitch-free MUX of [68]. (a) Block diagram and (b) operation principle. ©2012
IEEE.

nal band. This approach enables additional signal-to-noise ratio (SNR)

improvement with sufficient oversampling ratio (OSR), making lower res-

olution phase modulators also viable especially with narrow band sig-

nals [66,110,142].

Digital-intensive phase modulators have demonstrated beneficial fea-

tures over more analog-intensive approaches, although some challenges

have also been reported. At least [54,68] have described that special mea-

sures must be taken while designing the digital phase modulator in order

to generate “glitch-free” phase-modulated signals. The glitches may appear

close to the transition instant when selecting a different coarse phase with

the MUX, as the two phases may have inverse transitions close to each

other. These glitches can generate unpredictable behavior in the SM-PA

and thus distort the transmitted signal. Therefore, significant effort has

been put to design the MUX in [68] to look like an “infinite” delay line. The

MUX block diagram is shown in Figure 3.5(a), illustrating that the MUX

requires custom duty cycle for the phase signals and non-conventional

MUX control logic in order to achieve the “infinite” delay line behavior

depicted in Figure 3.5(b).
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The IQ modulator based phase modulator architecture is still com-

monly used. However, it suffers from analog impairments that make

high-performance implementations challenging as CMOS processes scale.

Therefore, digital-intensive delay-based phase modulator architectures

that only utilize rail-to-rail signaling and logic cells are able to benefit from

process scaling due to lower power consumption, faster settling time and

ease of transferring the design to newer processes.

3.3 Determination of system specifications for simulations

The specification for the outphasing transmitter can be deciphered from

the stringent ACLR specification of -45 dBc for basestations. This work

targets the ACLR over 5G frequency range 1 (0.45–6 GHz) (FR1) basesta-

tion transmitter with maximum supported signal bandwidth of 100 MHz.

The system-level model of the transmitter should thus account for addi-

tional headroom to account for linearity degradation that is caused by

analog impairments in the phase modulators and non-idealities of the

power amplifier and the power combiner. Based on these considerations,

approximately -60 dBc target ACLR can be considered to provide sufficient

margin to account for analog impairments.

The orthogonal frequency division multiplexing (OFDM) modulation

scheme used in 5G results into the complex baseband signal often travers-

ing close to the origin. This property of OFDM generates bandwidth

expansion due to the Cartesian-to-polar conversion performed in the SCS,

which necessitates a higher sample rate to achieve same performance as

a Cartesian transmitter. Because of bandwidth expansion, derivation of

sufficient phase resolution and sample rate differs from the Cartesian

transmitter. Based on [56], a 10x overhead in OSR can be used as a rule of

thumb approximation with 5 MHz wideband code division multiple access

(WCDMA) polar transmitters to achieve comparable performance as for

a Cartesian transmitter. This can be considered a coarse estimate, and

this relation is validated with ideal (sample-and-hold (SH)) outphasing

and Cartesian transmitter models using an aggregated 100 MHz LTE

signal4 at 2GHz carrier frequency with spectra depicted in Figure 3.6,

and ACLR illustrated as a function of effective number of bits (ENOB) in
4The 5G standard compliant signal generators were not available at the early
stages of this project, thus aggregated 5x20 MHz LTE signals have been used in
this work to achieve approximately similar signal characteristics as with 5G 100
MHz signal.
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Figure 3.6. Ideal outphasing transmitter spectra with aggregated 100 MHz LTE signal
with constant D/A converter ENOB, with varying sample rate fs.
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Figure 3.7. A more generalized presentation of achievable ACLR as a function of ENOB
and varying sample rate

Figure 3.7. The results given as a function of sample rate and converter

ENOB indicate that approximately 10x overhead in OSR is also valid for

an outphasing transmitter with aggregated 100 MHz LTE signals. Based

on these results, below -60 dBc ACLR can be achieved with 10-bit ENOB at

2 GHz sample rate. At 2 GHz center frequency 10-bit ENOB necessitates

approximately 500 fs time resolution for a digital phase modulator, which

has been shown feasible in [143] with implementation and measurements

of a DTC implemented in 65 nm CMOS with time resolution down to 25 fs.

Furthermore, the closeness of sampling images should also be considered

from Figure 3.6. As can be seen from the figure, the spectrum with 2 GHz

sample rate (green line) pushes the sampling images away from the carrier

and enables additional RF filtering to attenuate the sampling images when

necessary.

The sample rate used in system-level simulations was chosen to be at

wireless local area network (WLAN) band at 2.46 GHz. Thus, with 10-bit

phase resolution and 2.46 GHz sample rate, the ideal outphasing trans-

mitter achieves approximately -63 dBc ACLR. This decision was made due

to the fact that implementations targeting cellular bands can utilize any

LTE band, thus making direct comparison between implementations chal-

lenging. On the other hand, 2.46 GHz band had several implementations
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reported at the start of this project, and some implementations with focus

on WLAN standard also reported performance with LTE signals.

3.4 Distortion sources in conventional digital phase modulators

This section describes fundamental distortion sources in outphasing trans-

mitters that utilize delay-line PMs. Distortion sources such as ampli-

tude, delay and duty-cycle mismatch related to implementation impair-

ments in digital-intensive phase modulators have been described in detail

in [144–151].

3.4.1 Intermodulation between sampling images and LO
harmonics

(3.1) describes ideal phase modulation, where the sinusoidal output wave-

form is converted to a square-wave signal that can be used with SM-PAs.

The signum function used to represent the square-wave signal can be

replaced by Fourier sine series, which enables identification of individual

LO harmonics5 as

Ssq(t) =
∞∑
k=1

4

nπ
sin (h(ωct+Φ(t))) , h = 2k − 1. (3.8)

The effect of an individual LO harmonic h in the combined outphasing

signal V (t) can be investigated by defining

S1,harm(t, h) =
4

hπ
cos (h(ωct+ φ(t) + θ(t))) (3.9)

S2,harm(t, h) =
4

hπ
cos (h(ωct+ φ(t)− θ(t))) (3.10)

Vharm(t, h) = S1,harm(t, h) + S2,harm(t, h). (3.11)

The spectrum of the fundamental signal, with the third and fifth LO

harmonics of an aggregated 100 MHz LTE signal are shown in Figure

3.8. The figure depicts how the fundamental modulated signal Vharm(t, 1)

combines correctly, whereas the combination of higher LO harmonics

fails. The recombination fails at higher harmonics, as the the modulating

phase Φ(t) is multiplied by h that affects both the phase and amplitude of

the combined signal. Especially the outphasing angle that contains the

5This approach was originally used to illustrate similar effects in the context of
RF-PWM transmitters in [118].
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Figure 3.8. Spectra of square-wave outphasing signal harmonics based on Fourier series
presentation of (3.11).

amplitude information is only defined as θ ∈ [0, π/2]. Consequently, it can

be observed that the combined signal at higher harmonics Vharm(t, h > 1)

has significantly expanded bandwidth that limits the achievable SNR even

without any quantization in Φ(t).

When the discrete-time phase signal Φ[n] is converted into its continuous-

time equivalent by SH by holding each sample value constant for one

sample interval Ts = 1/fs, the continuous signal Φsh(t) is obtained. The

phase-modulated signal with sample-and-hold (SH) can now be represented

as

S1,harm,sh(t, h) =
4

hπ
cos (h(ωct+ φsh(t) + θsh(t))) (3.12)

S2,harm,sh(t, h) =
4

hπ
cos (h(ωct+ φsh(t)− θsh(t))) (3.13)

Vharm,sh(t, h) = S1,harm,sh(t, h) + S2,harm,sh(t, h). (3.14)

The phase signal with SH Φsh(t) now has sampling images in the frequency

domain on integer multiples of fs.

Figure 3.9 illustrates the sampling images of Vharm,sh(t, h = 1, 3, 5, 7) with

only baseband modulation in the case when fc = 0. As originally shown

in Figure 3.8, the LO harmonics h=3,5,7 do not recombine the outphasing

signals correctly, but instead generate wideband spectral noise around

the sampling image. The frequency shift of individual sampling images

of the LO harmonics h=3,5,7 can be traced in the lower part of the figure

when fc = fs. It can be observed that certain sampling images of the LO

harmonics are shifted on top of the signal band, and as they now contain

wideband noise they thus limit achievable ACLR. As the summation of

S1,sh(t) and S2,sh(t) to Vsh(t) is a linear operation, the sampling images

must exist on the outphasing signals before combination. Hence, filtering

the harmonics of S1,sh(t) and S2,sh(t) before or at the power combiner does

not alleviate the problem.

To summarize, the ACLR limitation is caused by the combination of

sampling images (digital delay selection) and LO harmonics (square-wave
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(a)

(b)

Figure 3.9. The figure (a) depicts Vharm(t, n) with h=1,3,5,7 when fc = 0 in the top figure
and fc = fs in the bottom one. For clarification, the dominating sampling
images that fall on the signal band are indicated with arrows. (b) Provides a
closer view of the transmitted signal and neighbouring channels.

output signal), both of which are inherent to the digital-intensive delay-

based phase modulator. Increasing oversampling ratio (OSR) would be

a conventional solution to this problem, as it would eliminate sampling

images nearest to the carrier. For example, additional oversampling Φsh(t)

by a factor of four fs = 4fc would remove the dominant sampling image

that falls to the signal band from 2fs. However, this would not affect the

next most dominant sampling image located at 4fs that shifts to fc due to

the fifth LO harmonic. Consequently, oversampling with moderate OSR

fails to solve this problem.

3.4.2 Pulse swallowing

An additional source of distortion is generated by the relatively slow step

response time of real circuits compared to pulse widths that can be gener-

ated by a digital-intensive PM with SH. As a consequence of SH, the phase

of Φsh(t) changes abruptly once every sample period, which causes discon-
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Figure 3.10. Waveform of the delay-line PM that depicts how the abrupt phase jumps
generate narrow pulses.

tinuities in the sinusoidal waveform at sample period boundaries. These

discontinuities are not typically visible in the square-wave signal, unless

the sign of the sinusoidal waveform changes at the sample period boundary.

Figure 3.10 illustrates such a crossing with sinusoidal and square-wave

waveforms. At the boundary of the sample period, the sinusoidal waveform

crosses the origin and ends with a negative sign, but after the phase shift

it continues with a positive sign for a short period of time. Based on the

square-wave definition of (3.1), the signal contains a narrow pulse close

to the sample period boundary. The width of generated narrow pulses are

dependent on the phase modulator delay resolution and occurring phase

shifts. Nevertheless, for high phase-resolution modulators these pulses

can be in the order of picoseconds.

In practice however, the step response time of a digital buffer in a modern

CMOS process is in the order of few tens of picoseconds, and even more

for a SM-PA. It can rougly be approximated that smaller pulse widths

than the step response delay of a digital logic circuit either exhibit pulse

shrinking or pulse swallowing. If the ideal response cannot be correctly

reproduced, the pulses become swallowed or distorted in the transmitter

chain. A phase-modulated signal S(t) that has pulse swallowing deviates

from the ideal signal and therefore distorts the recombined outphasing RF

signal V (t).

3.5 Digital interpolating phase modulator

Section 3.4.1 described that the conventional digital-intensive phase modu-

lator with SH achieves limited ACLR because of intermodulation between

sampling images and LO harmonics. The ACLR degradation is problematic

especially for basesation transmitters, as the ACLR is limited to between

approximately -40 to -45 dBc with LTE signals. Hence, such an outphasing

transmitter is not able to meet the stringent basestation ACLR specifica-

tion of -45 dBc.
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As the ACLR limitation is caused by intermodulation between sampling

images and LO harmonics, the problem can be solved by sufficiently at-

tenuating either one of these components. As square-wave signals are an

inherent part of digital-circuits, we choose instead to find a method to at-

tenuate the sampling images of the phase signal. A conventional approach

is to increase the OSR of the signal, which pushes the first sampling image

away from the carrier and provides better attenuation for it. Increasing

sample rate of CORDIC complex DSP above 2.46 GHz would also lead to

a significant increase in power consumption, thus making this approach

unfeasible. On the other hand, a known method to improve the attenuation

of sampling images is to utilize linear interpolation, or first-order hold

(FOH), instead of SH. Linear interpolation enables sinc2 attenuation of

the sampling images instead of sinc attenuation of SH.

3.5.1 Discrete-time linear phase interpolation

The instantaneous phase of a phase-modulated carrier wave signal ρ(t)

can be expressed in discrete-time digital domain as

S(t) = cos(ρ(t)) (3.15)

ρ(t) = ωct+Φ(t) (3.16)

ρ[n] = 2πn+Φ[n], (3.17)

where it is assumed that the digital phase modulator sample rate and

carrier frequency are equal fs = fc. Linear interpolation can be performed

in digital domain between two consecutive unwrapped phase samples as

Δρ[n] = ρ[n]− ρ[n− 1] = 2π +Φ[n]− Φ[n− 1] (3.18)

ρint[n, k] = ρ[n− 1] +
k

K
·Δρ[n] , k = 1, ...,K. (3.19)

Linear interpolation is thus divided into K discrete steps that can be

determined by the phase modulator resolution.

The waveform of a linearly interpolated phase signal is illustrated in

Figure 3.11, as described by

Sint(t) = sgn(cos(ρint(t))). (3.20)

The waveform shows that linear interpolation solves the problem with
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Figure 3.11. Waveforms of sampled-and-held phase signal Ssh(t), linearly interpolated
phase signal Sint(t) and its square-wave form depicting how linear phase
interpolation avoids abrupt phase jumps and narrow pulses.

Figure 3.12. Spectra of phase modulators with sample-and-hold (SH-PM) and linear phase
interpolation (DIPM).

pulse swallowing, as linear interpolation prevents generation of narrow

pulses in the phase modulated rail-to-rail signal.

Figure 3.12 represents the spectra of two outphasing transmitter archi-

tectures with same simulation parameters, where one phase modulator

is based on sample-and-hold (SH-PM) and the other utilizes linear phase

interpolation (DIPM). The 16 dB improvement in the outphasing transmit-

ter ACLR and out-of-band (OOB) noise level is notable when using linear

interpolation, as the sampling images of the phase signal are attenuated

below the transmitter quantization noise. The ACLR of -59 dBc achieved

with linear interpolation is also only 4 dB from the ideal simulation result

of -63 dBc, based on the ACLR curves in Figure 3.7. As explained in more

detail in Publication I, linear interpolation can significantly improve the

overall linearity of the outphasing transmitter.

3.5.2 Digital carrier generation

As described in the previous section, the original use case for linear phase

interpolation was to attenuate the sampling images of Φ[n] and thus im-

prove the transmitter linearity. However, our approach of interpolating

ρ[n] includes interpolating the baseband signal Φ[n] and also the angular
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Figure 3.13. Demonstration of digital carrier generation, where the carrier frequency has
been altered only by changing the value of α.

carrier frequency component ωct. This allows us to generalize ρ[n] as

ρ[n] = αn+Φ[n] (3.21)

α =
2πfc
fs

, (3.22)

where α can be any arbitrary value that represents the ratio of the carrier

frequency fc and sample rate fs. Hence, the carrier frequency component α

can be generated in digital domain. Based on Nyquist’s sampling theorem,

aliasing can be avoided as long as the maximum instantaneous frequency

defined by Δ(ωct+ φ(t)) is less than half of the sample rate fs. Therefore

in theory, phase modulation with sample-and-hold can be used for digital

carrier generation. In practice however, linear interpolation provides better

sampling image attenuation and does not generate narrow pulses that

lead to pulse swallowing and further signal distortion.

Phase interpolation of ρ[n] thus provides two independent functions: it

attenuates the sampling images of Φ[n] enabling ACLR close to the ideal

outphasing transmitter performance shown in Figure 3.7, and simultane-

ously enables the phase modulator to have an arbitrary carrier frequency

that is solely dependent on the value of α.

Digital carrier generation is depicted in Figure 3.13 with a aggregated

100 MHz LTE signal sampled at 2.46 GHz. The figure demonstrates that

altering the carrier frequency with α has no visible effect on the trans-

mitted signal linearity, although the phase signals ρ1,2[n] are quantized

to 10-bit resolution. However, further decreasing the carrier frequency

below 1 GHz will begin to degrade the transmitter linearity, as the LO

third harmonic becomes more dominant than quantization noise.

41



Digital-intensive phase modulator architecture for outphasing transmitters

3.5.3 Implementation requirements

Implementation of linear phase interpolation with a digital-intensive phase

modulator relies on the observation that a square-wave signal can be recon-

structed when the time-instants of its switching are known. These toggling

instants correspond to 180 deg = π phase shifts in the phase signal ρ(t).

The number of required toggling instants per sample period is dependent

on the value of α and the phase difference between consecutive values

in Φ[n]. Assuming that the desired carrier frequency of the outphasing

transmitter is at fc = fs, the maximum phase difference of Δρ[n] is 3.5π,

as derived in Publication I.

An implementation thus requires the capability to toggle the time-domain

waveform up to four times during one sample period, corresponding up to

4π phase increment. The implementation of the phase modulator can thus

vary, which affects on the phase modulator sample rate fDA. For example,

the toggling capability can be implemented with a single transition, which

necessitates sample rate of fDA = 4fs = 4fc. Alternatively, the capability

to perform all four togglings in one sample period can also be used, which

enables operation at fDA = fs = fc. In this work, the latter approach has

been chosen. As the maximum phase shift is rarely required, the additional

phase overhead can be used to increase the carrier frequency further above

the phase modulator sample rate, as long as the boundaries of the phase

jumps of Φ[n] are known.

The calculation of the toggling instants can be performed in four solvers

that operate on separate quarters of the sample period. Thus, each solver

tracks whether the phase signal has a π crossing in that quarter of the

sample period. A graphical depiction of (3.23) is in Figure 3.14, in which

the toggling instants Xi are calculated as

ρint[n,Xi] = iπ, i = 0, 1, 2, 3. (3.23)

Each Xi represents a toggling instant at a specific location within the

sample period in digital domain. Therefore, the task of the phase modulator

RF front end is to toggle the output waveform with corresponding delays

as calculated by the solvers. Hence, each solver requires a corresponding

digital-to-time converter (DTC) that is capable of generating an accurately

delayed signal within that quarter of the sample period, which is used to

toggle the phase modulator output waveform. One realization that fulfills

42



Digital-intensive phase modulator architecture for outphasing transmitters

(n-1)TS

[n-1]

Solver 0

(n)TS

+ [n]

2

3

Solver 1 Solver 2 Solver 3

X0

X1

X3

S(t)

[n-1]

Figure 3.14. Graphical depiction of linear interpolation of (3.23).

Figure 3.15. A block diagram of the DIPM.

this functionality is that the DTCs generate accurately delayed pulses that

are combined and used to toggle a T-flipflop. A block diagram of such a

realization of the DIPM is shown in Figure 3.15.

3.6 A prototype outphasing modulator in 28 nm CMOS

The DIPM concept is verified in the context of an outphasing modulator,

which is designed and fabricated in 28 nm CMOS. The block diagram of

the transmitter is shown in Figure 3.16, and the chip micrograph in Figure

3.17. The inputs for the two DIPM front ends (FEs) come from digital

solvers at 1.5 GHz sample rate. As the implementation of the DIPM solvers

is out of the scope of this thesis, interested readers are referred to [152,153]

for more details. The solvers provide control signals with information on

the toggling instants, while a tapped delay line generates coarse phases

for the DIPM FEs. The tapped delay line is designed to provide 16 phases

that are divided equally along the sample period. Furthermore, the delay

can be calibrated to be equal to the sample period. The phase modulator

outputs control switch transistors that are connected to a wideband RLC

resonator. This low power configuration enables the observation of digital

carrier generated signals throughout a wide frequency range.
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Figure 3.16. Implemented outphasing transmitter block diagram.
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Figure 3.17. Chip micrograph.

A detailed block diagram of the implemented phase modulator is shown

in Figure 3.18. The DTC delays are segmented, such that a coarse delay

is first selected from the phase generator, which is then delayed with

finer resolution in a DCDL. The delayed DTC output signals have 50%

duty cycle, which are decreased in pulse generators in the input of the

reconstruction stage. After the pulse generator, the signals are combined

in an OR gate and used to clock a rising edge sensitive T-fliplop to perform

the desired functionality.

The timing diagram of the phase modulator RF front end is shown in Fig-

ure 3.19. The diagram depicts the most important signal waveforms when

a 3/2fs frequency signal is generated with the phase modulator. Unfortu-

nately, the DTCs cannot be clocked simultaneously as it would make the

design susceptible to unintentional togglings. Any unintentional togglings

will shift the phase modulator output by 180 degrees, which is detrimental

for the transmitter linearity. In order to guarantee correct operation, each

DTC must be clocked when its phase generator input waveforms are low.

The optimal clocking instants are drawn in the figure with dashed red

lines. The clocks are realized by reusing the phase generator coarse phases
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Figure 3.18. Block diagram of the implemented phase modulator.
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Figure 3.19. Phase modulator timing diagram.

also as accurate clock signals for the phase modulator.

The measurement results in Figure 3.20 and Figure 3.21 show that the

outphasing modulator with the DIPM FEs is capable of transmitting an

aggregated 100 MHz LTE signal signal with -29 dBc ACLR with a rela-

tively flat noise floor, excluding the spectral content at the third harmonic.

In addition, digital carrier generation is used to generate the carrier be-

tween 0.8–2.0 GHz with constant 1.5 GHz sample rate, showing only 1dB

variation in ACLR and thus verifying the effectiveness of the approach.

Furthermore, the measured signals are non-contiguous and show that

the sampling images that fall on the signal band in conventional digital

transmitters are not visible in the spectrum of this digital transmitter.

As the measurement results indicate, the prototype does not meet the

ACLR specification of the basestation transmitter that was originally

45



Digital-intensive phase modulator architecture for outphasing transmitters

0.75 0.8 0.85
Frequency (GHz)

-40

-30

-20

-10

0

R
el

at
iv

e 
P

o
w

er
 (

d
B

c)

ACLR = -29 dBc

(a)

0 0.5 1 1.5 2
Frequency (GHz)

-40

-30

-20

-10

0

R
el

at
iv

e 
P

o
w

er
 (

d
B

c)

(b)

Figure 3.20. Measured (a) close-up and (b) wide-span spectra with an aggregated 100
MHz LTE signal signal at 0.8 GHz carrier frequency.
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Figure 3.21. Measured spectra with an aggregated 100 MHz LTE signal signal at (a) 1.8
GHz and (b) 2.0 GHz carrier frequency.

targeted. This can be explained by two factors. First, the sample rate is

much lower than what was simulated in Publication I. Second, the targeted

10-bit phase resolution was not met. This was mainly due to mismatches

in coarse phases that were generated with the phase generator. The phase

generator delay tuning only compensates for the delay of the complete

delay chain, but cannot correct mismatches in individual coarse phases.

Furthermore, the chip does not contain any digital predistortion (DPD)

capabilities and compensation of these mismatches was impossible using

baseband predistortion, as non-linear relationship between the baseband

signal and phase modulator output is generated in DSP solvers. The

measured transfer curve after calibration in Figure 3.22 illustrates the

achieved phase linearity.

3.7 Summary

The outphasing architecture merges two desirable features for a radio

transmitter: digital-intensive implementation, and the use of highly ef-
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Figure 3.22. Measured phase modulator transfer curve.

ficient switch-mode power amplifiers. The focus of this chapter was on

digital-intensive phase modulators that enable high sample rate and pi-

cosecond delay resolution, which make wideband and linear outphasing

transmitters possible. However, the conventional digital-intensive phase

modulator becomes ACLR limited due to intermodulation between sam-

pling images and LO harmonics. Consequently, the basestation ACLR

specification can not be met and an alternative solution is required. Our

approach was to suppress the sampling images of the phase signal by

utilizing linear phase interpolation, enabled by high-speed digital logic in

modern CMOS processes. The proposed digital interpolating phase modu-

lator synthesizes the RF waveform based on 180 degree phase shifts in the

digital phase signal. Linear interpolation is thus performed completely in

digital domain, enabling the generation of signals with arbitrary carrier

frequency without the need for complex frequency synthesizers. The pro-

posed phase modulator front end was verified by implementing it as a part

of an outphasing modulator in 28 nm CMOS. As a continuation of our work

with outphasing, the next chapter focuses on the multilevel outphasing

architecture that can improve the outphasing transmitter efficiency in

power back off.

47



Digital-intensive phase modulator architecture for outphasing transmitters

48



4. Multilevel architectures for wideband
and efficient digital transmitters

4.1 Overview

The outphasing architecture enables high peak efficiency with switch-mode

power amplifiers (SM-PAs), however its efficiency degrades quickly in

power back-off (PBO). The efficiency degradation is caused by cancellation

of high power signals in the power combiner. This creates an inconsistency,

as individual SM-PAs can operate efficiently but large amounts of power

is wasted in the power combiner due to cancellation of the outphasing

signals.

In order to improve the efficiency of the outphasing transmitter (TX)

in deep PBO, multilevel outphasing has been proposed by Chen et al.

and Jheng et al. [93, 94]. Multilevel outphasing enables improving the

efficiency in PBO, regardless of the power combiner type. This efficiency

improvement is enabled by introducing several discrete amplitude levels

for the signals S1(t) and S2(t) based on (2.18). The efficiency improvement

in multilevel outphasing especially affects operation in deep PBO, as more

amplitude levels are introduced. For example, the peak-to-average power

ratio (PAPR) of a wideband orthogonal frequency division multiplexing

(OFDM) signal used in 5G is typically over 10 dB, thus necessitating

operation in deep PBO. Consequently, multilevel operation can be used

to significantly improve the outphasing transmitter efficiency. Therefore,

multilevel outphasing ideally provides all of the benefits of outphasing but

enables even greater improvement in TX efficiency.

The author’s contributions, which are highlighted in Figure 4.1 and

summarized in this chapter, focus on the design and implementation of

integrated multilevel transmitters. Section 4.2 discusses the current state-

of-the-art in multilevel transmitters targetting wide modulation bandwidth
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Figure 4.1. Block diagrams of multilevel outphasing and tri-phasing transmitters that
highlight the author’s contributions.

Figure 4.2. Measurement setup of [99]. ©2012 IEEE.

and high efficiency. Section 4.3 describes an implementation of a prototype

multilevel outphasing modulator that utilizes the digital interpolating

phase modulators (DIPMs) as phase modulators. Section 4.4 describes our

analysis on the fundamental sources of distortion in multilevel outphas-

ing. Section 4.5 describes the proposed tri-phasing architecture, which

aims to solve the identified challenges in multilevel outphasing and thus

increase the linearity of multilevel transmitters. Section 4.6 describes the

implementation of a prototype tri-phasing transmitter in 28 nm CMOS.

This chapter summarizes the key research findings from the original work

detailed in Publications III, IV and V.
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Figure 4.3. Multilevel power combiner architecture of [99]. ©2012 IEEE.

(a) (b)

Figure 4.4. (a) Reported supply ringing, and (b) implemented “skip window” to avoid short
duration amplitude transitions in [99]. ©2012 IEEE.

4.2 State-of-the-art digital-intensive multilevel transmitters

Tai et al. [99] presented a 5-level class-D multilevel outphasing PA in

45nm CMOS with 27% peak power added efficiency (PAE) at 2.4 GHz.

With a 20 MHz WiFi signal the PA achieves 16% PAE at 24.8 dBm output

power and -25 dB EVM. The measurement setup of the PA and combiner

is shown in Figure 4.2, illustrating that only the PAs and the combiner

are implemented on chip. Furthermore, the phase modulation is imple-

mented by utilizing external quadrature modulators. Figure 4.3 illustrates

the multilevel combiner, where amplitude transitions are performed by

turning on and off class-D unit PAs in a serially connected multi-section

transformer.

They report that switching between amplitude levels causes supply ring-

ing, which distorts the signal. The ringing is due to parasitic inductance in

the supply network and on-chip decoupling capacitance. The phenomenon

is illustrated in Figure 4.4(a), depicting a rapid shift in total PA current

when the PA is turned off. The abrupt current transient in turn generates

a ringing waveform in the PA supply voltage that becomes visible in the

output spectrum of the combiner as distortion. In order to alleviate the

distortion due to ringing, they propose a “skip window” that is depicted in

51



Multilevel architectures for wideband and efficient digital transmitters

Figure 4.5. Measurement setup in [103]. ©2012 IEEE.

Figure 4.6. Measured settling time for amplitude and phase paths in [103]. ©2012 IEEE.

Figure 4.4(b). The idea is to ignore rapid transitions that occur within the

“skip window” timeframe, which enables ACLR improvement by sacrificing

PAE.

Godoy et al. [103] presented an integrated 4-level class-E asymmetric

multilevel outphasing (AMO) power amplifier in 65nm CMOS with 45%

peak system efficiency at 2.4 GHz. With a 20 MHz WLAN signal, the imple-

mentation achieves 27.6 % system efficiency at 20.2 dBm output power and

2.7% EVM. The measurement setup shown in Figure 4.5 illustrates the

integrated SM-PAs, but also reveals the use of off-chip phase modulators

and an isolating power combiner. Multilevel operation is achieved in this

architecture by switching independently the discrete supply levels of the

two PAs.

This paper also describes that switching instantaneously between supply

voltages causes ringing in the PA supply due to parasitic inductances and

capacitances. Furthermore, large changes in the amplitude and phase

paths take several clock cycles to settle to desired values, as illustrated in

Figure 4.6. The long settling times are caused by phase modulation and

power combining being implemented off chip with non-optimized discrete

components. Bandwidth limitations also cause significant distortion in

wideband signals more than mere ringing in the supply voltage. However,
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(a) (b)

Figure 4.7. (a) Efficiency and linearity curves as a function of 64-QAM signal bandwidth.
(b) Wide-span spectrum of 20-MHz OFDM signal in single and multilevel
operation in [103]. ©2012 IEEE.

as depicted in Figure 4.7(a), the approach can achieve a significant 3× im-

provement in system efficiency with the AMO approach when compared to

conventional outphasing (LINC). On the other hand, Figure 4.7(b) depicts

how the use of AMO increases the out-of-band (OOB) noise floor due to the

supply ringing effect.

Banerjee et al. [104] presented an integrated 3-level class-E AMO power

amplifier in 65nm CMOS with 43% peak system efficiency and 31.6 dBm

peak output power at 2.4 GHz. With a 10 MHz LTE signal in AMO mode,

the implementation achieves 33 % system efficiency and -42 dBc ACLR.

On the other hand, in outphasing mode the implementation achieves -57

dBc ACLR, demonstrating a substantial 15 dBc ACLR degradation due to

multilevel operation. Although reasons behind the linearity degradation

are not explained in the paper, the distortion is nevertheless caused by

multilevel operation.

Hue et al. [100] reported an integrated outphasing power amplifier based

on 8-segment RF-DAC in 40 nm CMOS at 5.9 GHz frequency. The PA

achieves up to 49% peak efficiency and 22 dBm output power. The 8-

segment architecture provides multilevel outphasing functionality to the

RF-DAC. However, modulated signal measurements were only conducted

in outphasing mode with all segments on, thus giving the impression that

multilevel operation did not work as intended in this prototype. Neverthe-

less, with 20 MHz 64-QAM signal and digital predistortion (DPD) the PA

achieves 16.4 dBm output power and 16.1% efficiency while meeting WiFi

EVM and spectral requirements.

A recent study by Cappello et al. [107] presented an integrated GaN

MMIC power amplifier with a discrete 8-level power DAC for multilevel

53



Multilevel architectures for wideband and efficient digital transmitters

(a) (b)

Figure 4.8. (a) The measurement setup, and (b) PA amplitude modulation scheme of [107].
©2017 IEEE.

(a)

(b)

Figure 4.9. System efficiency results with (a) outphasing and (b) multilevel outphasing
with simultaneous input drive modulation of [107]. ©2017 IEEE.

PA supply control. The PA, with measurement setup illustrated in Figure

4.8(a), achieves up to 60% system efficiency and 35.7 dBm peak output

power at 9.7 GHz. With a 10 MHz LTE signal the implementation achieves

25.6 % system efficiency at -31.5 dBc ACLR and 7% EVM. Although the

results are similar to those of the previous CMOS implementations, this

work stands out due to the amount of performed efficiency optimization, as

illustrated in Figure 4.8(b). First, the work utilizes a non-isolating Chireix

combiner that requires predisortion to linearize the outphasing response

for each discrete power level. Second, the PA input drive is also modulated

to further optimize the PA efficiency as a function of the output power

level.

The efficiency of the PA degrades quickly without multilevel operation
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or input drive modulation, which is typical for an outphasing transmitter,

as shown in Figure 4.9(a). However, the efficiency can be significantly im-

proved in deep PBO with multilevel operation and input drive modulation

enabled, as illustrated in Figure 4.9(b). It is reported that multilevel opera-

tion distorts the signal also in this work, although no details on the source

of distortion were disclosed. Switching from outphasing to multilevel op-

eration with input drive modulation, the ACLR of a 10 MHz LTE signal

degrades from -39 dBc to -31.5 dBc, and EVM from 4.7% to 7%. On the

other hand, multilevel operation enables approximately 2x improvement

in system efficiency compared to single level operation.

4.2.1 Summary

The current state-of-the-art of multilevel transmitter architectures were

discussed in this section. Several conclusions can be drawn from these

implementations: First, multilevel outphasing transmitters with inte-

grated phase modulators do not exist in current literature. The use of

external phase modulators can enable linear operation, although off-chip

connections with sinusoidal signals are susceptible to noise. Furthermore,

external phase modulators also limit achievable signal bandwidth. The

implementations discussed in this section report signal bandwidth up to

40 MHz, which remains far from the 100 MHz bandwidth enabled by 5G.

Reported EVM has typically been acceptable, and achieved ACLR has var-

ied depending on the implementation. The reported operation frequency

has been fixed to either 2.4 GHz or 9.7 GHz, and thus frequency agility

has not been demonstrated by prior implementations.

The following section presents our integrated multilevel outphasing

transmitter prototype, which aims to demonstrate the feasiblity of wide-

band phase modulation with multilevel outphasing. In order to demon-

strate wide bandwidth and frequency agility, our focus has been in integrat-

ing digital interpolating phase modulators (DIPMs) on chip and to omit

the PAs in order to avoid distortion originating from high power circuits.

4.3 A wideband multilevel outphasing modulator in 28 nm CMOS

A prototype multilevel outphasing modulator fabricated in 28nm CMOS is

presented in Publication III, which extends the work presented in Publica-

tion II. The modulator block diagram is shown in Figure 4.10, and the chip
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Figure 4.11. Chip micrograph.

micrograph in Figure 4.11. The modulator operates at fs = 1.8 GHz sample

rate, where the phase signals for the DIPM solvers are brought through a

high-speed serial interface operating at 4fs. The interface also provides

the amplitude data required by multilevel operation, which is fed to the

output driver through an adjustable delay element. The driver provides

approximately 0 dBm peak output power, and consists of current steering

cells that are controlled by the phase modulator outputs and amplitude

data. Outputs of the driver are connected to an RLC resonator that enables

wideband matching.

A calibration loop is used to determine the optimal delay tuning between

amplitude and phase paths. The calibration loop uses randomly generated

wideband signals and aims to directly improve ACLR. Full sample periods

are shifted off-chip, whereas the delay element tunes sub-sample period
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Figure 4.12. Measured spectra with 400 MHz and 200 MHz aggregated LTE signals.
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Figure 4.13. Measured spectra between 0.4–2.6 GHz with 20 MHz LTE signal demon-
strating digital carrier generation while transmitter sample rate is constant
1.8 GHz.

delay with steps of 100 ps1.

When operated at fs = 1.8 GHz, the chip consumes 635 to 680 mW de-

pending on the transmitter carrier frequency. The DIPM front end (FE)

and the driver together consume 43 to 73 mW, while the complete digital

front end (DFE) consumes 292 mW.

The measurement results focus on the frequency agility of the phase

modulators, demonstrating wide bandwidth modulation capabilities and

digital carrier generation. The measured spectra with extremely wide

signal bandwidths of 400 and 200 MHz are shown in Figure 4.12. The

signals are formed by aggregating multiple 20 MHz LTE carriers to achieve

400 and 200 MHz instantaneous bandwidth. Digital carrier generation

results are shown in Figure 4.13 with constant 1.8 GHz sample rate, where

1A higher delay resolution in the delay element would not improve ACLR, due to
the reasons described in Chapter 4.4.3
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Table 4.1. Summary of performance and comparison to state-of-the-art. The references
in the table correspond to references in this thesis as: Madoglio [67], Kulkarni
[116] and Mehrjoo [90].

Madoglio Kulkarni Mehrjoo This Work

TransmitterArchitecture Outphasing RF-PWM Outphasing Multilevel
Outphasing

Techonology (nm) 32 40 45 28

Integration Level Modulators
+ PA

Modulators
+ Driver

Modulators
+ Driver

Modulators
+ Driver

Digital Predistortion LUT No No No
Power Consumption (mW) 82 (w/o PA) 911 1720 6701

Maximum Bandwidth (MHz) 40 40 133 400
Carrier Frequency

Independent of Sample Rate No No No Yes

Carrier Frequency (GHz) 2.4 0.9–2.6 10 0.35–2.6
PAPR (dB) 8 7.3 6.6 8

ACLR (dBc, BW = 20 MHz)
(64-QAM OFDM) N/A -301 -372 -401

EVM (dB, BW = 20 MHz)
(64-QAM OFDM) -32 -291 -332 -291

1 Center frequency at 2 GHz
2 Measured with 10 MHz signal bandwidth

a single 20 MHz LTE carrier is swept at 150 MHz steps between 0.35–2.6

GHz carrier frequency. At 2 GHz carrier frequency the transmitter achieves

ACLR of -40 dBc and EVM of 3.7% (-28.7 dB). The ACLR shows only slight

degradation throghout the carrier frequency range, thus confirming that

digital carrier generation can also be used with multilevel outphasing. The

performance of the implemented transmitter is compared to state-of-the-

art digital transmitters that utilize phase modulation in Table 4.1. Our

implementation can achieve significantly wider signal bandwidth than the

state-of-the-art, while it simultaneously enables digital carrier generation

with a fixed reference clock frequency of 1.8 GHz.

Although our implementation achieves state-of-the-art performance in

terms of signal bandwidth, the measured ACLR remains far from the

simulation results presented for outphasing in Publication I. Intuitively,

multilevel outphasing with additional 2-bit amplitude resolution should

improve the performance over outphasing. As explained already in Section

3.6, part of the performance degradation is explainable by lower sampling

rate and lack of DPD capabilities. However, this prototype lead us to

study the fundamental sources of linearity degradation in the multilevel

outphasing architecture itself, and our findings are discussed in the next

section.
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Figure 4.14. Time-domain representation of an amplitude transition in multilevel out-
phasing. The sinusoidal waveforms of the fundamental, 3rd and 5th harmon-
ics are also depicted, revealing discontinuities.
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Figure 4.15. Spectrum of an amplitude level transition with discontinuities in harmonics.

4.4 Distortion sources in multilevel outphasing

This section describes additional fundamental sources of distortion in the

multilevel outphasing architecture, which are related to discrete amplitude

transitions. The discrete amplitude transitions are inherent to the multi-

level architecture, as they enable the efficiency improvement by alteration

of the outphasing vector length.

4.4.1 Harmonic discontinuities at amplitude transitions

Consider a discrete amplitude transition that occurs at the sample period

boundary in multilevel outphasing, where the amplitude r(t) of the signal

remains equal on both sides of the transition, but the discrete amplitude
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level (number of active unit PAs) goes from AMO = A1 → A1 + 1 and the

outphasing angle changes from θ = 0→ θ1, where

θ1 = arccos(
A1

A1 + 1
). (4.1)

Such a transition for multilevel outphasing is depicted in Figure 4.14.

The figure includes the square-wave waveform, but also illustrates the

individual LO harmonic waveforms Vharm(t, h = 1, 3, 5). The discrete ampli-

tude transition is visible in the square-wave waveform as a discontinuity,

as if two separate waveforms were glued next to each other. The figure

illustrates that the fundamental signal (h=1) remains continuous as it

should, but a discontinuity is present in the harmonics (h=3,5). As more

thoroughly described in Publication IV, the nth harmonic amplitude can

be expressed as a function of the normalized envelope r as

A(n, r) = A0(n)AMO(r) cos (nθMO (r)) (4.2)

A0(n) =
1

Amax

4

nπ
, (4.3)

which explains the discontinuities in harmonic amplitude levels. Further-

more, the instantaneous phase of the nth harmonic shifts n times more

than the fundamental, thus explaining the discontinuity in phase of the

harmonic as the phase offset between the outphasing branches becomes

incorrect.

Consequently, these discontinuities in time-domain are also visible in

the signal spectrum. The spectra of individual harmonics are shown in

Figure 4.15, depicting that the LO harmonic signal spectrum extends over

the fundamental signal band and limits the achievable signal-to-noise

ratio (SNR). This simulation only depicted a single amplitude transition

without baseband phase modulation in a relatively short frame. Thus, the

SNR degradation caused by harmonic discontinuities is dependent on the

number of amplitude transitions per time unit.

4.4.2 Pulse swallowing

As described in detail in Publication IV, when multilevel outphasing is

implemented with parallel unit PAs, narrow pulses can be created when

individual PAs are toggled on or off, regardless of the phase modulator (PM)

architecture. Figure 4.16 depicts how the PA unit output of S1 generates a

narrow pulse as the PA unit is turned on (black line). This pulse swallow-
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Figure 4.16. A depiction of the origin of narrow pulses in multilevel outphasing when the
discrete amplitude level changes and a new PA unit is enabled.

ing is caused as the amplitude transitions and phase modulator toggling

instances occur uncontrollably close to each others. On the other hand,

other S1 PA unit outputs that are already on (grey line) do not generate

narrow pulses. Pulse swallowing is thus inherent in this form of multilevel

outphasing, and it is caused by uncontrolled relation between amplitude

transitions and the phase modulator toggling instants.

Another form of pulse swallowing can be thought to exist in multilevel

outphasing transmitters that utilize discrete supply switching. There

however, the distortion can be caused by the slowly changing supply wave-

form due to parasitics and possible further ringing in PA supplies, as was

reported in several publications in Section 4.2.

The distortion caused by pulse swallowing was already described in

the context of outphasing transmitters in Section 3.4.2. Alternatively,

the distortion due to pulse swallowing in multilevel outphasing can be

intuitively understood by looking at the square-wave signal of Figure

4.14. If the narrow pulse after the amplitude transition is cut off, the

fundamental amplitude cannot remain equal to that before the transition,

which generates distortion.

4.4.3 DIPM phase interpolation and amplitude transitions

The DIPM was shown to improve the linearity of the outphasing trans-

mitter in Chapter 3. However, the DIPM ends up undesirably distorting

the signal in a multilevel outphasing transmitter, as is explained next and

more thoroughly in Publication IV. The distortion is caused by the intrinsic

phase interpolation of the DIPM, when combined with instantaneous am-

plitude transitions in multilevel outphasing architecture. In the event of

an amplitude transition the value of the outphasing angle θMO[n] changes

rapidly. Let us consider the scenario depicted in Figure 4.17, the where

at the transition instant from AMO = 1 → 2 also the outphasing angle

is shifted by π/3. This phase shift should be instantaneously visible in
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Figure 4.17. Illustration of the error made in the envelope of the multilevel outphasing
transmitter near an amplitude transition with the SH-PM and the DIPM.

the phase-modulated signals to compensate for the amplitude transition.

However, the DIPM interpolates over the two consecutive sample periods

and the outphasing angle θMO shifts gradually during the sample period,

thus distorting the signal. As depicted in Figure 4.17, the envelope of

the delay-line phase modulator (SH-PM) increases as expected, but with

the DIPM the envelope transition occurs incorrectly. The signal envelope

should slowly increase, but due to interpolation of θMO with the DIPM,

the envelope actually decreases during the sample period preceeding the

amplitude transition. This occurs as the outphasing angle is interpolated

between θMO ≈ 0→ π/3, while the amplitude level remains constant until

the end of the sample period. This distortion can be decreased by advanc-

ing the amplitude transition (AAT) by half a sample period2 as illustrated

in the figure.

4.4.4 Summary

Figure 4.18 illustrates the performance of multilevel outphasing transmit-

ters based on the SH-PM and the DIPM when simulated with or without

pulse swallowing (PS). The ACLR of a single-level outphasing transmitter

with the DIPM can achieve up to -61 dBc ACLR with same simulation

parameters. Therefore, it is notable that the multilevel outphasing trans-

mitter can achieve at best -54 dBc ACLR. Due to the distortion sources

described in this section, the multilevel outphasing transmitter perfor-

mance degrades significantly from what could be anticipated based on the

resolution metrics of the architecture. In the following section we propose a

new tri-phasing modulation method, which enables improving the linearity

of multilevel transmitters by eliminating harmonic discontinuities and

pulse swallowing.
2The advanced amplitude transition was already applied in Publication III to
improve ACLR of the multilevel outphasing modulator.
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Figure 4.18. Spectra of multilevel outphasing (MO) transmitters with different phase
modulators and pulse swallowing taken into account.

4.5 Tri-phasing modulation

Based on our findings on the limitations of multilevel outphasing in the

previous section, we propose a new modulation scheme for multilevel trans-

mitters that we call tri-phasing. Tri-phasing modulation can alleviate the

identified distortion sources in multilevel outphasing, while preserving

similar efficiency. The tri-phasing architecture thus aims to enable com-

parable linearity that is achievable with outphasing and the DIPM. The

prerequisites for the tri-phasing architecture can be condensed as follows:

• Amplitude transitions can be performed without discontinuities.

• Uncontrollably narrow pulses can be avoided in individual PA outputs.

• The DIPM does not distort the signal near amplitude transitions.

Tri-phasing requires a third phase-modulated signal to achieve the de-

sired performance. The signal composition in tri-phasing can be presented

as

V (t) =
1

2Amax
(2 ·ATP (t)S0(t) + S1(t) + S2(t)) (4.4)

S0(t) = cos(ωct+ φ(t)) (4.5)

S1(t) = cos(ωct+ φ(t) + θTP (t)) (4.6)

S2(t) = cos(ωct+ φ(t)− θTP (t)), (4.7)

where the amplitude level ATP (t) and the outphasing angle θTP (t) are

defined as

ATP (t) = AMO(t)− 1 (4.8)

θTP (t) = arccos(r(t)Amax −ATP (t)). (4.9)

The tri-phasing signal composition is partioned such that S0(t) modu-
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and tri-phasing (TP) near an amplitude transition.
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lates the angular polar component of the baseband signal and it is ampli-

fied by the discrete amplitude level ATP (t). S1(t) and S2(t) operate as a

conventional outphasing pair with constant amplitude levels. Therefore,

ATP (t) · S0(t) provides coarse magnitude resolution for the envelope, while

S1(t) + S2(t) enables further fine resolution. The geometrical vector repre-

sentation of tri-phasing is shown side by side with multilevel outphasing

in Figure 4.19. As the vector representation does not reveal time-domain

behavior, Figure 4.20 compares waveforms between multilevel outphasing

and tri-phasing. In addition, waveforms of the three individual signal com-

ponents are also included to demonstrate that amplitude transitions can

be made continuous, without narrow pulses in any of the phase-modulated

signals.

The continuous amplitude transition is achieved by changing the discrete

amplitude level simultaneously when S0(t) toggles, as illustrated in Figure
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Figure 4.21. Block diagram of the proposed tri-phasing transmitter.

4.20. The amplitude transition time instant, denoted by the grey dotted

line, does not affect the phase of S0(t). This approach defines a constant

(ideally zero) offset between the amplitude transitions and the phase mod-

ulator toggling instant. Furthermore, before the amplitude transition

the signals S1(t) and S2(t) are in phase, such that their outphasing angle

θTP = 0. After the amplitude transition their phases change instanta-

neously to θTP = π/2, thus canceling the increase in ATP (t). The block

diagram of the proposed tri-phasing transmitter is shown in Figure 4.21.

The amplitude transition synchronization can be achieved for example by

utilizing a first-in first-out (FIFO) buffer.

The amplitude transitions are performed simulatenously when S0(t) tog-

gles, and can be realized with the DIPM if the DSP solver operation is

modified. The modified DIPM solver operation in tri-phasing is condensed

in the Figure 4.22 and is now briefly elaborated. Instead of a single lin-

ear interpolation stage, S1(t) and S2(t) require two-stage interpolation to

perform the π/2 phase jump at each amplitude transition. The boundary

between the two interpolation steps is located at XA[n], which is the tog-

gling instant of S0(t) closest to mid-point of the sample period. Thus, XA[n]

is a phase value that is first calculated in the solvers of S0(t) and passed to

S1(t) and S2(t) in the case of an amplitude transition. The values ρjump[n]

are thus located ±π/2 away from XA[n]. An interested reader is referred

to Publication IV for details of the algorithm.

4.5.1 Architectural benefits

The signal composition in tri-phasing also generates an additional benefit

compared to multilevel outphasing, as the full range of outphasing angle

θTP ∈ [0, π/2] is utilized at each amplitude level. This is not the case with

multilevel outphasing, as a part of the outphasing angle range is redundant.

As a consequence, tri-phasing is capable of more accurate static linearity

65



Multilevel architectures for wideband and efficient digital transmitters

2

3

Solv0

0[n]

1[n]

2[n]
Amplitude
Transition
0,int(n, XA[n])

Initial phase
i[n-1]

2,jump[n]

1,jump[n]

K0 Solv1 Solv2 Solv3

Figure 4.22. A graphical illustration of the two-stage phase interpolation required by the
three different phase modulators in tri-phasing. The locations of the zero
crossings occur at integer π crossings.

0 15 30 45 60 75 90
Outphasing angle (degrees)

0

0.25

0.5

0.75

1

N
o

rm
al

iz
ed

 S
ig

n
al

 E
n

ve
lo

p
e 

(r
)

(a)

0 15 30 45 60 75 90
Outphasing angle (degrees)

0

0.25

0.5

0.75

1
N

o
rm

al
iz

ed
 S

ig
n

al
 E

n
ve

lo
p

e 
(r

)

(b)

Figure 4.23. Signal envelope magnitude as a function of the outphasing angle in (a)
multilevel outphasing and (b) tri-phasing.

than multilevel outphasing. However, tri-phasing necessitates use of the

third phase modulator to achieve the improvement in static linearity. The

difference in outphasing angle to signal envelope behavior is illustrated in

Figure 4.23.

The efficiency of the tri-phasing transmitter with class-D PAs is compa-

rable to multilevel outphasing. The reason is that the number of active PA

units is the same in both tri-phasing and multilevel outphasing, and the

losses originating from the combiner and the PAs are thus equal. Further-

more, the transmitter efficiency is dominated by the power consumption

of the PAs, and thus the power consumption of the DIPM solvers and the

third phase modulator is negligible. The efficiency as a function of the

signal envelope is depicted in Figure 4.24, which shows the achievable

efficiency improvement with 4-level operation compared to outphasing.
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Figure 4.24. Efficiency of class-D PAs in single or multilevel operation as a function of
signal envelope, including the envelope PDF of a 100 MHz signal with 8 dB
PAPR.

4.5.2 System-level performance evaluation

The tri-phasing transmitter performance targets comparable performance

that is achievable with the outphasing transmitter using the DIPM. The

simulated wide-span spectra of outphasing, multilevel outphasing and

tri-phasing with an aggregated 100 MHz LTE downlink signal are shown

in Figure 4.25. As a reference, the outphasing transmitter with the DIPM

can achieve up to -61 dBc ACLR. The multilevel outphasing transmitter

with the delay-line PM (SH-PM) or the DIPM can only achieve -48 or -46

dBc, respectively. The tri-phasing transmitter, however, can achieve -58

dBc ACLR, a 3 dB degradation from the outphasing transmitter with the

DIPM. This means that the tri-phasing transmitter can enable comparable

linearity as the outphasing transmitter, while enabling the efficiency of

multilevel outphasing. The increased noisefloor in tri-phasing is caused by

the two stage linear envelope interpolation in the vicinity of the discrete

amplitude transitions. The boundary between the two interpolation stages

occurs at the polar modulator zero crossing and therefore does not neces-

sarily occur in the middle of the sample period. Consequently, the portion

of interpolated envelope may differ between the two stages, which slightly

distorts the signal.

Figure 4.26 verifies that also digital carrier generation works as expected

with tri-phasing. The simulations are performed at 2.46 GHz sample rate,

4 amplitude levels and 10-bit phase resolution. 20 MHz LTE signal results

are shown in Figure 4.26(a), where the signals are generated with 400

MHz spacing such that the carrier frequency is at [0.8, 1.2, 1.6, 2.0, 2.4]

GHz. ACLR remains below -70 dBc regardless of the carrier frequency, and

the third harmonic of the 0.8 GHz carrier can be seen in the background.

The distortion from amplitude transitions is also visible in the spectrum as

highly attenuated images around the carrier. 100 MHz LTE signal results
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Figure 4.26. Digital carrier generation demonstrated with tri-phasing by utilizing the
DIPM at 2.46 GHz sample rate with (a) 20 MHz and (b) 100 MHz signals.

are shown in Figure 4.26(b), with clear differentiation in performance.

Now, ACLR visibly degrades as the carrier frequency is decreased. The

ACLR degradation can be explained by fewer polar modulator togglings

at lower carrier frequencies. This leads to distortion in the envelope

signal as the amplitude transitions cannot be optimally synchronized. For

further details and simulation results, an interested reader is referred to

Publication IV.
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Figure 4.27. Block diagram of the implemented tri-phasing transmitter.

4.6 A prototype tri-phasing transmitter in 28 nm CMOS

4.6.1 Transmitter architecture

A prototype tri-phasing transmitter fabricated in 28nm CMOS is presented

in Publication V. The integrated transmitter block diagram is shown in

Figure 4.27. The chip integrates the tri-phasing modulator and 4-level

class-D power amplifiers (PAs), of which design details have been reported

in [154]. The power combiner is implemented on printed circuit board

(PCB) to enable later testing with external high-power SM-PAs. Data

SRAM is used to store the signal on chip, and look-up tables (LUTs) enable

accurate phase calibration independently for each phase modulator. A

6.8 GHz LO feed with divide by four circuitry supplies the constant 1.7

GHz sample rate to the transmitter. A sophisticated phase generator is

also integrated on chip, which provides accurate calibration capabilities

independently for each coarse phase.

The chip micrograph in shown Figure 4.28(a) and the power combiner

on PCB in Figure 4.28(b). As illustrated by the chip micrograph, the

tri-phasing modulator is almost completely implemented with digital syn-

thesis and place-and-route tools to improve integration level and design

time. Timing-sensitive paths within phase modulators are design by us-

ing structural RTL, whereas behavioral RTL is used for non-critical data

signals, such as calibration controls and back-end flipflops.

This prototype includes an improved version of the DIPM RF front end.

The front end operation is illustrated in Figure 4.29(a). As briefly men-

tioned in Publication II, the T-flipflop used to reconstruct the RF waveform

in the original DIPM prototype had the following problematic feature: if a

digital-to-time converter (DTC) missed a single toggling, the RF wafeform
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Figure 4.28. (a) Chip micrograph. (b) Power combiner on PCB.

exhibits an erroneous 180 degree phase shift that is not corrected and thus

severely degrades SNR of the outphasing transmitter. In order to minimize

the effect of such missed togglings, if they were to appear due to front

end impairments, an SR-latch that always provides information about the

direction of the edge was used instead of a T-flipflop. Consequently, the

distortion from lonely missed togglings can only affect for less than one

sample period. This also necessitated a modification in the DSP solvers

to provide an additional si[n] signal that describes whether the toggling

represents a rising or falling edge, for example odd crossings of integer π

multiples can refer to rising edges and even crossings to falling edges. The

DTC block diagram is shown in Figure 4.29(b), illustrating that the edge

direction is implemented by using a de-multiplexer that either drives the

set or reset input of the SR-latch. Unlike what was proposed in Publication

IV, the amplitude synchronization circuitry is implemented within the

polar phase modulator to provide the best timing accuracy. The circuitry

basically resamples the amplitude information to the rising or falling edge

of the polar modulator by directly utilizing the outputs of the DTCs.
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Figure 4.29. (a) Operation of the DIPM RF front end described. (b) Block diagram of the
DTC.
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Figure 4.30. (a) Transfer curve and DNL of calibrated phase modulators. (b) Measured
PA efficiency with outphasing and tri-phasing.

4.6.2 Measurement results

The static phase linearity of the three phase modulators are shown in

Figure 4.30(a). The calibration procedure utilizes an on-chip circuit that

measures average delay to the phase modulator output. First, the phase

generator delays are tuned such that the full delay range without gaps

between coarse phases can be achieved when possible. Then, the delays are

measured for each control word, and the LUTs are filled to minimize the

delay error. Peak differential nonlinearity (DNL) remains at approximately

5 ps, but nearly all delays can be tuned to provide less than 2 ps mismatch.

Peak DNL occurs at coarse phase boundaries as buffer logic between
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Figure 4.32. Digital carrier generation demonstrated with 20 MHz LTE signal between
1.5–1.9 GHz.

the phase generator and the three phase modulators were implemented

with structural RTL. The buffer logic structural RTL timing constraints

were not optimized due to strict tapeout schedule, which introduced large

enough delay mismatches between individual phase modulators that could

not be corrected with LUT calibration. However, this shortcoming is simple

to correct by careful optimization of timing constraints.

The integrated PA continuous-wave performance is verified with cali-

brated phase modulators and measurement results are provided in Fig-

ure 4.30(b), where 35% peak efficiency and 29.7 dBm output power were

achieved. As illustrated by the figure, tri-phasing operation enables signif-

icant efficiency improvement in deep PBO compared to outphasing.

Figure 4.31 illustrates the measured time-domain performance of the

tri-phasing transmitter after calibration with a modulated 1 MHz full-scale

sine wave signal at 1.7 GHz carrier frequency. The y-axis limits in the fig-

ure have been selected to indicate true amplitude crossing locations. Barely

visible glitches can be seen in the transition between two largest amplitude

levels, whereas other amplitude transitions are not distinguishable from

noise.
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Figure 4.34. Widespan spectra with 20 MHz signal at 1.6 GHz and 100 MHz signal at 1.7
GHz center frequency.

Digital carrier generation feature of the DIPM is demonstrated with

20 MHz OFDM signal over 1.5 –1.9 GHz center frequency when using

constant 1.7 GHz sample rate. The center frequency range is limited by

the PA power combiner response, as the phase modulators can support

much wider frequency range.

Wideband performance of the tri-phasing transmitter is demonstrated in

Figure 4.33 with an aggregated 100 MHz OFDM signal achieving 19 dBm

output power, 9.0% PA efficiency and -27.9 dBc ACLR. When transmitting

a 100 MHz signal, the low-power portion of the chip consumes 363 mW:

105 mW is consumed in the RF front end, 56 mW by the phase generator,

13 mW by the LO feed and 189 mW by the digital FE.

A statement was made in Section 4.5.1 that the third phase modulator

has negligible overall effect on system efficiency, which can be backed up

by measured power consumption with 100 MHz OFDM signal that has

high PAPR. The RF front end power consumption can be estimated to be

equally divided among the three phase modulators, thus two phase modu-

lators consume approximately 70 mW. By translating the reported power
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Table 4.2. Performance Comparison

JSSC 2012
[68]

ISSCC 2013
[27]

ISSCC 2016
[48]

JSSC 2017
[49]

This work

Architecture Outphasing Cartesian Polar Polar Tri-phasing
Technology 32 nm 40 nm 28 nm 55 nm 28 nm
Integration TX + PA TX + PA SoC AM1 + PA TX + PA

Power Combining Off-chip On-chip On-chip On-chip Off-chip
Synthesized
RF front-end

No No No No Yes

PA DPD No Yes Yes Yes No
Max. BW 40 MHz 80 MHz 40 MHz 40 MHz 100 MHz

Supported
carrier freq.

2.4 GHz 2.4/5 GHz 2.4/5 GHz 2.08 GHz 1.5–1.92 GHz

PA supply 2.0 V 1.8 V 2.2 V 2.3 V 3.6 V
Peak Pout [dBm] 26 24.7 27.8 21.9 29.7
Peak efficiency N/A 37% N/A 41% 35%

40-MHz
OFDM signal

802.11n
64-QAM

802.11n
64-QAM

802.11n LTE-A
64-QAM

20+20
64-QAM

20+20
256-QAM

Mod. Pout [dBm] 12.1 17.1 20.1 N/A 22.4 21.4
Mod. efficiency N/A N/A 16%3 N/A 14.3% 12.7%

EVM 4.0% 2.9% 3.2% 4.8% 5.2% 3.2%
ACLR [dBc] N/A N/A N/A –27.7 –34.7 –34.1

1 only amplitude modulation path integrated on-chip
2 limited by bandwidth of external power combiner
3 estimated from figures in the paper

consumption values to system efficiency, the complete chip yields 6.38%

efficiency in tri-phasing mode, and if the power consumption of one phase

modulator is removed while the output power remains constant; the chip

yields 6.56% efficiency in multilevel outphasing mode. Tri-phasing thus

has a minimal effect on the overall efficiency of the integrated transmitter,

even with wide signal bandwidth.

Wide-span spectra of measured 20 MHz signal at 1.6 GHz and 100 MHz

signal at 1.7 GHz center frequency are also shown in Figure 4.34. Al-

though the spectra may not comply to all spectral mask requirements, the

purpose is to illustrate that there are no severe spurs when transmitting

wide bandwidth signals, or while having offset in carrier frequency. OOB

nonlinearity is visibly most dominant around one gigahertz range around

the carrier. In addition, the second LO harmonic is also visible as duty

cycle correction performed with LUTs is not sufficient. The peak around

450 MHz originates from the power combiner frequency response.

4.6.3 Performance compared to state-of-the-art

Table 4.2 compares the transmitter against other wideband integrated mod-

ulator+PA implementations. Our work stands out for widest bandwidth
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and highest output power, while it maintains performance and linearity

comparable to other works without resorting to PA DPD. The error vector

magnitude (EVM) results reported in the table are not the best the pro-

totype can achieve, as PAPR reduction has been used to provide results

close to the EVM limits in order to increase PA output power and efficiency.

EVM of approximately 2.3% can be obtained without PAPR reduction and

PA predistortion. Furthermore, nearly the complete modulator has been

designed by taking advantage of digital synthesis and place-and-route

tools.

A comparison between the tri-phasing transmitter and other multilevel

transmitters reported in Section 4.2 should also be conducted. Based on

the literature review, we can say that this prototype is the first multilevel

transmitter that integrates the modulator and the power amplifier on

the same chip. Enabled by modulator+PA integration, we were able to

demonstrate that the time-domain glitches that occur due to multilevel

amplitude transitions are barely visible in modulated signal waveforms,

unlike in previous multilevel outphasing implementations. Consequently,

our implementation achieves state-of-the-art performance with respect

to level of integration, bandwidth and linearity (without resorting to PA

DPD).

The main drawback of the tri-phasing architecture is its increased com-

plexity when compared to conventional outphasing. Tri-phasing requires

three phase modulators, complex DSP to implement DIPM solvers and

precise design to match delays between different paths. However, the

increased complexity has been alleviated in the implemented prototype

by aggressively using digital design methodology to minimize the amount

of manual labor when implementing the modulator. On the other hand,

increased power consumption due to the third phase modulator is neither

a problem, as tri-phasing enables significantly improved PA efficiency

compared to outphasing. This PA efficiency improvement can lead to

more significant power savings in basestation applications, where external

high-power booster amplifiers are typically required.

4.7 Summary

The multilevel outphasing architecture enables significant efficiency im-

provement over the outphasing architecture in deep power back off. Con-

sequently, this makes the architecture interesting when targeting high
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overall transmitter efficiency with wideband signals. Multilevel outphas-

ing transmitter implementations in the literature have demonstrated

promising improvements in transmitter efficiency. However, the reoccur-

ring theme has also been that multilevel operation distorts the RF signal

when compared to conventional outphasing. This lead us to study the

multilevel outphasing architecture in more detail, which revealed that the

discrete amplitude transitions inherent to the architecture cause distor-

tion. In order to improve the linearity of efficient multilevel transmitters,

we proposed a new tri-phasing modulation scheme that can significantly

decrease the amount of distortion that originates due to discrete amplitude

transitions. Finally, a transmitter prototype was implemented in 28 nm

CMOS to verify the tri-phasing concept. The prototype is the first multi-

level transmitter integrating the modulator and PAs. Consequently, this

prototype demonstrates up to 100 MHz signal bandwidth with integrated

SM-PAs with 19 dBm output power and -28 dBc ACLR without any PA

DPD.
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5. Conclusion

The interest towards the outphasing transmitter architecture has kept

growing as nanoscale CMOS matures. It feels as if the commercial success

of outphasing is finally approaching, as the time resolution and speed

of time-domain signal processing improves in each CMOS node. On the

other hand, declining supply voltages make conventional high-resolution

amplitude domain signal processing more challenging.

As we enter the era of 5G, the radio transmitter must become more

robust, energy efficient and achieve higher datarates as craved by the

general public, emerging high performance applications and internet of

things. These desirable features can be achieved by improving the re-

configurability, efficiency, bandwidth and linearity of the transmitter. In

certain applications, more conventional Cartesian and polar architectures

surely remain popular due to existing knowledge and intellectual property.

However, the requirements for wide bandwidth set by 5G might be enough

for viable high efficiency circuit solutions based on outphasing to emerge.

The work performed in this dissertation supports the existing trends in

outphasing transmitters related to digitalization and improving linearity

of the digital-intensive transmitter, while simultaneously enabling the use

of highly efficient SM-PAs. The main outcomes of this dissertation are two

new verified architectures aiming to improve the linearity and bandwidth

of outphasing-based radio transmitters:

• Design and implementation of a digital phase modulator with linear

phase interpolation for (multilevel) outphasing. The phase modulator

can improve the transmitter bandwidth and linearity significantly by

attenuating the sampling images of the phase signal. Furthermore,

our approach enables the transmitter to operate without a frequency

synthesizer as we utilize completely digital phase computation to

generate the modulated carrier waveform with a fixed sample rate.
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• Design and implementation of a new tri-phasing transmitter architec-

ture. Tri-phasing enables higher linearity than multilevel outphasing

by alleviating distortion due to discrete amplitude transitions.

The proposed phase modulator architecture for outphasing transmitters

was described in Chapter 3. Based on our analysis of the distortion sources

in conventional delay-line PMs in Publication I, our work lead to the devel-

opment of the digital interpolating phase modulator (DIPM) architecture.

The DIPM concept was implemented in Publication II, with description of

the implementation details of the RF front end.

The DIPM concept was also demonstrated in multilevel outphasing mode

in Publication III, achieving state-of-the-art performance: up to 400 MHz

instantaneous bandwidth and carrier generation between 0.35 – 2.6 GHz at

constant 1.8 GHz sample rate. Although state-of-the-art performance was

achieved, the implementation was still missing several important features.

For example, the implementation lacked methods to enable accurate phase

calibration, such as on-chip predistortion and individual calibration of

coarse phases. Furthermore, the implementation did not have integrated

PAs, thus limiting the modulated output power below 0 dBm.

Based on our observations on the distortion sources in multilevel out-

phasing, in Publication IV we proposed a new tri-phasing modulation

approach. The tri-phasing architecture was shown by system-level simu-

lations to achieve better linearity than the multilevel outphasing archi-

tecture, mainly by minimizing distortion during discrete amplitude-level

transitions. However, the tri-phasing architecture had increased circuit

complexity, thus necessating silicon verification.

Finally, in Publication V we demonstrated the measurement results for a

prototype implementation of the tri-phasing transmitter with integrated

SM-PAs. The transmitter achieved 22.4 dBm modulated output power,

14.3% efficiency, and -34.7 dBc ACLR with a 40 MHz aggregated 64-QAM

OFDM signal at 1.7 GHz center frequency and sample rate. Furthermore,

the transmitter with integrated SM-PAs was demonstrated with up to

100 MHz bandwidth, while digital carrier generation was demonstrated

between 1.5–1.9 GHz. In addition to the tri-phasing architecture itself,

the modulator part included several improvements: We included on-chip

LUT predistortion and a phase generator that enables fine tuning of each

coarse phase separately. Furthermore, the conventionally “analog” side of

the phase modulators was now mostly synthesized and implemented using

digital design tools, demonstrating that large entities with picosecond
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static timing accuracy can be designed by leveraging digital synthesis and

place-and-route.

Regardless of the improvements and innovations in this prototype, sev-

eral things remained un-optimized. Considering the circuits that the

author was responsible of, especially the matching between delay paths

between the phase generator and the phase modulators in the tri-phasing

front-end were not optimized due to strict tapeout deadline. Improving

matching between all sensitive circuit nodes should enable higher phase

modulator sample rate and ease the phase calibration process of the com-

plete transmitter. In addition, dedicated circuitry for duty cycle correction

after the phase modulators might be required, as the tuning range in

the implementation was not enough to achieve 50% duty cycle with the

PAs. Also, further optimization of the digital flow process to design the

phase modulator and other circuits could be used to improve design time

in practice, as for the tri-phasing transmitter tapeout a significant portion

of circuit design time was spent on learning the use of digital tools to

accurately control logic delays and how to integrate analog macros.

To summarize, the purpose of this dissertation was to investigate the

feasibility of using extensive time-domain signal processing for efficient 5G

basestation transmitters. Based on the system-level studies and prototype

implementations included in Publications [I-V] of this dissertation, it can

be said that the targets were mostly met. On the other hand, there is still

much to improve on and thus new and exciting possiblities still remain

for innovations related to time-domain signal processing in the field of

radio transmitter design. The focus of this dissertation revolved around

the outphasing architecture, which fluently combines the use of digital-

intensive circuits and efficient switch-mode power amplifiers that brings

us closer to true “digital RF” and software defined radios.
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