
 
 

Delft University of Technology

Millimeter-Wave Transceiver Frontends for Broadband, Energy-Efficient, and Linear
Phased-Array Systems

Pashaeifar, M.

DOI
10.4233/uuid:03d46004-baa9-47ce-86cf-c46774b19a96
Publication date
2024
Document Version
Final published version
Citation (APA)
Pashaeifar, M. (2024). Millimeter-Wave Transceiver Frontends for Broadband, Energy-Efficient, and Linear
Phased-Array Systems. [Dissertation (TU Delft), Delft University of Technology].
https://doi.org/10.4233/uuid:03d46004-baa9-47ce-86cf-c46774b19a96

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.4233/uuid:03d46004-baa9-47ce-86cf-c46774b19a96
https://doi.org/10.4233/uuid:03d46004-baa9-47ce-86cf-c46774b19a96




Millimeter-Wave Transceiver Frontends

for Broadband, Energy-Efficient, and Linear
Phased-Array Systems

1



2



Millimeter-Wave Transceiver Frontends

for Broadband, Energy-Efficient, and Linear
Phased-Array Systems

Dissertation

for the purpose of obtaining the degree of doctor
at Delft University of Technology

by the authority of the Rector Magnificus prof.dr.ir. T.H.J.J. van der Hagen
chair of the Board for Doctorates

to be defended publicly on
Thursday 10 October 2024 at 12:30 o’clock

by

Masoud PASHAEIFAR

Master of Science in Electrical Engineering,
University of Tehran, Tehra, Iran,

born in Tabriz, Iran.

3



This dissertation has been approved by the promoters.

Composition of the doctoral committee:

Rector Magnificus, chairman
Prof. dr. ing. L.C.N. de Vreede, Delft University of Technology, promoter
Dr. M.S. Alavi, Delft University of Technology, copromoter

Independent members:
Prof. dr. ir. B. Nauta University of Twente
Prof. dr. ir. A. B. Smolders Eindhoven University of Technology
Prof. dr. P. Wambacq Vrije Universiteit Brussel, Belgium
Prof. dr. H. Wang Eidgenössische Technische Hochschule (ETH) Zürich,

Switzerland
Prof. dr. K. A. A. Makinwa Delft University of Technology
Prof. dr. ir. W. A. Serdijn Delft University of Technology, reserve member

The work presented in this thesis has been performed at TU Delft and financed by the
Dutch Technology Foundation NWO-TTW (Entergy Efficient Wideband Supply Interpo-
lation (gENESIs), 15593), as part of the TTW-NXP partnership program “Advanced 5G
Solutions”.

Keywords: 5G, AM-AM, AM-PM, balanced power amplifier, calibration-free,
blocker-tolerant receiver, circulator, chain-weaver, direct upconverter,
double-quadrature, duplexer, FDD, full-duplex, image-rejection ratio,
impedance sensor, isolator, mm-wave, mutual-coupling, quadrature
hybrid coupler, N-path filter, power amplifiers, power sensor, root
mean square (rms) detector, series-Doherty PA, transmitter, VSWR re-
silience, wideband.

ISBN 978-94-6384-638-7
Copyright © 2024 by Masoud Pashaeifar
Cover designed by Aylin Nourghasemi (Instagram: aylenina.illustrations)

All rights reserved. No part of this publication may be reproduced, stored in a retrieval
system, or transmitted in any form or by any means without the prior written permission
of the copyright owner.

Printed in the Netherlands.

4



To my lovely parents, Maman and Baba!
To my dearest, Mahsa!

and
To my Lenna!

5



6



CONTENTS

1 Introduction 1
1.1 Introduction and Motivation . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Thesis Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Organization of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Fundamentals and Challenges of mm-Wave Phased Array TXs 7
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Link Budget . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 Direct Up-Conversion TX Architecture and Design Challenges . . . . . . . 12
2.4 Energy Efficient PAs and Design Challenges. . . . . . . . . . . . . . . . . 14
2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3 A mm-Wave Series-Doherty PA with Post-Silicon Inter-Stage Passive Valida-
tion 19
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 Doherty PA Topologies and Bandwidth Limitations . . . . . . . . . . . . . 21

3.2.1 Doherty PA’s Concept . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2.2 Gain and Phase Deviation Caused by Q Modulation . . . . . . . . . 23
3.2.3 Bandwidth Analysis of Parallel- and Series-DPAs. . . . . . . . . . . 24
3.2.4 Wideband Lumped-Element Two-Step Impedance Inverter . . . . . 26

3.3 Proposed Series-Doherty Power Combiner . . . . . . . . . . . . . . . . . 28
3.3.1 Proposed Series Doherty Combiner Design Framework . . . . . . . 29
3.3.2 Layout and EM Simulation Results . . . . . . . . . . . . . . . . . . 32

3.4 Circuit Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.5 Post-Silicon Inter-Stage Passive Validation (PSIV) . . . . . . . . . . . . . . 38

3.5.1 Proposed PSIV Approach and its Limitations. . . . . . . . . . . . . 38
3.5.2 Inter-Stage Passive Circuits Evaluation Results . . . . . . . . . . . . 40

3.6 Measurement Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.6.1 Continuous-Wave Measurement Results . . . . . . . . . . . . . . . 43
3.6.2 Modulated Signal Measurement Results . . . . . . . . . . . . . . . 44

3.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4 A mm-Wave Mutual-Coupling-Resilient Double-Quadrature TX 53
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.2 Double-Quadrature I/Q Modulator . . . . . . . . . . . . . . . . . . . . . 56

4.2.1 Double-Quadrature Direct-Upconversion Concept . . . . . . . . . 57
4.2.2 Double-Quadrature Direct-Upconversion TX Architecture. . . . . . 58

4.3 Efficiency-Enhanced Balanced PAs . . . . . . . . . . . . . . . . . . . . . 59
4.3.1 The Proposed Efficiency-Enhanced Balanced PA. . . . . . . . . . . 60
4.3.2 Series-Doherty Balanced PA . . . . . . . . . . . . . . . . . . . . . 64

vii

7



viii CONTENTS

4.4 Circuit Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.5 Measurement Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.5.1 Continuous-Wave Measurements . . . . . . . . . . . . . . . . . . 70
4.5.2 Single-Sideband Measurements . . . . . . . . . . . . . . . . . . . 71
4.5.3 Modulated Signal Measurements . . . . . . . . . . . . . . . . . . 73
4.5.4 VSWR Measurements . . . . . . . . . . . . . . . . . . . . . . . . 75
4.5.5 Performance Summary and Comparison . . . . . . . . . . . . . . 77

4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.7 Appendix A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.8 Appendix B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5 Load-Modulation-Based IMD3 Cancellation for mm-Wave Class-B CMOS
PAs 83
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.2 Theory and Principles. . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.2.1 IMD3 analysis: a simplified mathematical model . . . . . . . . . . 85
5.2.2 IMD3 analysis: a 40nm CMOS model . . . . . . . . . . . . . . . . 86
5.2.3 Proposed load-modulation-based IMD3 cancellation . . . . . . . . 87

5.3 Proposed Load-Modulated Linear PA (LLPA) . . . . . . . . . . . . . . . . 88
5.4 Circuit Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.5 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6 A Chain-Weaver Balanced Power Amplifier with an Embedded Impedance/Power
Sensor 95
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
6.2 System Considerations and Requirements . . . . . . . . . . . . . . . . . 97
6.3 Chain-Weaver Balanced Power Amplifier . . . . . . . . . . . . . . . . . . 100

6.3.1 Conventional Balanced PA . . . . . . . . . . . . . . . . . . . . . . 100
6.3.2 Chain-Weaver Balanced PA . . . . . . . . . . . . . . . . . . . . . 100

6.4 Embedded Impedance/Power Sensor . . . . . . . . . . . . . . . . . . . . 103
6.5 Circuit Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.6 Measurements of the Chain-Weaver Balanced PA . . . . . . . . . . . . . . 109

6.6.1 50Ω Load Measurements. . . . . . . . . . . . . . . . . . . . . . . 109
6.6.2 VSWR Measurments . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.7 Measurements of the Impedance/Power Sensor . . . . . . . . . . . . . . 115
6.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.9 Appendix A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

7 A mm-Wave Power Amplifier with an Integrated Isolator/Circulator/Receiver 121
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
7.2 mm-Wave Full-Duplex TRX System Level Design and Trade-Offs . . . . . . 124

7.2.1 Link budget calculations . . . . . . . . . . . . . . . . . . . . . . . 124
7.2.2 Isolation and linearity requirements . . . . . . . . . . . . . . . . . 125

7.3 Proposed mm-Wave Circulator/Isolator Architecture . . . . . . . . . . . . 127
7.3.1 N-path filter design . . . . . . . . . . . . . . . . . . . . . . . . . 131
7.3.2 Design Choices . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

8



CONTENTS ix

7.4 Circuit Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
7.5 Measurement Results−Part I: "A FDD TRX Front-End" . . . . . . . . . . . 135

7.5.1 Circulator performance . . . . . . . . . . . . . . . . . . . . . . . 138
7.5.2 TX performance . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
7.5.3 RX performance . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

7.6 Measurement Results−Part II: "A VSWR Resilient Power Amplifier" . . . . . 141
7.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

8 Conclusion 145
8.1 Thesis Outcome. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
8.2 Conclusion and Contributions to the State-of-the-Art . . . . . . . . . . . 147

8.2.1 Does Efficiency-Enhancement Lead to the Highest System Effi-
ciency? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

8.3 Suggestions for Future Developments. . . . . . . . . . . . . . . . . . . . 150

List of Acronyms 173

List of Figures 177

List of Tables 185

Summary 187

Samenvatting 189

List of Publications 191

Acknowledgements 193

About the Author 197

9



10



1
INTRODUCTION

1

11



1

2 1. INTRODUCTION

1.1. INTRODUCTION AND MOTIVATION
Although we have observed the shutdown of second-generation (2G) mobile networks in
recent years, which are expected to be fully retired in 2033, 2G initiated the extreme de-
velopment of mobile communications. Ever since, through various generations up to the
fifth generation (5G) of mobile networks, the data rate and capacity increased by more
than 1,000,000x [1]. The ever-increasing demand for higher data rates fuels the mobile
communication industry to keep pace or even improve it. As such, the TSMC’s estima-
tion shows that by 2030, the mobile industry will share 30% of the total 1 Trillion US$
semiconductor market as illustrated in Fig. 1.1(a) [2]. This imposes an ambitious goal
for ongoing 5G development, which is considered not just an upgrade but a paradigm
shift driver.

The 5G standard includes all mobile spectrum allocations, such as low-band (below
1GHz) for long-range applications and mid-band (1-6GHz) for high data rate applica-
tions. However, to keep up with the "10x data rate increase every five years" trend [1],
millimeter wave (mm-wave) frequencies, which refer to the spectrum range of 30GHz
to 300GHz, are a key enabler. It offers huge bandwidth (up to 1.4GHz), thus huge
data throughput, beam forming, high transmission quality, low latency, and detection
capabilities[3–5]. Mm-wave 5G can, as such, satisfy the huge traffic demand of wireless
communication and enables the digitalization of societies and industries through video
streaming, virtual reality, and internet-of-things (IoT) [6]. On the other hand, unlike the
digital front-end and computing processors whose performance and power efficiency
significantly improved by technology scaling (see Fig. 1.1(b)), the analog front-end
(RF/mm-wave and baseband circuitry) performance improvement mainly relies on
circuits and architectural innovations. Therefore, the first step is understanding the
challenges and opportunities of mm-wave communication system design.

In spite of its huge potential, mm-wave 5G has several natural disadvantages, as we
review here.

• Mm-wave signal’s shorter wavelength leads to lower penetrability and higher free-

(a) (b)

Figure 1.1: (a) TSMC’s estimation of the semiconductor market in 2030 [2], and (b) the power efficiency im-
provement of computing devices by the technology scaling of semiconductors [2].
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Figure 1.2: Snapshot of the 5G spectrum [10].

space path loss, thus limited coverage[7]. Besides, the absorption of atmospheric
gases can attenuate the mm-wave signal.

• 5G communication systems aim to support multi-Gb/s data throughput by allo-
cating wider bandwidth (BW) up to 1.4GHz, which means a higher RX noise floor
(−174dBm+10logBW +N FdB where N FdB is receiver’s (RX’s) noise figure). They
also employ more complex data modulation schemes, requiring higher signal-to-
noise ratio (SNR). As a result, the RX sensitivity (PS−R X =−174dBm +10logBW +
N FdB +SN RdB ) increases, thus, the link budget decreases.

• The limited supply voltage and operating frequency of nanoscale CMOS technolo-
gies alongside the high peak-to-average power ratio (PAPR) of the complex data
modulation schemes restrain designing transmitters (TXs) with high average out-
put power. This limits the maximum equivalent isotropic radiated power (EIRP)
for a given array size, thus limiting the link budget.

• The short mm-wave signal wavelength prevents employing isolators in the
phased-array TXs. Hence, the power amplifier (PA), as the TX front-end, faces
the antenna impedance mismatch. This attribute becomes more complex when
considering a time-varying voltage standing wave ratio (VSWR) caused by the
beam-angle-dependent element-to-element mutual coupling of the phased-array
TX and environmental changes. This time and frequency-dependent VSWR
deteriorates PA gain-flatness, output 1dB compression point (oP1dB), AM-AM,
AM-PM, and reliability.

• High PAPR (e.g., 10-11dB) data modulation signal enforces the PA to operate at
deep power back-off. Since it governs the overall performance of the TX, a low
average efficiency directly degrades the system efficiency and, in turn, its thermal
handling capability [8, 9].

13
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But as stated earlier, operating at mm-wave frequencies unlocks new opportunities
to address the above-mentioned challenges and innovate beyond initial expectations.
Below, we mention a few advantages of designing transceivers at mm-wave frequencies.

• Beamforming architectures can provide the required link budget while reducing
interference and increasing link security [11].

• Mm-wave phased-array systems are scalable in both bandwidth and array size to
further improve their data rate and link budget.

• Mm-wave enables new architectures and circuits for integrated transceivers,
which are inconvenient to use at the lower frequencies due to related area oc-
cupation and low-quality factors. Besides, higher integration is mandatory and
possible at these frequencies, where even the antenna can be accommodated
on the chip [12]. Therefore, the innovation in passive circuit design is one of the
driving forces in developing mm-wave 5G systems.

• Fully integrated advanced PA architectures such as Doherty PA and balanced am-
plifier can be implemented in a compact area to improve the power back-off effi-
ciency of the TX and VSWR resilience.

• Novel phased-array transceiver architectures can be introduced to improve the
performances, such as security [13], SNR, and I/Q mismatch by over-the-air com-
bining the signals.

1.2. THESIS OBJECTIVES
This dissertation aims to introduce novel TX/PA architectures to address the key perfor-
mance indicators (KPIs) of the mm-wave phased-array transceivers, considering their
practical challenges. The intention is to exploit the mm-wave opportunities while mini-
mizing the tuning and calibration of the phased-array TXs.

As discussed in Section 1.1, the PBO efficiency of the PA is one of the most crucial KPI
of the mm-wave 5G TX. Therefore, the first objective is to introduce a wideband Doherty
PA that can offer close to ideal (2x in a Doherty PA compared to a class-B PA) 6dB PBO
efficiency enhancement. Reusing the same passive structure, we extend the load mod-
ulation concept of Doherty PA to improve linearity instead of efficiency enhancement.
Hence, we introduce the load-modulation-based third-order inter-modulation distor-
tion (IMD3) cancellation PA architecture to address the high linearity demand of the 5G
system.

The main challenge of designing phased-array PA is the time-varying VSWR due
to mutual coupling between the antenna elements. Therefore, the second objective is
to extend PA’s KPIs, such as PBO efficiency and output power, while maintaining the
performance under VSWR. We introduce a novel N-way balanced power combiner to
achieve high output power and extend the VSWR resilience of a balanced amplifier. Ad-
ditionally, we utilized a balanced amplifier structure to maintain the proposed Doherty
PA performance under load mismatch. Additionally, we utilized the quadrature hybrid
coupler—a passive device that combines two signals with a 90◦ phase difference—along

14
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1

5

with its associated mathematical operation known as the Hilbert transform within the
TX path.This way, we implement a second image-rejection stage in a direct upcon-
version TX architecture to maximize its image-rejection ratio and avoid I/Q mismatch
calibration.

In traditional communication systems, duplexing allows for simultaneous trans-
mission and reception of signals, typically using either Frequency Division Duplexing
(FDD) or Time Division Duplexing (TDD). Similarly, the low- and mid-band 5G stan-
dard employ both TDD and FDD, while only TDD has been considered for high-band
systems. This thesis explore alternative duplexing methods, including FDD, which sepa-
rates transmission and reception into different frequency bands, and Single-Frequency
Full-Duplex (SF-FD), which allows both operations on the same frequency. To serve
these alternatives, a fully integrated mm-wave FDD transceiver frontend is introduced
by using a CMOS circulator structure. We introduce an mm-wave N-path filter to enable
the implementation of such a compact CMOS circulator.

1.3. ORGANIZATION OF THESIS
This dissertation is organized as follows:

• In Chapter 2, the architectures and system specifications of phased-array TX
are analyzed, and circuit-level design challenges and potential solutions are
discussed.

• Chapter 3 presents a wideband series-Doherty PA for mm-wave 5G applica-
tions. It features a compact two-step impedance inverting-based series-Doherty
power combiner that provides broadband PBO efficiency enhancement. The
AM-AM/AM-PM performance of the load-modulated Doherty PA for broadband
operation is analyzed. We also devise a post-silicon inter-stage passive validation
approach to evaluate the mm-wave chip prototype utilizing embedded voltage
root mean square detectors.

• Chapter 4 presents a wideband mm-wave energy-efficient TX for phased-array
systems. It features an advanced double-quadrature direct-upconverter to im-
prove its in-band linearity and spectral purity. The proposed TX architecture in-
corporates an efficiency-enhanced balanced PA that mitigates VSWR fluctuations
in phased-array systems while enhancing efficiency at power back-off.

• Chapter 5 introduces a novel load-modulation-based IMD3 cancellation tech-
nique for class-B CMOS PAs. In a class-B PA, the IMD3 generated by the
third-order transconductance (gm3) and the gain compression have opposite
signs. Thus, they can cancel each other at specific bias and loading conditions.
The proposed Doherty topology allows for the adjustment of gain compression
by modulating the effective loading, facilitating IMD3 cancellation over the entire
load modulation region.

• Chapter 6 introduces an N-Way chain-weaver balanced PA for mm-wave phased-
array TXs. Taking advantage of the proposed combining network, an embedded

15
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impedance/power sensor is implemented, which can be utilized for output power
regulation, built-in self-test, and load-based performance optimization. The pro-
posed PA architecture offers linearity and gain robustness under the antenna’s
frequency/time-dependent VSWR.

• Chapter 7 presents two distinct functions: 1) a fully integrated FDD transceiver
front-end and 2) a PA with an integrated isolator. These concepts are implemented
as a configurable chip comprising a PA and an integrated nonreciprocal ultra-
compact isolator/circulator/RX.

• In chapter 8, the dissertation is concluded, and suggestions are given for future
developments.

16



2
FUNDAMENTALS AND CHALLENGES

OF MM-WAVE PHASED ARRAY TXS

Millimeter wave (mm-wave) fifth-generation (5G) communication systems employ
phased arrays to overcome the free-space path loss while providing high data throughput
and low-latency line-of-sight links. In this chapter, the architectures and system specifica-
tions of phased-array transmitters (TX) are analyzed, and circuit-level design challenges
are discussed.

7
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8 2. FUNDAMENTALS AND CHALLENGES OF MM-WAVE PHASED ARRAY TXS

2.1. INTRODUCTION
Beamforming architectures are the key enablers of developing millimeter wave (mm-
wave) communication systems to achieve multi-Gb/s data throughput. A traditional
phased-array TX architecture providing RF/mm-wave beamforming is shown in Fig 2.1
(a). It is based on analog beamforming, while the direct up-conversion architecture has
been chosen as the most simple, thus potentially most energy-efficient TX architecture.
It comprises a data stream through a pair of I/Q digital-to-analog converters (DACs),
which are converted and split into NA mm-wave paths. The TX beam is formed by
weighting each signal path at mm-wave frequencies using a designated phase-shifter
and variable-gain amplifier (VGA). This mm-wave beamforming offers the lowest com-
plexity, thus the most efficient implementation [14–16]. However, it supports only single-
beam communication, which is not suitable for multi-user massive multi-input multi-
output (m-MIMO) systems. Moreover, scaling the mm-wave beamforming structure is
challenging since a 1-to-NA power splitter is required.

Digital beamforming TX architecture, on the other hand, provides the highest flexi-
bility and capacity, where the TX beam is formed by weighting each path digitally at the
baseband (see Fig 2.1 (b)). In this architecture, each antenna element requires a full TX
up conversion chain, including I/Q DACs, baseband filters, a quadrature upconverter,
and a PA. Even though the LO generation part could be shared, digital beamforming
dauntingly increases power consumption. However, the digital approach enables the
holy grail of multi-beam/-user m-MIMO systems, and extensive digital pre-distortion
(DPD) for each element separately. Nevertheless, the digital signal processing (DSP) re-
sources and baseband high-speed interfaces of the whole beamforming system dramat-
ically increase the cost and the power consumption. For instance, assuming 12-bit I/Q
DACs with a 3.2GHz sampling rate are required to support an 800MHz OFDM modulated
signal, the data rate of each TX can be calculated as 76.8Gb/s. Thus, phased array TXs
with 64 and 256 elements require 4.9152Tb/s and 19.6608Tb/s data rate, respectively, in
total if no additional measures are taken to limit the amount of data.

Generally, it is agreed that hybrid beamforming is a suitable architecture for mm-
wave 5G systems [17]. As shown in Fig 2.1, hybrid beamforming combines digital and
analog beamforming. It comprises ND data stream up conversion paths, where each
output is split in NA mm-wave beamforming paths. Overall, this architecture supports
ND ×NA antenna elements, capable of steering all energy at a single user or producing
multiple beams for supporting multi-user m-MIMO. In a multiple beam-steering sce-
nario assuming (MB ) as the number of beams, the effective isotropic radiated power
(EIRP) of each beam can be calculated as

E I RPB ,dBm = E I RPmax,dBm −20log MB (2.1)

were E I RPmax,dBm is the maximum EIRP of the TX when transmitting a single
beam. It means producing multiple beams reduces the link budget for each beam
by 20log MB . Therefore, even in a digital beamforming architecture with the highest
flexibility/capacity, the number of beams is limited by the link budget.

In summary, hybrid beamforming establishes a trade between the energy/cost effi-
ciency of analog beamforming and the high flexibility/capacity of digital beamforming.
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(c) Hybrid Beamforming

Figure 2.1: Simplified analog, digital, and hybrid beamforming phased array TX architectures.

2.2. LINK BUDGET
In a phased-array TX consists of NT X elements, each TX element radiates the transmit
signal by its antenna. Assuming the output power and antenna gain of each element are
PT X ,dBm and G A−T X ,dBi , respectively, the EIRP can be calculated as

E I RPT X ,dBm = PT X ,dBm +G A−T X ,dBi +20log NT X (2.2)

At the 5G frequency range 2 (FR2) bands, e.g., 24.25-to-29.5GHz and 37-to-43.5GHz,
the channel loss at practical distances is mainly determined by the path loss (Lpath).
According to the Friis equation, assuming a line of sight (LOS) link, the path loss can be
calculated as

Lpath,dB = 20log
4πd

λ
(2.3)

where λ is the wavelength of the radiated signal and d is the distance.
Communication standards specify the allowable EIRP. On the other hand, the sensi-

tivity of the phased-array receiver (RX) determines the minimum received power. Know-
ing the maximum EIRP (E I RPmax,dBm) and RX’s sensitivity (PR X−S,dBm), the maximum
allowable path loss (M APLdB ) can be calculated as
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Table 2.1: The number of bits per symbol and the minimum EVM requirements of each modulation scheme
in a 256-element phased-array TRX. The maximum EIRP (60dBm) at 28GHz is utilized to calculate the related
MAPL and maximum distance.

Modulation 𝜋/2 BPSK QPSK 16-QAM 64-QAM 256-QAM

Bits per Symbol 1 2 4 6 8

Required EVM* 30% 17.5% 12.5% 8% 3.5%

Required SNR** 10.5 dB 15 dB 18 dB 21.9 dB 29.1 dB

SR
=0

.8 
GS

/s MAPL 142.6 dB 138.1 dB 135.1 dB 131.2 dB 124 dB

Maximum Distance 11.44 km 6.81 km 4.82 km 3.08 km 1.34 km

Bit Rate 0.8 Gbit/s 1.6 Gbit/s 3.2 Gbit/s 4.8 Gbit/s 6.4 Gbit/s

BR
=3

 G
bit

/s MAPL 136.8 dB 135.3 dB 135.3 dB 133.2 dB 127.2 dB

Maximum Distance 5.9 km 4.98 km 4.98 km 3.89 km 1.96 km

Symbol Rate 3 GS/s 1.5 GS/s 750 MS/s 500 MS/s 375 MS/s
*3GPP Minimum EVM Requirements    **Calculated based on Minimum EVM Requirements  

M APLdB = E I RPmax,dBm −PR X−S,dBm −LMdB (2.4)

where LMdB is the link margin (also called fade or fading margin). The link mar-
gin is considered to compensate for practical losses such as reflection loss, polarization
mismatch, implementation loss, and gain/loss flatness.

Moreover, the sensitivity of a phased-array RX with NR X elements is expressed as

PR X−S,dBm = PSDnoi se,dBm/H z +10logBWH z +SN RS,dB +N FdB −10log NR X −G A−R X ,dBi

(2.5)
where PSDnoi se,dBm/H z is the available noise power density at room temperature

(-174dBm/Hz). N FdB is the noise figure (NF) of each RX element, and G A−R X ,dBi is an-
tenna gain, including its connection losses. Additionally, BWH z is the desired signal’s
bandwidth, and SN RS,dB is the required signal-to-noise ratio (SNR) of the modulated
signal to achieve the required bit error rate (BER). Note that only thermal noise contri-
bution is considered for simplicity in this context. In practice, the sensitivity must be
calculated based on signal-to-noise and distortion ratio (SNDR), considering the ther-
mal noise, phase noise, in-band and out-of-band inter-modulation products, spurs, and
blockers.

Assuming E I RPmax,dBm , LMdB , N FdB , and G A−R X ,dBi are 60dBm, 8dB, 5dB, and
3dBi, respectively, and replacing (2.5) in (2.4), the MAPLdB can be calculated as

M APLdB = 224dB.H z −10logBWH z −SN RS,dB +10log NR X . (2.6)

It shows the MAPL, and subsequently, the maximum allowable distance directly de-
pends on NR X . On the contrary, since the maximum EIRP is specified by standard, NT X

does not affect the link budget but determines the required output power of each TX el-
ement. Moreover, the MAPL is also related to the employed digital modulation and the
signal bandwidth. The signal or channel bandwidth determines the symbol rate of the

20



2.2. LINK BUDGET

2

11

𝐸𝐼𝑅𝑃!"#

NTX element TX

NRX element RX

-174dBm/Hz

60dBm

-85dBm

10 log𝐵𝑊!"

𝑆𝑁𝑅#,%&
-63.1dBm

𝑁𝐹%&
-58.1dBm

10 log𝑁'(
-82.2dBm
-85.2dBm

𝐺)*'(,%&+𝐿𝑀%&
-77.2dBm

𝑃𝑆𝐷,-+./,%&0/!"

𝑃'(*#,%&0

𝑀𝐴𝑃𝐿%&137.2dB

20 log𝑁2(

𝐺)*2(,%&+
𝑃2(,%&0

12dBm
9dBm

𝑃2(,%&0 = 𝐸𝐼𝑅𝑃034 − 20 log𝑁2( − 𝐺)*2(,%&+

𝑀𝐴𝑃𝐿%& = 𝐸𝐼𝑅𝑃034 − 𝑃'(*#,%&0 − 𝐿𝑀%&

𝑃'(*#,%&0
= 𝑃𝑆𝐷,-+./,%&0/!" + 10 log𝐵𝑊!" + 𝑆𝑁𝑅#,%&
+ 𝑁𝐹%& − 10 log𝑁'( − 𝐺)*'(,%&+

Assumptions
𝐸𝐼𝑅𝑃034 60dBm 𝐿𝑀%& 8dB

𝑀𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 64-QAM 𝐵𝑊!" 800MHz
𝑆𝑁𝑅#,%& 21.9dB 𝑁𝐹%& 5dB

𝑁'( 256 𝐺)*'(,%&+ 3dB

𝑁2( 256 𝐺)*2(,%&+ 3dB

Figure 2.2: Link Budget calculation of a 256-element phased-array TRX.

communications link. Depending on the digital modulation scheme, one or more bits
can be transmitted at each symbol. Therefore, employing a more complex modulation
scheme with multiple bits per symbol results in higher spectral efficiency. However, the
required SNR for demodulation at RX is higher for complex modulation schemes, thus
affecting the MAPL. π/2 binary phase-shift keying (BPSK), quadrature phase-shift key-
ing (QPSK), and 16/64/256 quadrature amplitude modulation (QAM) are considered as
modulation schemes for 5G FR2 communications systems [8, 18].

The number of bits per symbol and the minimum error vector magnitude (EVM) re-
quirements of each modulation scheme are presented in Table 2.1. Note that at the lower
RX signal power levels, if we neglect all other nonidealities of the 5G communication link,
the minimum required SNR is equal to the minimum EVM. Using (2.6) and considering a
256-elements phased array RX, the MAPL, the maximum distance, and the bit rate of the
link are reported in Table 2.1. As discussed, by employing more complex modulations
with a higher number of bits per symbol, the bit rate increases at the cost of support-
ing only shorter distances. This means there is a trade-off between spectral efficiency
and link budget. To elaborate more, the link budget is calculated for various modulation
schemes by targeting 3Gbit/s data throughput. This study illustrates the cost of increas-
ing spectral efficiency. For instance, the 16-QAM signal occupies x2 more bandwidth
than the 256-QAM signal while supporting x2.54 longer distance. Additionally, as 256-
QAM signal demands 11.1dB better EVM, making its circuit design very challenging, thus
dramatically increasing the power consumption. Nonetheless, the signal bandwidth is
usually dedicated, and to satisfy the required throughput, employing complex modula-
tion schemes is inevitable. Fig 2.2 shows the link budget calculation of a phased-array
TRX with 256 elements for a 64-QAM 800MHz OFDM signal.
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Figure 2.3: A simplified direct up-conversion TX architecture.

2.3. DIRECT UP-CONVERSION TX ARCHITECTURE AND DE-
SIGN CHALLENGES

Among all possible TX architectures, direct up-conversion (DUC) TXs are equipped with
a simple structure that leads to less power consumption, compact silicon size, and more
amenability for integration in CMOS technologies. These make DUC an attractive archi-
tecture, particularly for digital or hybrid beamforming TXs, which must be extensively
integrated with massive digital calibration and processing. However, DUC TX requires
in-phase and quadrature-phase LO signals with high quadrature accuracy and phase
noise at mm-wave frequencies. Additionally, the LO pulling can impair DUC TX since
the PA amplifies the signal with the same frequency as the VCO oscillates. Fig. 2.3 illus-
trates a simple DUC TX architecture without any phase shifter or VGA in the mm-wave
path. The TX consists of four parts, namely: 1) a frequency synthesizer and a multiplier,
2) an in-phase/quadrature (I/Q) modulator and a quadrature LO generator, 3) baseband
DACs and low pass filter, and 4) a drive amplifier (DA) and a power amplifier (PA).

As shown in Fig. 2.3, the VCO oscillation frequency is ω0/M to avoid the LO pulling.
The phased noise of VCO depends on the resonator’s quality factor (Q). At mm-wave fre-
quencies, the inductors offer higher Q, while the varactor shows a limited Q. However,
choosing a considerably large varactor portion is inevitable to achieve a wide tuning
range. Therefore, despite the high Q of the inductor at mm-wave frequency, the lim-
ited Q of the large varactors determines the Q of the resonator, thus degrading the phase
noise. Hence, implementing the synthesizer at a lower frequency and employing multi-
pliers to bring the LO signal to mm-wave frequencies leads to a better phase noise than
an mm-wave synthesizer. Moreover, typically, the synthesizer is shared between all DUC
beamforming blocks, and each beamforming block is equipped with its own frequency
multiplier [16]. In these architectures, the LO distribution splitter is realized at a low
frequency with a simpler implementation and less loss.

As discussed, the 5G communication systems employ spectrally efficient modula-
tion schemes, such as 64- and 256-QAM signals. Similar to RX, exploiting these complex
modulated signals entails meeting stringent TX in-band linearity requirements verified
by EVM. The nonideality of all parts of DUC TX contributes to the overall TX EVM, which
comprises phase noise, quantization noise, spurious free dynamic range (SFDR), I/Q
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Figure 2.4: The linearity budgeting of a complete mm-wave transceiver and its TX part.

modulation imbalance, LO feedthrough (LOFT), and the PA non-linearity. The overall
EVM of the TX can be estimated by

EV MT X =
√

EV M 2
P.N . +EV M 2

Q.N . +EV M 2
SF DR +EV M 2

I RR +EV M 2
LOF T +EV M 2

I MD
(2.7)

where EV MP.N ., EV MQ.N ., EV MSF DR , EV MI RR , EV MLOF T , and EV MI MD are the
EVM degraded by phase noise, quantization noise, SFDR, I/Q modulation imbalance,
LOFT, and the inter-modulation distortion (IMD), respectively. Note that the IMD is
dominated by the nonlinearities of the PA, such as the nonlinear transconductance, the
voltage-dependent nonlinear parasitic capacitors, and the gain compression at peak
output power levels.

The overall linearity budgeting of an mm-wave transceiver (TRX) and its TX part are
illustrated in Fig. 2.4. As depicted, an equal contribution is considered for both the TX
and the RX. It means the EV MT X and EV MR X must be at least 3dB better (less) than the
required EVM of the designated modulation scheme (for example, EV MT X /EV MR X <
-32.1dB for a 256-QAM signal). On the contrary, the TX linearity is budgeted unequally
because meeting the required specs is more challenging for some blocks than others.
For instance, designing a highly linear PA with high efficiency is very challenging while
achieving a considerably low LOFT is possible by calibration. Therefore, the largest por-
tion of the nonlinearity budget is assigned to PA relaxing its design specifications. Addi-
tionally, more phase noise flexibility is considered for frequency synthesizer and multi-
plier, while the I/Q DACs, quadrature LO generator, and I/Q modulator should provide
a considerably low EVM. For example, the required EVMs of the PA, phase noise, quan-
tization noise, and SFDR, IRR, and LOFT for supporting a 256-QAM signal must be less
than -35.1dBc, -38dBc, -43.1dBc, 43.1dB, and -43.1dBc, respectively. Note that the IRR
and LOFT calibrations are challenging and expensive at mm-wave frequencies. There-
fore, an architecture with inherently high IRR and low LOFT can drastically reduce the
cost and complexity of the system calibrations.
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Figure 2.5: A simplified schematic of a class-B CMOS PA.
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Figure 2.6: Current and voltage waveform of a class-B CMOS PA at peak and back-off power.

2.4. ENERGY EFFICIENT PAS AND DESIGN CHALLENGES
As the front-end, PA plays a critical role in determining the whole TX performance.
The PA must deliver the required high-power signal to the antenna with high energy
efficiency while maintaining the required linearity. This is particularly more challenging
in mm-wave phased-array communication links dealing with wideband complex-
modulated signals with large peak-to-average ratios (PAPRs). Moreover, the PA governs
the TX performance against the voltage standing wave ratio (VSWR) of the antenna and
its connection. Unfortunately, the VSWR effect is even worse in practical situations in
which the mutual coupling among the closely spaced antennas yields a beam-steering
angle-dependent and time-varying VSWR condition for the PAs driving these antenna
elements [19–23]. In other words, the unwanted element-to-element coupled signal re-
flects the antenna, radiates alongside the desired signal, and, subsequently, deteriorates
the phased-array beam pattern and TX linearity. In summary, the mm-wave 5G TXs
demand a compact, broadband, highly efficient, VSWR resilient, and super linear PA.

A linear PA can be realized in different classes of operation, such as A, AB, B, C, and
F, where each employs a dedicated conduction angle and requires a specific harmonic
termination condition [24]. Fig. 2.5 depicts a simplified schematic of a class-B CMOS
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Figure 2.7: Conventional "RF-in RF-out" efficiency enhanced PA architectures: (a) envelope tracking PA, (b)
Doherty PA, and (c) load-modulated balanced PA.

PA, with an LC resonator as its necessary harmonic terminations. In a class-B PA, the
output voltage is directly determined by the drain current and the output matching ap-
plied. Fig. 2.6 illustrates current and voltage waveforms of a class-B PA and its power and
efficiency equations, where α is the PA’s normalized current amplitude. As shown, since
both current and voltage are proportional to α, the output power (PL) is proportional
to α2. In contrast, considering a constant supply voltage (V DD), the power consump-
tion of a class-B PA is only determined by its drain current and, thus, is proportional to
α. Consequently, as shown in Fig. 2.6, the drain efficiency is calculated as αηmax and
decreases at back-off output power levels.

A straightforward way to improve the PA’s efficiency is to increase its ηmax . Low-loss
distributed balun [25], class-F/F-1 [26–30], and dual-drive [31] PA architectures are re-
cently proposed introducing high peak efficiency at mm-wave. However, the modern
mm-wave PAs are operating at deep PBO amplifying complex modulation schemes with
high PAPR, e.g., 10dB. Since the efficiency is still proportional to the signal’s amplitude
(α), the average efficiency of the mm-wave PAs is low, leading to a low TX system effi-
ciency. Therefore, modern mm-wave TXs demand alternative PA architectures with PBO
efficiency enhancement.

To extend the high peak efficiency of the PA to the back-off power levels, the effi-
ciency needs to be constant and independent from α. Envelope tracking (ET) is an
efficiency-enhanced PA architecture developed for providing a close to constant effi-
ciency [32–34]. As depicted in Fig. 2.7(a), an ET PA is a linear PA where its supply voltage
is modulated to track the envelope of the output signal. In this case, since the supply is a
function ofα, the power consumption becomes proportional toα2, leading to a constant
efficiency. However, practically, the supply modulator’s bandwidth and dynamic range
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Figure 2.8: Conventional VSWR resilient PA architectures: (a) linear PA with an isolator, and (b) balanced am-
plifier.

are limited, making the ET not a proper solution for the large modulation bandwidth of
the mm-wave 5G TX.

Another approach to enhance PBO efficiency is to modulate the load impedance of
the PA in order to keep its voltage swing constant, independent from α. As a result, the
power delivered to the load becomes proportional toα, resulting in a constant efficiency.
Outphasing TX, Doherty PA, and load-modulated balanced amplifiers (LMBAs) are pop-
ular architectures to enhance efficiency at deep PBO by load modulation [35].

Outphasing PA combines two constant-envelope phase-modulated signals to gener-
ate envelope-vary output signal [36–40]. Consisting of two constant-envelop PAs enables
high efficiency at both the peak and PBO. However, due to the nonlinear I/Q to phase
conversion required in the Outphasing operation, the bandwidth of phase-modulated
signals is expanded up to approximately ten times, while this architecture requires ex-
tremely fast digital signal processing and complex DPD.

In contrast, LMBAs [41–45] and Doherty PAs [12, 13, 46–63] are “RF-in–RF-out” PBO
efficiency enhancement frontend solutions that support wideband modulation. As
shown in Fig. 2.7(c), the LMBA structure consists of two main PAs and an auxiliary PA
combined through a quadrature-hybrid coupler. Apart from its intrinsic wideband op-
eration, the LMBA’s power combiner complexities require a large die area, giving rise to
a high insertion loss, thus diminishing its peak PAE. On the other hand, mm-wave DPAs
are inherently narrowband due to their lumped-element quarter-wave transmission
line (QTL) impedance inverter, necessary for load modulation (Fig. 2.7(b)). However,
the broadband operation is achievable by increasing the complexity of the Doherty
power combiner, compromising its passive efficiency [51, 52]. Also, their optimum PAE
at PBO is narrowband in these architectures while providing broadband P1dB [13, 56].
Therefore, realizing a compact mm-wave front-end with high average efficiency over
broad operating frequencies while satisfying the tight element-to-element λ/2 lattice
spacing requirement of the phased arrays is still challenging.

As mentioned, in an mm-wave phased array system, PAs experience high VSWR due
to antenna impedance mismatch and the time-varying mutual coupling. Moreover, em-
ploying load modulation-based efficiency enhancement techniques, such as Outphas-
ing, Doherty, and LMBA, makes the PA inevitably sensitive to the VSWR [8].
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As illustrated in Fig. 2.8(a), a conventional solution for a VSWR resilient PA employs
an isolator at its output. Due to the area constraint of the phased-array transceivers, an
integrated isolator would be a viable solution. However, the integrated state-of-the-art
mm-waves circulators/isolators [64–66] occupy a large area (>1.3mm2) compared to the
designated area of the whole transceiver [11]. Moreover, they demonstrate high TX-to-
antenna loss (>3.2dB) and require extra power consumption to generate their quadra-
ture clocks. Recently, balanced power amplifiers (BPAs) have been used at mm-wave to
mitigate VSWR conditions [67, 68].

Fig. 2.8(b) depicts a conventional BPA comprising two identical PAs combined
through a quadrature hybrid coupler (QHC). In the presence of an antenna load mis-
match, the QHC provides an inverted antenna impedance for one of the PAs while
the other PA sees the actual load. This balanced loading condition leads to the VSWR
resilience of BPA. However, BPAs still suffer from low PBO drain efficiency.

2.5. SUMMARY
This chapter discussed the potential beamforming architectures for 5G FR2 communica-
tion systems. Besides analyzing the phase-array’s link budget, its whole system has been
studied, in which the maximum allowable distance is determined by the number of RX
elements, modulation scheme, and channel bandwidth. It has been shown that the link
budget can be optimized by employing a particular modulation scheme if the channel
bandwidth is flexible. Moreover, the direct up-conversion TX is introduced as an energy-
efficient and integration-friendly architecture for mm-wave phased array TXs. Likewise,
the allowable nonlinearity of the TX for supporting a particular modulation scheme is
budgeted based on the practical circuit design challenges of each contributor in the TX
path. Since the PA’s linearity and average efficiency directly determine the system perfor-
mance, it obtains the highest nonlinearity budget for trading its performance. Moreover,
PAs in a phased array TX experience a great VSWR due to the antenna placement and
mutual coupling. Therefore, a VSWR-resilient PA structure is greatly appreciated in m-
MIMO systems.
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3
A MM-WAVE SERIES-DOHERTY PA
WITH POST-SILICON INTER-STAGE

PASSIVE VALIDATION

This chapter presents a wideband series-Doherty power amplifier (SDPA) for millimeter-
wave (mm-wave) fifth-generation (5G) applications. It features a compact two-step
impedance inverting-based series-Doherty power combiner that provides broadband
close-to-perfect power back-off (PBO) efficiency enhancement. The AM-AM/AM-PM per-
formance of the load-modulated Doherty power amplifier for broadband operation is an-
alyzed. We also devise a post-silicon inter-stage passive validation (PSIV) approach to
evaluate the mm-wave chip prototype utilizing the embedded voltage root mean square
detectors. The proposed SDPA is realized in a 40-nm bulk CMOS, delivering 20.4dBm
PAES AT with 39.1%/34% PAE at 0-/6-dB PBO. Over a 23.5-to-30GHz band, its PAE is >24%
at 6-dB PBO. At 27GHz, applying a “2GHz 16-QAM OFDM” signal, the proposed SDPA gen-
erates 10.2dBm average power with 18.9% average PAE. The average error vector magni-
tude is better than -24.5dB without digital pre-distortion for a “400MHz 64-QAM OFDM”
signal while generating an average output power of 8.8dBm with 15% PAE. The AM-
AM/AM-PM of the realized SDPA is investigated employing a “50MHz 64-QAM OFDM”
signal, validating our analysis and showing that the linearity limitation of DPAs is sys-
tematic and predictable. Utilizing the proposed PSIV approach, the frequency response
of the input/inter-stage passive circuits are measured, indicating an excellent agreement
with 3D EM simulation results.

This chapter is based on the paper published in the IEEE Journal of Solid-State Circuits [69].
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3. A MM-WAVE SERIES-DOHERTY PA WITH POST-SILICON INTER-STAGE PASSIVE
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3.1. INTRODUCTION
Mm-wave fifth-generation (5G) communication systems employ phased arrays to over-
come the free-space path loss while providing high data throughput and low-latency
line-of-sight links [5, 70, 71]. They typically employ spectrally efficient complex modu-
lation schemes, such as high-order quadratic-amplitude modulations (QAMs) with high
peak-to-average-power ratios (PAPRs) [4]. As discussed in Section 2.2, they pose strin-
gent requirements on power amplifier’s (PA) in-band linearity, verified by the error vec-
tor magnitude (EVM), and out-of-band spectral purity, examined by adjacent channel
leakage ratios (ACLRs) [8, 18].

Meanwhile, low-cost nanoscale CMOS technologies are exploited for maximum in-
tegration, compact die area, and high yield. Nevertheless, generating the required power
levels using CMOS technologies is challenging, especially with their limited supply volt-
age and maximum oscillation frequency ( fmax ). For instance, in the backhaul applica-
tion with 16×16 antenna arrays, the average/peak PA power should exceed 9/20dBm.
Furthermore, since the PA governs the overall performance of the transmitter (TX), its
average efficiency directly determines the system efficiency, thus its thermal handling
capability [8, 9].

Several mm-wave linear PAs are proposed to address the 5G specifications [25, 72–
77]. To alleviate the efficiency issue, outphasing TXs offer high average efficiency, but
they demand significant baseband overhead to generate outphasing signals and inten-
sive digital pre-distortion (DPD) [36–40]. Doherty PAs (DPAs) [12, 13, 46–58, 60, 61] are
“RF-in-RF-out” PBO efficiency enhancement front-end solutions that support wideband
modulations. Conventional mm-DPAs are inherently narrowband due to their lumped-
element quarter-wave transmission line (QTL) impedance inverter, which is necessary
for load modulation. However, the broadband operation is achievable by increasing
the complexity of the Doherty power combiner, compromising its passive efficiency [48,
52, 55]. Therefore, realizing a compact mm-wave front-end with high average efficiency
over broad operating frequencies while satisfying the tight element-to-element λ/2 lat-
tice spacing requirement of the phased arrays is still challenging.

This chapter introduces a series-DPA architecture with a two-step impedance
inverting-based power combiner [59, 69]. In addition to its broad P1dB bandwidth
operation, it supports the desired 5G band, 24-to-30GHz, with >24% 6-dB PBO PAE.
The design strategy is first to investigate the limitations of the basic Doherty topologies
by examining their operational bandwidth. Choosing the series-DPA structure, we
then synthesize a compact power combiner comprising two identical transformers, a
coupled line connection, and a capacitor. Double-neutralized cascode push-pull PAs
are utilized in the main/auxiliary paths to ensure stability over the entire operating band
while generating the required output power with high PAE at both peak power and 6-dB
PBO.

Moreover, the proposed DPA features embedded voltage root mean square (RMS)
detectors to verify the system’s reliability. We proposed a post-silicon inter-stage passive
circuit validation (PSIV) approach to evaluate the mm-wave front-end chip prototype
utilizing the embedded RMS detectors. The proposed PSIV approach can prevent dis-
crepancies caused by modeling inaccuracy in the final product. It becomes particularly
crucial when accounting for all parasitics, which cannot always be included in the sim-
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Figure 3.1: An ideal current source connected to the load with a quarter wave transmission line. At center
frequency, this structure can be represented as an ideal voltage source connected to the load.

ulation [78].
This chapter is organized as follows. Section 3.2 reviews parallel- and series-DPA

topologies and investigates their bandwidth and linearity limitations. The proposed
two-step series-DPA is presented in Section 3.3. Section 3.4 elaborates on circuit im-
plementation details of the DPA prototype fabricated in the 40nm bulk CMOS technol-
ogy. The proposed post-silicon inter-stage passive validation approach is described in
Section 3.5, comparing simulation and measurement results. Section 3.6 presents the
experimental results, and we conclude the paper in Section 3.7.

3.2. DOHERTY PA TOPOLOGIES AND BANDWIDTH LIMITA-
TIONS

As mentioned in Section 2.4, in a load modulation based efficiency enhanced PA struc-
ture such as Doherty, the goal is to keep the drain voltage swing constant (see Fig. 2.5 and
Fig. 2.6). As the Doherty PA’s operation basically relies on impedance inversion, it is nec-
essary to learn how a quarter wave transmission line (QTL) is utilized to form the basic
blocs of a Doherty PA. Fig. 3.1 illustrates an ideal current source connected to the load
through a QTL. Note that the QTL serves as an impedance inverter at the design center
angular frequency (ω0). Therefore, as the impedance of the ideal current source (ZS )
is infinitive, its inverted impedance (ẐS ) becomes zero. On the other hand, the current

source sees the inverted load impedance (ẐL = Z 2
0

ZL
). Knowing that the impedance in-

verter converts the current to a determined voltage (v̂r = j Z0ir ), the load power is (Z0ir )2

RL
where ir is root-mean-square (rms) of current. As a result, the combination of the ideal
current source and the impedance inverter can be modeled as an ideal voltage source,
as illustrated in Fig. 3.1.

3.2.1. DOHERTY PA’S CONCEPT

A current source driving a resistive load (RL) is depicted in Fig. 3.2 (left). Its voltage is dic-
tated by the load voltage, thus is proportional to the current (vM = iM RL). However, the
voltage must stay constant independent of iM to have a constant efficiency. Therefore,
an auxiliary current-controlled voltage source (v A) is utilized at the tail of the current

31



3

22
3. A MM-WAVE SERIES-DOHERTY PA WITH POST-SILICON INTER-STAGE PASSIVE

VALIDATION

𝑅𝐿

+

−

𝑣𝐿

+

−

𝑣𝑀
𝑖𝑀 +-

+

−

𝑣𝐴

+− 𝑣𝑀

𝑅𝐿

+

−

𝑣𝐿
𝑖𝑀

0 0.5 1
0

0.5

1

0.25 0.75

0.25

0.75

Normalised 𝑖𝑀

N
o

rm
al

is
e

d
V

o
lt

ag
es

𝑣𝐴

𝑣𝑀

𝑣𝐿
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Figure 3.3: Constant efficiency voltage source structure utilizing a parallel connected auxiliary current source.

source, providing a voltage proportional to iM . As a results, when the auxiliary voltage
source is operating, the current source’s voltage (vM = vL − v A) stays constant, thus, its
efficiency remains constant. As shown in Fig. 3.1, the voltage source can be implemented
as a current source and an impedance inverter. It is crucial to mention that the infini-
tive impedance of the ideal current source isolates the auxiliary source from the load,
meaning that the auxiliary source, indeed, does not contribute to the load power.

Fig. 3.3 shows, this time, a voltage source driving a resistive load (RL). Obviously, its
current (iM ) is the load current and proportional to its voltage (iM = iM

RL
). In this case,

to achieve a constant efficiency, iM must remain constant, independent of vM . There-
fore, an auxiliary voltage-dependent current source is employed in parallel with the main
voltage source. As the auxiliary current (i A) is proportional to the load current, the cur-
rent of the main voltage source remains constant (iM = iL − i A). Please note that since
the output impedance of the voltage source is 0 and stands in parallel with the load, i A

indeed does not contribute to the output current but assists the main voltage source in
maintaining a constant current. Again, the main voltage source can be implemented
with a current source and an impedance inverter. In this case, the constant current of
the voltage source will represent a constant voltage for the current source, owing to the
impedance inverter.

Fig. 3.4 exhibits simplified Doherty PA (DPA) topologies [79] and their cur-
rent/voltage profiles. In general, a DPA is a combination of the main PA (im), which
determines the output power, and the auxiliary PA (ia) that modulates the main PA’s load
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Figure 3.4: A simplified form of (a) the parallel-DPA and (b) the series-DPA at their designated carrier frequency.
(c) Currents, voltages, impedances, and drain efficiency of the parallel-/series-DPAs.

(Zm) to keep its drain voltage (vm) at the maximum swing, maintaining the maximum
efficiency. Therefore, in Fig. 3.4(a-b), the main PA is modeled as an independent current
source (im) while the auxiliary PA is modeled as a current-controlled current source (ia).
Besides, a quarter-wave transmission line (QTL) is employed as an impedance inverter
to realize load modulation. The DPA can be configured either in parallel-DPA (PDPA) or
series-DPA (SDPA). However, the main and auxiliary PAs current forms are the same as
demonstrated in Fig. 3.4(c). As shown, owing to the load modulation, the overall drain
efficiency obtains a peak efficiency at 6-dB PBO, improving the efficiency by ×2 over a
conventional class-B PA.

3.2.2. GAIN AND PHASE DEVIATION CAUSED BY Q MODULATION

The linearity limitations of conventional DPAs are investigated in the literature [80, 81].
However, the mm-wave CMOS DPA design requires thorough analysis to address 5G
stringent design specifications. As illustrated in Fig. 3.4, a QTL is used as an impedance
inverter to maintain load modulation. However, the QTL acts as a perfect impedance in-
verter only at its designated center frequency ( fc ), thus deviating from fc , which affects
its performance. In addition, an inductor (L) is typically utilized to absorb the parasitic
capacitor (C) of the PA, adding an LC resonator at fc to the Doherty combiner. Subse-
quently, as shown in Fig. 3.5(a), the resonator’s quality factor (Q) is modulated by load

33



3

24
3. A MM-WAVE SERIES-DOHERTY PA WITH POST-SILICON INTER-STAGE PASSIVE

VALIDATION

Z2=𝛼Z0

ZLC= $𝐿 𝐶 Z0, 𝜆/4

Z1= $Z0 𝛼R=𝛼ZLCZ1=ZLC

ZIN Port1 Port2

(b) Q modulation of a QTL(a) Q modulation of an LC resonator

𝛼 = 1 →	0dB	PBO

𝛼 = 2→	6dB	PBO

0dB	PBO

6dB	PBO

Phase	deviation	due	to	
load	modulation

𝛼 = 2

𝛼 = 1
Gain	deviation	due	to	
load	modulation

Q=
R
ZLC

=𝛼

Phase	deviation	due	to	
load	modulation

Figure 3.5: (a) Q modulation of a RLC resonator at 28GHz showing magnitude and angle deviation of its
impedance. (b) Gain and phase deviations of a QTL under load modulation.

modulation, resulting in magnitude and angle deviations. Likewise, the bandwidth of
the QTL varies while its load modulates from 2Z0 to Z0 where Z0 is QTL’s characteristic
impedance. Fig. 3.5(b) exhibits the S-parameter simulation results of a QTL at 28GHz,
showing gain and phase deviations.

In mm-wave DPAs, the device parasitic capacitors are absorbed in either a
transformer-based [49–54] or coupled line-based [13, 55, 56] baluns. In either case, the
described phenomenon is directly translated into amplitude-to-amplitude (AM-AM)
and amplitude-to-phase (AM-PM) distortions in wideband operation.

3.2.3. BANDWIDTH ANALYSIS OF PARALLEL- AND SERIES-DPAS

Fig. 3.6 demonstrates practical mm-wave PDPA and SDPA models. The current sources
are connected to the matching network by an ideal 1:n transformer. Note that employ-
ing transformers is inevitable for connecting the push-pull PAs to its Doherty combiner
at mm-wave frequencies. Besides, the LC resonators are considered alongside the cur-
rent sources to model their absorbed device capacitors. Applying the current waveforms
shown in Fig. 3.4(c), the normalized main PA’s load impedance is depicted versus nor-
malized output power at various frequencies (Fig. 3.7). As demonstrated, even without
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Figure 3.7: The real part of main PA’s load, normalized to Ropt , for PDPA and SDPA with and without LC res-
onators.

an LC, due to the QTL at the main PA path, the load modulation of PDPA and output
power slightly degrade when operated away from its center frequency (28GHz). Adding
LC resonators exacerbates PDPA’s performance.

On the other hand, SDPA offers frequency-independent output power with ideal load
modulation. It is due to its main PA acting as a high-impedance power device, which
is modeled as an ideal current source, and perfectly isolates the auxiliary PA from the
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Figure 3.8: Maximum AM-AM/AM-PM deviations of PDPA and SDPA with and without LC resonators.

output. Besides, since the main PA directly drives the resistive output load, the output
power is frequency-independent. However, the auxiliary PA is no longer isolated from
the output by adding an LC resonator alongside the main PA, causing output power and
load modulation degradation, as shown in Fig. 3.7. Nevertheless, it can be observed
that even with an LC resonator, the SDPA provides a broader load modulation and much
more stable output power than PDPA, where the output power deviations of SDPA and
PDPA are 0.4dB and 2.2dB, respectively (see Fig. 3.7, bottom).

Moreover, the AM-AM and AM-PM of PDPA and SDPA are simulated with and with-
out LC resonators. As depicted in Fig. 3.8, without an LC resonator, the maximum AM-
AM/AM-PM deviations of PDPA slightly increase when operated away from its center
frequency (28GHz), while SDPA’s AM-AM/AM-PM deviations are always zero. Adding LC
resonators exacerbates their AM-AM/AM-PM performance, becoming 2.3dB/-40° and
1.9dB/-36.5° for PDPA and SDPA, respectively. It indicates that even though the SDPA
offers significantly broader load modulation performance, the Q modulation phenom-
ena shown in Fig. 3.5 degrade the AM-AM/AM-PM distortions of both topologies almost
equally.

In summary, in both configurations with realistic device capacitance, load modula-
tion creates AM-AM and AM-PM distortions when a DPA operates far from its center
frequency. However, SDPA clearly shows broader load modulation and output power as
an efficiency enhancement PA, making it a suitable choice to support the mm-wave 5G
operational band (e.g., 24-to-30GHz). Furthermore, in practice, lossy components mit-
igate the AM-PM distortions by diminishing Q modulation of LC resonators and QTLs.
Moreover, we can infer that extending the load modulation backward (e.g., 12-dB PBO)
exacerbates Q modulation, thus worsening the AM-AM/AM-PM deviations. Addition-
ally, as suggested in [52], the frequency coverage can be extended in the cost of the die
area overhead by employing static phase aligners in the main and auxiliary PAs.

3.2.4. WIDEBAND LUMPED-ELEMENT TWO-STEP IMPEDANCE INVERTER

Heretofore, an ideal QTL is considered as the impedance inverter in the earlier discus-
sions and simulations. However, the impedance inverter of an mm-wave DPA is often
realized by a lumped-element QTL to address phased array systems’ strict die area re-
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Figure 3.9: Single-, two-, and three-step C-L-C π-network QTLs implementations and their inversion paths
from 2Z0 to Z0/2.

strictions. The designated QTL plays a critical role in a Doherty power combiner perfor-
mance. Therefore, in this sub-section, three possible lumped component implementa-
tions of the QTLs are investigated. Fig. 3.9 illustrates the single-step (λ/4 → θ1S = 90°),
two-step (2×λ/8 → 2×θ2S = 90°), and three-step (3×λ/12 → 3×θ3S = 90°) capacitor-
inductor-capacitor (C-L-C) π-network QTLs. Considering an n-step lumped element
QTL with Z0 characteristic impedance, the LnS and CnS can be calculated as [12]

LnS = Z0 sinθnS

ωc
(3.1)

CnS = tan θnS
2

Z0ωc
(3.2)

where θnS = 90°/n and ωc is designated center angular frequency (ωc = 2π× fc ).
The inversion paths of a 2Z0 impedance to Z0/2 of an ideal QTL compared to three

C-L-C π-networks are plotted in the Smith chart depicted in Fig. 3.9. Considering that
the quality factor represents the bandwidth (Q = ωc

∆ω , where ∆ω is the half-power band-
width) during impedance inversion, the inversion path of single-step touches constant
Q=2 line while the two-step and three-step cross Q=1.26 and Q=1.07. Therefore, the
broadband operation is achievable by a higher-order approximation of the QTL. Com-
paring the simulated Q of QTLs, Fig. 3.9 indicates that a two-step structure compared to
a single-step one improves the bandwidth by 59%, whereas it becomes 87% using a more
complicated three-step counterpart. Fig. 3.10 exhibits S-parameter simulation results of
different QTLs, where Port1 and Port2 are Z0/2 and 2Z0, respectively. As demonstrated,
the S11 of single-step is narrow-band, while two-/three-step QTLs provide the match-
ing condition as good as an ideal QTL. Likewise, the S21 of the single-step QTL exhibits
narrower bandwidth than the three other QTLs. Consequently, choosing a two-step QTL
improves the bandwidth reasonably while trading off with its passive complexity.
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Figure 3.10: The simulated S11 and S21 of different QTLs.

3.3. PROPOSED SERIES-DOHERTY POWER COMBINER

Fig. 3.11 unveils the proposed transformer-based two-step series-Doherty power com-
biner in four progressive steps considering identical main and auxiliary PAs. First, the
SDPA introduced in Fig. 3.6(b) is depicted by replacing the ideal QTL with the proposed
two-step C-L-C π-network (Fig. 3.11(a)). The phase shift of the QTL’s first and second
steps (θ1 and θ2) are considered different as a degree of freedom, while their combined
phase must be 90°. However, θ1 and θ2 should be almost the same to benefit bandwidth
improvement. The shunt inductors (LM ) resonate out the main/auxiliary PAs parasitic
capacitors (CP ) at the desired frequency. Besides, n is chosen to provide the PAs’ opti-
mum load (Ropt ).

As shown in Fig. 3.11(b), a series inductor (L3) is employed to absorb the output
pad’s parasitic capacitor (CL). Additionally, the shunt inductors are moved to the sec-
ondary side of the transformers (L′

M ). By assuming L1=L3=LK , L′
M and LK can be consid-

ered magnetizing and leakage inductors of a non-ideal transformer, respectively. Conse-
quently, the ideal transformers and their corresponding inductors are replaced by non-
ideal transformers with a km coupling factor, as demonstrated in Fig. 3.11(c). Besides,
the C1 shunt capacitor of the impedance inverter is absorbed into the parasitic capaci-
tor of the auxiliary PA (CP →CP +C ′

1).

Lastly, the second single-ended π-network is replaced by a three-port coupled lined
with a differential input and single-ended output to improve ground signal path loss and
diminish the auxiliary PA’s unbalanced signals. The progressive steps of this transforma-
tion are demonstrated in Fig. 3.12. First, the single-ended π-network is converted to a
differential network. As the characteristic impedance must stay the same, the value of
inductances becomes half of its single-ended counterpart ( LS

2 ). Since self-coupling of a
differential inductor is inevitable, the inductors are replaced by a coupled line, assuming
a positive coupling. The positive coupling factor (kS ) reduces the differential inductance
by (1−kS ), thus the required inductance becomes larger (L

′
S = LS

2(1−kS ) ). As the last step,
the output was modified to a single-ended connection intact. However, in practice, since
a single-ended connection changes the parasitic capacitors’ states, a minor modification
is required to recover the desired performance. Note that kS is a degree of freedom to ad-
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Figure 3.11: (a) The SDPA with two-step C-L-C π-network. (b) The output PAD’s parasitic capacitor (CL ) and a
series inductor (L3) for impedance matching are added, while LM moved to the secondary sides of the trans-
formers. (c) The ideal transformers and their corresponding inductors are replaced by non-ideal transformers
with a km coupling factor. (d) The second π-network series inductor (L2) is replaced by a coupled-lines con-
nected as a triaxial balun.

just the length of the lines and achieve the optimum layout. Also, the C3 is removed for
further Doherty phase alignment.

3.3.1. PROPOSED SERIES DOHERTY COMBINER DESIGN FRAMEWORK

In this sub-section, the closed-form design equations of all parameters introduced in
Fig. 3.11 are derived. Fig. 3.13 reflects the equations of the lumped-element model
of a transformer [82] and L-network impedance matching, which will be employed to
synthesize the proposed series combiner. The primary and secondary inductors of the
transformer are denoted as LP and LS , respectively.
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matching.

To begin with, the primary inductor of the transformer, exploited to absorb the par-
asitic capacitor of the PA (CP ), can be calculated as

LP = 1

ω2
cCP

(3.3)

Using the equations introduced in Fig. 3.13, the converted load can be expressed as

R ′
L = RL

1+Q2 = RL

1+ω2
cC 2

LR2
L

. (3.4)

Note that we assume CP and PA’s optimum load (Ropt ) are extracted according to the
desired peak output power. Besides, the turn ratio of the transformer can be expressed
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Figure 3.14: The proposed series-Doherty power combiner layout and its 3D EM simulated parameters.

as follows:

Ropt =
R ′

L

2n2 ⇒ n =
√

R ′
L

2Ropt
= km

√
LS

LP
. (3.5)

Moreover, using the equations shown in Fig. 3.13, we calculate

L3 = LK = (1−k2
m)LS = R2

LCL

1+ω2
cC 2

LR2
L

. (3.6)

Then, by solving (3.5) and (3.6), LS and km can be derived as follows:

LS = R ′
L(RLCL + LP

2Ropt
), (3.7)

km =
√

LP

2Ropt RLCL +LP
. (3.8)

Since we assumed L1=L3, using (3.1) and (3.2), the phase shift of the first step π-
network and its corresponding capacitors can be calculated as

θ1 = sin−1 2(1−k2
m)LSωc

R ′
L

, (3.9)

C1 =
2tan θ1

2

R ′
Lωc

, (3.10)

Consequently, considering that θ2=90°-θ1, the inductor and capacitors of the second
step π-network are expressed as
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Figure 3.15: The real (solid) and imaginary (dotted) parts of main and auxiliary PAs’ load impedance versus
normalized output power at 28GHz.

C3 =
2tan 90°−θ1

2

R ′
Lωc

, (3.11)

L2 =
R ′

L sin(90°−θ1)

2ωc
. (3.12)

Since C2=C1+C3 all design parameters are calculated. The last step is to choose kS

based on layout consideration and to calculate the required L′
2 using (see Fig. 3.12)

L′
2 =

L2

2(1−kS )
. (3.13)

In summary, first, the parasitic capacitors of the output PAD (CL) and the push-pull
PA (CP ) are estimated using the available technology. Then, by employing the introduced
framework, all initial design parameters can be calculated using (3.3) to (3.13). Lastly, we
realize the series-Doherty PA in the available technology and optimize its performance
through EM simulations. Note that employing advanced technologies with lower para-
sitic capacitors leads to better agreement between the initial calculated values based on
first-order models and the final realized parameters obtained from EM simulations.

3.3.2. LAYOUT AND EM SIMULATION RESULTS

The layout of the proposed series-Doherty combiner is depicted in Fig. 3.14. It consists
of two identical transformers with a coupling factor of km=0.65 to provide the optimum
load of the PAs. The passive efficiency reported in Fig. 3.14 is calculated based on the
maximum passive efficiency formula introduced in [83]. Nonetheless, due to the capac-
itive coupling between the primary and secondary sides of the transformer, its parame-
ters are slightly different when configured as a balance-to-unbalance (balun) converter.
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Wideband Load Modulation Load and Q Modulation

Figure 3.16: The real (left) and imaginary (right) parts of the main PA’s load impedance at various frequencies.

𝑣!

𝑣a

Wideband Load Modulation

Figure 3.17: The main and auxiliary PAs’ drain voltages and the passive efficiency of the proposed series-
Doherty combiner at various frequencies.

Therefore, since the configurations of the transformers are different for main and aux-
iliary PAs, the calculated parameters should be adjusted to achieve the desired perfor-
mance. The real and imaginary parts of the main and auxiliary PA’s load impedance are
exhibited in Fig. 3.15. According to simulations with an ideal PA model, the proposed lay-
out offers wideband load modulation and efficiency enhancement. Fig. 3.16 shows the
simulated main PA’s real and imaginary impedance versus normalized output power in
the 24-to-30GHz band. Additionally, the main and auxiliary PAs’ drain voltages and the
passive efficiency of the proposed series-Doherty power combiner are demonstrated in
Fig. 3.17.

Moreover, the AM-AM/AM-PM using the proposed combiner’s 3D EM simulation re-
sults are illustrated in Fig. 3.18. Compared to an ideal loss-less SDPA with LC resonators
(See Fig. 3.6), the inherent loss of the power combiner alleviates PA’s AM-PM while wors-
ening its AM-AM performance.
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Figure 3.18: Maximum AM-AM/AM-PM deviations using 3D EM model of the proposed series-Doherty com-
biner compared to ideal SDPA with LC resonators.
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Figure 3.19: Die photo of the implemented series-DPA.

3.4. CIRCUIT IMPLEMENTATION
The proposed series-DPA is implemented in 40nm bulk CMOS technology (Fig. 3.19).
The chip occupies an area of 1.18mm× 0.99mm, while its core area is 0.39mm× 0.95mm.
Fig. 3.20 exhibits a detailed schematic of the DPA architecture. A quadrature hybrid
coupler (QHC) is employed to generate the 90° phase advance for the DPA and pro-
vide wideband input impedance matching. Fig. 3.21 demonstrates the schematic and
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Figure 3.20: A detailed schematic of the DPA architecture.
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Figure 3.21: (a) Schematic of the input QHC and (b) its S-parameter simulation results.

S-parameter simulation results of the input QHC including the 50-Ω coplanar transmis-
sion lines insertion losses. In the simulation, Port1, Port2, and Port3 are input, auxiliary,
and main paths, respectively. Its insertion loss is 1.05 dB while providing more than 21
dB isolation between two PAs. 3D view of the input QHC and main/Aux PAs’ Balun is de-
picted in Fig. 3.22. The double-tuned input Balun offers >9GHz 1dB bandwidth owing to
its 0.4 coupling factor. Each main/auxiliary branch consists of a neutralized driver am-
plifier (DA), a double-tuned transformer as an inter-stage matching network, and a cas-
code PA. Adaptive biasing circuits modulate the biases of the auxiliary branch to perform
Doherty load modulation. Moreover, four embedded voltage root mean square (RMS)
detectors are utilized to measure all mid-stage signal levels (V1-V4) of the proposed DPA
structure. Also, a temperature sensor, i.e., a diode-connected bipolar transistor, is em-
ployed to measure chip temperature and calibrate the RMS detectors.

Fig. 3.23 depicts the detailed schematic of cascode PA and DA. In [73], the drain-
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Figure 3.22: 3D view of the input quadrature hybrid coupler and baluns, and its S21/S31 simulation results.
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Figure 3.23: The schematic of (a) the double-neutralized cascode PA, and (b) the common-source driver am-
plifier.
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Figure 3.24: DA and PA inter-stage matching transformer and its S21 simulation results.

source capacitors of the common-gate transistors are used to boost the gain, owing to
the common-gate transistor’s high gain (>1) in a class-AB operation with a sizeable qui-
escent current. In this work, to realize class-B main/auxiliary PAs, two pairs of neutral-
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Figure 3.25: (a) The schematic of the adaptive biasing circuits, and (b) the schematic of the RMS detector with
its capacitive coupler.
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Figure 3.26: A simplified small-signal model of an RMS detector.

ization capacitors are used for common-source and common-gate transistors to max-
imize output-to-input isolation of the PA, resulting in unconditional stability [84]. Be-
sides, two 21pH inductors align voltage and current wave phases, thus improving the
drain efficiency [72]. Each common-source transistor of PA/DA consists of eight/four
unit-cells with a transistor aspect ratio of 50µm/40nm, optimized to mitigate the im-
pact of device parasitics and interconnections [78]. The cascode transistors comprise
five unit cells with a transistor aspect ratio of 80µm/40nm. Besides, two varactors are
utilized at the PA and DA inputs to improve their AM-PM profiles [85].

Fig. 3.25 illustrates the schematic of the adaptive biasing circuits and the RMS de-
tector [86]. Adaptive biasing circuits consist of a single-ended envelope detector and
two drivers for DA and PA. The load modulation can be adjusted using the detection
bias voltage of the envelope detector (Vdet ). The RMS detectors are biased with an ex-
ternal 1µA current source to work in the subthreshold region. Due to the exponential
subthreshold voltage-to-current profile of the NMOS, the RMS of the input RF signal is
down-converted to DC [86]. As demonstrated, capacitive coupling is employed to sense
the signal at each node. The series capacitor (4fF) and shunt capacitors, e.g., CC PL and
NMOS’s parasitic capacitor, form a capacitive voltage divider. Therefore, large CC PL is
chosen at the nodes with large swing voltages. Since the series capacitor is 4fF, the input
capacitor of the RMS detector is significantly small, and thus its loss is negligible.
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(a) (b) (c)

Figure 3.27: (a) The measured RMS voltages at various nodes versus PA input power. (b) The measured error of
each RMS detector compared to an ideal RMS detection line. (c) The detection error of V4 at the 20-to-34GHz
band versus its measured output voltage.

3.5. POST-SILICON INTER-STAGE PASSIVE VALIDATION (PSIV )
Although the front-end passive stages (e.g., PA and LNA matching networks) directly de-
termine the system’s performance in the mm-wave circuit design, the inter-stage passive
networks also affect the overall performance [74, 87]. They include matching networks
of inter-amplification stages, quadrature LO generators (e.g., quadrature hybrid coupler)
[88], passive phase shifters [11], splitters, and combiners. In inter-stage matching net-
works, achieving a broad operating band with reasonable insertion loss is challenging.
For instance, in a mm-wave PA, as the transistors’ gate resistance is optimized to achieve
high fmax , they provide high-Q parasitic capacitors. Subsequently, using a transformer
to absorb the parasitic capacitors results in an overall high-Q resonator and, thus, nar-
row bandwidth. Therefore, adding an extra resistor to enhance the related operational
bandwidth is inevitable. Since the additional resistor decreases power gain, it estab-
lishes a critical design trade-off between bandwidth and PAE, significantly affecting the
PA performance.

Therefore, to fully evaluate a prototype chip, measuring the performance of the inter-
stage passive circuits is crucial. Typically, the designers fabricate these circuits sepa-
rately to measure their passive performance, increasing die area and measurement cost.
Nonetheless, considering the variable parasitic capacitance of the active devices, the
“dynamic” performance of inter-stages passive networks may vary compared to a stan-
dalone implementation. Besides, process/temperature variation and aging can also in-
fluence the performance, whereas their effect cannot be measured separately.

This section proposes a post-silicon inter-stage passive validation (PSIV) approach
to measure the inter-stage matching networks bandwidth with negligible insertion loss,
die area, and power consumption overhead.

3.5.1. PROPOSED PSIV APPROACH AND ITS LIMITATIONS

To realize the proposed PSIV approach, we used the earlier introduced RMS detectors to
quantify the voltage level at each stage [89]. Then, the voltage gain can easily be calcu-
lated by dividing the measured voltages. Subsequently, by sweeping the frequency, the
inter-stage gain is obtained versus frequency, representing the bandwidth of the desig-
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nated inter-stage passive network.
The accuracy of the PSIV approach is mainly defined by RMS detectors’ performance

and their error mismatches. Fig. 3.26 depicts a simplified small-signal model of the
RMS detectors, dismissing all parasitic resistances. Assuming 1

| jωC f | ¿ R f , and 1
| jωCP | ¿

R f || 1
gm

, the capacitive coupling ratio (AC P ) can be determined as

AC P = vg

vRF

∼= CS

CS +CP
. (3.14)

The basic theory of a nonlinear device is analyzed in [90]. In the square-law detection
region, the detected low-frequency current ∆i is proportional to the microwave power
dissipated in the nonlinear device PD . The ratio ∆i /PD , called current responsivity and
denoted by β, determines the DC output voltage to microwave RMS voltage detection
gain. As shown in [90] and [91], the detection gain is expressed as

β= ∆i

PD
= VO

v2
g ,RMS

= i
′′

(vg )

2i ′ (vg )
= q

2nkT
, (3.15)

where n is ideality factor, VO is DC output voltage, and vg ,RMS is RMS of vg . Also,
i (vg ) represents the drain current, whereas its first and second derivations are propor-
tional to DC output and RMS voltages, respectively [90]. Subsequently, considering the
capacitive coupling ratio, the overall detector gain is

VO

v2
RF,RMS

=β× A2
C P = q

2nkT
× (

CS

CS +CP
)2. (3.16)

According to (3.16), the overall gain can be configured by adjusting CC PL to reduce
the coupling ratio, as shown in Fig. 3.25. CC PL=5.6fF is chosen for V4 to reduce its volt-
age coupling ratio by -3dB. Moreover, since β depends only on the ideality factor and
temperature, the detection gain is independent of bias and geometry. Thereby, the de-
tection gain variation over process mainly depends on capacitors’ mismatches and does
not impose any sizing constraint on the device.

Fig. 3.27(a) demonstrates the measured RMS voltages at various nodes versus PA in-
put power at 25GHz. It affirms 6.2dB passive voltage gain of DA input transformer (1:2
turn ratio) and 6.9dB DA voltage gain. The measured RMS voltages are compared to an
ideal RMS detection line, and the errors are presented in Fig. 3.27(b). Since the RMS de-
tectors are employed in an energy-efficient PA, the power consumption increases at the
higher input power levels. Thus, the chip temperature increases accordingly. The chip
temperature is measured using an on-chip sensor, showing only a 3.8° increase during
measurement thanks to the proposed highly efficient PA structure. Note that each input
power level is applied for a relatively long time to ensure the chip temperature reaches
its steady-state mode during the measurement.

Even though (3.16) shows detection gain directly depends on temperature, the detec-
tion accuracy is mostly limited by the device’s dynamic range rather than temperature.
For instance, V4 shows a more significant error than V3 because it experiences 6.9dB
larger voltages while its coupling factor is only 3dB less than V3. Therefore, choosing an
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Figure 3.28: The measured RMS voltage at DA’s input while the input power is 0dBm (left axis), and the 3D EM
simulation results (right axis).

Figure 3.29: The measured DA’s gain using RMS voltages at inputs of DA and PA (left axis), and the 3D EM
simulation results (right axis).

appropriate coupling ratio at each stage is essential to keep the detectors’ signal levels
the same to experience almost the same inaccuracy, thus mitigating their error in calcu-
lating the gain. Nevertheless, the interstage gain can be measured at the back-off power
levels, where all RMS detectors provide significantly high accuracy. Fig. 3.27(c) exhibits
the detection error of V4 at various frequencies versus its measured output voltage.

3.5.2. INTER-STAGE PASSIVE CIRCUITS EVALUATION RESULTS
Fig. 3.28 exhibits the measured RMS voltage at the DA input (V3) while the input power
is 0dBm (left axis). Besides, the S-parameter simulation adopting the order of the ports
as mentioned in Fig. 3.22 is plotted (right axis). The simulated 3dB bandwidth (BW3dB)
is 21-to-34GHz, while it became 20-to-32.7GHz on the prototype chip. Furthermore, as
illustrated in Fig. 3.29, the DA gain is measured using GD A = V4

V3
and compared to the

corresponding inter-stage matching network’s (see Fig. 3.24) S-parameter simulations.
Despite the more in-band ripple mainly exacerbated by DA’s active devices, it exhibits
an excellent agreement between measurement and simulation. It achieves more than
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Figure 3.30: Simplified CW and modulation measurement setups.
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Figure 3.31: The S-parameter measurement results of the proposed SDPA.

10GHz BW3dB, slightly higher than the simulations.

3.6. MEASUREMENT RESULTS

All measurements are performed using a high-frequency probe station. The DC sup-
plies, bias voltages, and RMS detector pads are wire-bonded directly to an FR4 printed
circuit board (PCB). In this work, 1.8V supply voltage is used for the PAs, and 0.9V for the
driver amplifiers. Fig. 3.30 exhibits the CW and modulated signal measurement setups.
The power loss of the probes is obtained from the specific measured S-parameter files
provided by the producer. The insertion loss of the cables and the directional couplers
are measured and de-embedded.
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25GHz 26GHz

27GHz 28GHz

Figure 3.32: The measured gain, last-stage drain efficiency, and PAE versus output power at various frequen-
cies.

PAE6dB >29%

20%

Figure 3.33: The measured output power and PAE at 0-/6-/10-dB PBO versus frequency.
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25GHz 26GHz

27GHz 28GHz

Figure 3.34: The measured AM-AM and AM-PM distortion versus output power at various frequencies.

3.6.1. CONTINUOUS-WAVE MEASUREMENT RESULTS

The small-signal S-parameter performance is measured using the Keysight N5227A net-
work analyzer. As Fig. 3.31 demonstrates, the PA achieves more than 8GHz small-signal
BW3dB where its S12 and S11 are less than -54dB and -12.8dB, respectively. At 28GHz, PA’s
S22 is -5.2dB while its input matching is -16dB. The PA offers 18.3dB small-signal gain at
28GHz.

The large signal CW measurement results are reported in Fig. 3.32 for various oper-
ational frequencies. At 27GHz, the P1dB and PS AT are 20.2dBm and 20.43dBm, respec-
tively. Its PAE at P1dB , 6-dB PBO, and 10-dB PBO are 39.1%, 34%, and 20%, respectively.
Moreover, as shown in Fig. 3.33, the PA provides more than 19dBm P1dB over a 23-to-
32GHz band (i.e., -1dB bandwidth). The proposed DPA’s 6-dB PBO PAE is >29% over the
24-to-28GHz band and >24% over the 23.5-to-30GHz band. Besides, a slow amplitude-
modulated ramp signal (2µs) is applied to measure AM-PM distortion, employing the
modulation measurement setup shown in Fig. 3.30. The measured AM-AM/AM-PM dis-
tortions are demonstrated in Fig. 3.34 for various frequencies. Note that the input var-
actors of the DAs and the PAs (see Fig. 3.23) are used to minimize AM-PM distortions at
each operational frequency.
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Figure 3.35: The measured constellations/spectrums for a “2GHz 16-QAM OFDM” signal at various frequen-
cies.

3.6.2. MODULATED SIGNAL MEASUREMENT RESULTS

The PA dynamic performance is verified by wideband modulated signals such as “16-
QAM OFDM” and “64-QAM OFDM” signals. As demonstrated in Fig. 3.30, the baseband
I/Q modulated signals are generated with an arbitrary waveform generator (Keysight
AWG M8190A) and upconverted using a Marki I/Q mixer. A directional coupler is em-
ployed at the output to provide the signal for an R&S FSW43 signal analyzer, while an
R&S NRP50S measures the output power. Fig. 3.35 exhibits measured constellations and
spectrums of a 2GHz 16-QAM OFDM signal at 25-to-30GHz carrier frequencies. With-
out using any DPD, the DPA achieves almost -20dB EVM while the PAPR is 9.5∼10dB. At
27GHz, the proposed DPA generates 10.2dBm average power (P AV G ) with 18.9% average
PAE.

A 64-QAM OFDM signal is utilized to verify the performance of the proposed DPA for
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Figure 3.36: The measured constellations/spectrums for a “400MHz 64-QAM OFDM” signal at various fre-
quencies.

the mm-wave 5G system. Fig. 3.36 shows the measured constellations and spectrums
for a 400MHz signal with 9.3∼10.1dB PAPR. At 27GHz, with 8.8dBm P AV G and 15% PAE,
PA achieves an EVM of -24.5dB and an ACLR of –28.8/-28.2dBc without DPD. As sum-
marized in Fig. 3.37, over 25-to-30GHz carrier frequencies, the DPA supports a 400MHz
64-QAM OFDM signal with >7.3dBm P AV G and >11.3% average PAE. Besides, Fig. 3.38
demonstrates the measured EVM/ACLRs versus P AV G at 27GHz.

As discussed in Section II, the load modulation dramatically increases the maximum
AM-AM/AM-PM deviations by modulating the Q of the passive network. To support the
described analysis, in addition to the AM-AM/AM-PM results illustrated in Fig. 3.34, the
AM-AM/AM-PM of the proposed PA (black) is reported for various frequencies employ-
ing a “50MHz 64-QAM OFDM” signal with 10∼10.5dBm P AV G (Fig. 3.39). Here, to elab-
orate more, the measured AM-AM/AM-PM performance of the proposed PA, which re-
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2GHz 16-QAM, EVM≅ -20dB

400MHz 64-QAM, EVM≅ -24.5dB

Figure 3.37: The measured average output power and PAE of 16-/64-QAM signals with ∼10dB PAPR at -20/-
24.5dB EVM versus carrier frequency.

400MHz 64-QAM2GHz 16-QAM

(a) (b)
Figure 3.38: The measured EVM/ACLRs versus P AV G at 27GHz for (a) a "2GHz 16-QAM OFDM" signal and (b)
a "400MHz 64-QAM OFDM" signal.

configured (Vdet =0.9V, see Fig. 3.25) to operate without efficiency enhancement (gray),
is presented. In other words, the PA performance is measured when its auxiliary PA is
always on, performing as a simple power combining without any load modulation.

As demonstrated in Fig. 3.39, the AM-PM deviation is as high as 23.6° at 25GHz, and
it decreases while operating at the higher frequencies. On the other hand, the maximum
AM-PM deviation of the SDPA without efficiency enhancement is -3∼-5°, and relatively
stable over the bandwidth of interest, thus confirming the load modulation impact on
the linearity as analyzed earlier.

Furthermore, the measured AM-AM/AM-PM distortion of a 400MHz 64-QAM OFDM
signal measured at 10∼10.5dBm P AV G at various carrier frequencies is presented in
Fig. 3.40. Due to the memory effect, the measured AM-AM/AM-PM profiles are worse
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-23.6° -14° -10.5°

-8.9° -5°

+3°

50MHz @25GHz 50MHz @26GHz 50MHz @27GHz

50MHz @28GHz 50MHz @29GHz 50MHz @30GHz

SDPA without efficiency enhancement SDPA with efficiency enhancement

Figure 3.39: The measured AM-AM/AM-PM of the proposed SDPA with (Vdet =0.37V) and without (Vdet =0.9V)
efficiency enhancement employing “50MHz 64-QAM OFDM” signals with 10∼10.5dBm P AV G and 8.6∼9.4dB
PAPR.

than the 50MHz 64-QAM OFDM signal. In this regard, the adaptive biasing limited
bandwidth poses more time-related errors in the efficiency enhancement mode, leading
to a more significant memory effect.
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400MHz @25GHz 400MHz @26GHz 400MHz @27GHz

400MHz @28GHz 400MHz @29GHz 400MHz @30GHz

-24.5° -15° -11.4°

-9.5° -7°

±5°

SDPA without efficiency enhancement SDPA with efficiency enhancement

Figure 3.40: The measured AM-AM/AM-PM of the proposed SDPA with (Vdet =0.37V) and without
(Vdet =0.9V) efficiency enhancement employing “400MHz 64-QAM OFDM” signals with 10∼10.5dBm P AV G
and 9.3∼11.1dB PAPR.

Fig. 3.41 shows the simulation results of ideal PAs AM-AM/AM-PM deviations using
3D EM models and compares them to the measured performance. As demonstrated,
there is good agreement between simulation and measurement results, proofing that
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Figure 3.41: The measured maximum AM-AM/AM-PM deviations of the realized SDPA compared to its 3D EM
simulations (Fig. 3.18).

Figure 3.42: The measured EVM and average PAE (P AV G =10∼10.5dBm) of implemented SDPA with and with-
out efficiency enhancement.

although the load modulation degrades the linearity performance, its behavior is pre-
dictable and stable.

Lastly, Fig. 3.42 depicts the measured EVM and average PAE of a “50MHz 64-QAM
OFDM” signal for the realized SDPA with and without efficiency enhancement. It
demonstrates almost ×2 average PAE improvement over the 5G band. This close-to-
perfect broadband load modulation is the significant advantage of the proposed SDPA
architecture. However, Fig. 3.42 also shows compromising the in-band linearity due to
inherent AM-AM/AM-PM distortions of DPAs.

Table II summarizes the measured performance of the proposed SDPA and compares
it to that of prior-art silicon-based mm-wave PAs. The realized SDPA satisfies the 5G re-
quirements by providing >20dBm PS AT with >36% PAES AT over the 24-to-30GHz band.
It also provides 34% PAE at 6-dB PBO, the highest among mm-wave DPAs. Besides, con-
sidering the Doherty combiners typically occupy a large die area, the realized SDPA is
reasonably compact, only larger than [54].

In [56] and [13], impressive broadband DPA architectures are presented, achieving
PAE6dB as high as 32.8%. However, their excellent performance occurs mostly at 30-
to-38GHz, operating less efficiently at other prevailing mm-wave 5G bands (e.g., 24-to-
30GHz and 37-to-43.5GHz). For instance, in [13], the PS AT /PAES AT /PAE6dB at 29GHz
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and 38GHz are 21.8dBm/33.1%/18.6% and 22.6dBm/30.6%/25.3%, respectively. Mean-
while, our proposed SDPA provides state-of-the-art efficiency enhancement over the 24-
to-30GHz band (see Fig. 3.33).

3.7. CONCLUSION
This chapter introduces three significant contributions: (i) A two-step impedance
inverting-based series-Doherty combiner is proposed featuring broadband load modu-
lation, compact footprint, and a simple design structure without demanding advanced
technology. Additionally, a step-by-step design framework is presented where all design
parameters have been derived based on 5G specifications. (ii) We reveal the inherent lin-
earity limitation of DPAs, namely AM-AM/AM-PM distortions, caused by Q modulation.
We meticulously discussed and exhibited this phenomenon all the way from the basic
ideal component modeling and post-layout 3D EM simulations up to the modulated
signal measurements. (iii) A post-silicon inter-stage passive validation approach is
presented to enhance prototype evaluation and address simulation shortcomings. It
can also facilitate long-term operation monitoring.

The chip prototype is realized using 40nm bulk CMOS technology. The proposed
SDPA achieves state-of-the-art performance over the 24-to-30GHz band. Overall, the
experimental results have demonstrated an excellent agreement between our analysis,
simulations, and measurement results.
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4
A MM-WAVE

MUTUAL-COUPLING-RESILIENT

DOUBLE-QUADRATURE TX

This chapter presents a wideband energy-efficient transmitter (TX) for 5G mm-wave
phased-array systems. It features an advanced double-quadrature direct-upconverter to
improve its in-band linearity and spectral purity. The proposed TX architecture incorpo-
rates an efficiency-enhanced balanced power amplifier (EEBPA) that mitigates VSWR fluc-
tuations in phased-array systems while enhancing efficiency at power back-off (PBO). The
EEBPA comprises two identical series-Doherty PAs combined through a quadrature hybrid
coupler forming a balanced PA. The proposed double-quadrature direct-upconverter (DQ-
DUC) consists of a pair of I/Q modulators and the proposed EEBPA’s quadrature combiner
to further suppress the I/Q image. To verify the proposed techniques, a 40-nm CMOS pro-
totype is implemented. It delivers 20dBm P1dB with 40%/31% drain efficiency at P1dB/6-dB
PBO. The measured TX output reflection coefficient is better than -18dB over a 22.5-to-
30GHz band. Its intrinsic LO feedthrough and image-rejection ratio for a 100MHz tone-
spacing over a 24-to-30GHz band are better than -45dBc/50dB, respectively, without cali-
bration. The average error vector magnitude (EVM) is better than -27.1dB without digital
pre-distortion for an 8-carrier “100MHz 64-QAM OFDM” signal with an 800MHz aggre-
gated bandwidth while generating an average output power of 8.4dBm with 10.8% drain
efficiency. Its maximum forward-power/EVM deviations are better than 0.3/3.9dB, respec-
tively, for a “100MHz 64-QAM” signal under a voltage standing wave ratio of 3.

This chapter is based on the paper published in the IEEE Journal of Solid-State Circuits [88].
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Figure 4.1: (a) A conventional Cartesian TX architecture employed in a digital-beamforming phased array sys-
tem, and (b) recently published PA’s output matching versus their 6-dB PBO PAEs.

4.1. INTRODUCTION
Mm-wave communication systems have been considered as key enablers for develop-
ing the fifth-generation (5G) of a mobile network offering high data throughput, low
network latency, and improved link robustness [5, 7, 70, 71]. Taking advantage of mm-
wave phased arrays empowers 5G communication systems to establish directional links
with large bandwidth between the base station and user equipment. To realize such a
high data-rate communication link, 5G transmitters (TXs) typically employ spectrally
efficient complex modulation schemes with high peak-to-average power ratios (PAPRs)
[4]. However, this feature entails operation at a power back-off (PBO), imposing stringent
requirements on the TX modulation accuracy, spectral purity, and PBO efficiency.

Fig. 4.1(a) shows a conventional Cartesian TX architecture employed in a digital-
beamforming phased-array system [92]. It comprises two distinct parts: (1) A wideband
in-phase/quadrature (I/Q) modulator, which needs to provide low error vector magni-
tude (EVM) to facilitate multi-Gb/s high-order complex modulations, and; (2) A highly
energy-efficient RF power amplifier (PA) to properly boost its radiated power, addressing
the required link budget.
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In this architecture, the I/Q modulators must exhibit minimal I/Q imbalance and LO
feedthrough (LOFT) to yield low-EVM modulation [93]. These requirements are chal-
lenging when operating at the mm-wave bands due to employing relatively small tran-
sistors and passive components that are extremely sensitive to process, voltage, and tem-
perature (PVT) variations [94]. A typical solution is adopting I/Q and LOFT calibrations
that require complicated and exhaustive search methods [95–101]. Consequently, an I/Q
TX architecture with inherently low I/Q imbalance and LOFT is highly desirable, espe-
cially in the context of the large-scale 5G mm-wave phased-array systems [11].

On the other hand, the 5G link budget demands 60dBm EIRP to cover a relatively
short distance [4]. To generate such radiated power, considering 16×16 phased-array an-
tennas, each single antenna element must radiate 12dBm average power. Consequently,
assuming a single patch antenna with 5dBi antenna gain and 2dB connection loss, the
average/peak TX power should exceed 9/20dBm for a modulated signal with an 11dB
PAPR. Generating these power levels is challenging, especially in nanoscale bulk CMOS
technology with limited supply voltage and operating frequency. Stacked-FET PAs and
power combining TX architectures are widely used to generate more than 20dBm peak
power [9, 47, 73–77, 102]. Additionally, efficiency enhancement techniques such as Do-
herty PAs and out-phasing TXs can simultaneously offer high output power and high
average efficiency for modulation schemes with high PAPRs [12, 36, 37, 39, 48, 49, 51–53,
55, 56, 103–105].

Nevertheless, as depicted in Fig. 4.1(b), improving PBO efficiency exacerbates the
PA’s output reflection coefficient (ΓPA), making them inevitably sensitive to the voltage
standing wave ratio (VSWR) of the antenna and its connection. Additionally, Doherty
PAs are more sensitive to the antenna VSWR due to the load modulation. Unfortunately,
this becomes even worse in practical situations in which the mutual coupling among
the closely spaced antennas yields a beam-steering angle-dependent and time-varying
VSWR condition [19–23]. In other words, the unwanted element-to-element coupled
signal reflects to the antenna, radiates alongside the desired signal, and subsequently
deteriorates the phased-array beam pattern and TX linearity. A previously promoted
solution for this antenna VSWR problem is load mismatch detection followed by tuning
of the output matching network (self-healing) [106]. However, this technique requires a
reconfigurable and inevitable lossy matching network. Furthermore, active load pulling
[107] and using a reconfigurable series/parallel Doherty PA structure [104] are proposed
to realize a VSWR resilient efficiency-enhanced TX. Nevertheless, all these techniques
are only suitable when dealing with a known and stable antenna impedance mismatch,
which is, unfortunately, not the case in practical situations.

A conventional solution for a VSWR resilient PA is employing an isolator at its out-
put. Due to the area constraint of the phased-array transceivers, an integrated isola-
tor would be a viable solution. However, the integrated state-of-the-art mm-waves cir-
culators/isolators [64–66] occupy a large area (>1.3mm2) compared to the designated
area of the whole transceiver[11]. Moreover, they demonstrate high TX-to-antenna loss
(>3.2dB) and require extra power consumption to generate their quadrature clocks. Bal-
anced power amplifiers (BPAs) have recently been used at mm-wave to mitigate VSWR
conditions but still suffer from low PBO drain efficiency [67, 68].

In [57], we recently proposed a TX architecture with an efficiency-enhanced bal-
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Figure 4.2: The required LOFT and I/Q imbalance for various modulation schemes considering 11dB margin.

anced PA (EEBPA) combiner. It consists of two identical series-Doherty PAs combined
through a quadrature hybrid coupler, forming a balanced PA. The quadrature combiner
has three crucial roles in this architecture: (1) Combine the output of two Doherty PAs
to achieve the desired output power; (2) Suppress output injected wave, resulting from
mutual-coupling, by offering close to perfect matching conditions; (3) Act as a second
image-rejection stage and provide a calibration-free low I/Q imbalance modulation.

This chapter investigates the architectural analysis and elaborates on the system-
and circuit-level design considerations and extensive measurement results. It is
organized as follows. Section 4.2 presents the proposed double-quadrature direct-
upconversion TX architecture and investigates its performance under process variation.
The EEBPA is presented in Section 4.3. Circuit implementation details of the proposed
TX are described in Section 4.4. Section 4.5 presents the measurement results, and
Section 4.6 concludes the chapter.

4.2. DOUBLE-QUADRATURE I/Q MODULATOR
5G communication systems employ spectrally efficient modulation schemes such as 64-
QAM and 256-QAM signals. Exploiting these complex modulated signals entails meeting
stringent TX in-band linearity requirements verified by EVM, which comprises quanti-
zation noise, phase noise, I/Q modulation imbalance, LOFT, and the PA non-linearity
[4, 94]. Fig. 4.2 shows the required LOFT and I/Q imbalance for various modulation
schemes, assuming an ideal condition for the remaining EVM contributors. The required
I/Q imbalance/LOFT for 64-QAM and 256-QAM are -24.9dBc and -32.1dBc, respectively.
Therefore, the design specs are defined considering an 11dB margin to include the non-
ideality effect of the remaining EVM contributors. However, achieving a better than 11dB
margin will relax the required specs of the other parts of the system, such as PA and PLL,
resulting in better system efficiency. Consequently, the first design challenge is obtain-
ing calibration-free I/Q imbalance/LOFT <-43.1dBc and eventually diminishing the I/Q
imbalanced performance even further.

A conventional approach for generating highly accurate quadrature LO signals seam-
lessly operating in the 24-to-30GHz 5G mm-wave band comprises a multi-stage RC poly-
phase filter (PPF) [108]. Although this approach has a small footprint, it is suscepti-
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Figure 4.3: The double-quadrature direct-upconverter concept. The LO generator could be either an RC poly-
phase filter or a quadrature hybrid coupler.

ble to inductive/capacitive parasitics and temperature variations [94]. Recently, multi-
stage transformer-based quadrature hybrid couplers (QHCs) are widely used at mm-
wave bands with reasonable die-area [109, 110]. However, even though the quadrature
accuracy of the LO signals was close to a perfect condition, the interconnect parasitics
and device mismatch significantly degrade the I/Q modulator’s performance at the des-
ignated mm-wave band. Thus, employing I/Q calibration is inevitable, which increases
the system complexity. Additionally, large-scale digital/hybrid beamforming phased-
array systems demand high yield and minimal system complexity [11].

Double-quadrature receiver architectures are a well-known structure to mitigate IRR
[111], commonly used in two-step down-conversion topologies [112, 113]. In this sec-
tion, we first present the direct double-quadrature upconversion concept. Afterward, by
employing Monte Carlo (MC) simulations, the yield of the proposed architecture will be
investigated.

4.2.1. DOUBLE-QUADRATURE DIRECT-UPCONVERSION CONCEPT

Fig. 4.3 conceptually illustrates a double-quadrature direct upconverter (DQ-DUC).
The DQ-DUC comprises an I/Q modulator, acting as the first image-reject filter, and a
quadrature combiner, operating as the second image-reject filter. The I/Q modulator
consists of an I/Q LO generator, either a PPF or a QHC, followed by a pair of I/Q mixers
whose baseband inputs of the bottom I/Q mixer are swapped while its in-phase signal,
xBB,I, is negated. As a result, the desired signals’ phase excursion at the output of these
mixers is +90° out of phase while their image signals have a phase difference of -90°(see
Fig. 4.3).

Subsequently, by employing an isolated quadrature combiner, e.g., a QHC, with a
constant -90° phase shift, the desired signals are constructively combined at the out-
put port, whereas the image signals are canceled (see Fig. 4.3). The opposite operation
occurs at the isolation port. The mathematical relationship is derived in Appendix A.
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Figure 4.4: The proposed double-quadrature direct upconverter with two-stage I/Q LO generator. The contri-
bution of each part in IRR has been shown.

4.2.2. DOUBLE-QUADRATURE DIRECT-UPCONVERSION TX ARCHITEC-
TURE

The proposed TX architecture is depicted in Fig. 3. A two-stage transformer-based QHC
is employed as an I/Q generator (IQG) to minimize I/Q imbalance and widen opera-
tional frequency [110]. The output QHC and its following PA (see Fig. 4.3) are swapped
to establish a balanced power amplifier (BPA). The motivation for this PA structure will
be further explained in Section III. The image-rejection ratio (IRR) of the I/Q modulator
(IRRIQM), which is the first image rejection stage, is determined by the amplitude and
phase inaccuracy of IQG (εIQG,∆θIQG) and I/Q mixers (εMXR,∆θMXR)

I RRIQM = f
(
εIQG ,εM X R ,∆θIQG ,∆θM X R

)
(4.1)

It is worth mentioning that the device and interconnection mismatch of mm-wave
I/Q mixers play an equally important role as that of the LO I/Q imbalance [94]. Never-
theless, increasing the IQG’s number of cascaded stages does not necessarily improve
the IRRIQM, which is already constrained by mixers’ mismatches. Fig. 4.5(a) shows the
IRRIQM based on 200 MC simulations where the active parts are modeled as ideal com-
ponents with their relative mismatches to speed up simulation time. Additionally, the
mismatch of all passive components, such as capacitors and resistors, are considered in
these simulations.

The IRR of the balanced PA (IRRBPA), the second IR stage, can be calculated by
mismatches of top and bottom TX paths (εTX,∆θTX), and I/Q imbalance of QHC
(εBPA,∆θBPA).

I RRIQM = f (εT X ,εBPA ,∆θT X ,∆θBPA) (4.2)

The MC simulation results for IRRBPA and overall IRR (IRRDQ) are shown in Fig. 4.5
and can be expressed as
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59.8dB
38.8dB
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Figure 4.5: (a) IRR of I/Q modulator, BPA, and overall TX over 200 trails of an MC simulation. (b) IRR resulted
from an MC at the 23-to-31GHz band. The overall IRR is always higher than 59.8dB.

I RRDQ = I RRIQM × I RRBPA (4.3)

According to (4.1) and (4.2), the IRRIQM and IRRBPA are uncorrelated. Consequently,
although they might not individually meet the aimed mismatch performance, their
combined performances satisfy the overall designated IRR. Therefore, the proposed
approach relaxes the mismatch requirement and makes this architecture less sensitive
to PVT variations than a conventional structure for the same overall targeted IRR.

4.3. EFFICIENCY-ENHANCED BALANCED PAS
In a phased-array TX front-end, two impedance mismatch mechanisms affect the PA/TX
performance: 1) antenna impedance mismatch and 2) mutual coupling. Fig. 4.6(a) il-
lustrates the forward and reverse waves of the PA and its antenna. In this context, the
antenna impedance mismatch, including its transmission line connector, is modeled
as a two-port passive component that indicates the antenna is considered a perfectly
matched port. As depicted in Fig. 4.6(b), alongside the PA represented as a Norton equiv-
alent source, we have also modeled the mutual-coupling signal as a secondary power
source at the antenna port. Since the mutual-coupling signal is correlated to the PA sig-

69



4

60 4. A MM-WAVE MUTUAL-COUPLING-RESILIENT DOUBLE-QUADRATURE TX

nal and the antenna is considered as an ideal port, the antenna’s forward voltages can be
expressed as

a2 = SMC a1 (4.4)

where a1 is PA’s forward signal when a2=0 and SMC is a time-varying element-to-
element coupling coefficient, depending on the beam-steering angle.

The reverse waves and impedances seen by the PA are shown in Fig. 4.6(c) for three
different cases: 1) Only antenna impedance mismatch, 2) only mutual-coupling sig-
nal, and 3) antenna impedance mismatch and mutual-coupling signal. In a large-scale
phased-array TX with narrow beamwidth capability, the radiated signal robustness of
each antenna element is essential for beamforming accuracy. This indicates that the
radiated signal, i.e., b2, must stay relatively stable during beamforming, as shown in
Fig. 4.6. However, in the presence of the mutual coupling alongside the desired signal,
SMC a1, the time-varying reflected mutual-coupling signal, i.e., (S22 + S12S21ΓPA)SMCa1,
is radiated, deteriorating the beam pattern. Therefore, S22 and ΓPA must be relatively
small.

On the other hand, although the efficiency and overall TX performance benefit from
small S11/S22, small ΓPA leads to low PA efficiency (see Fig. 4.1(b)). Thus, our motivation
is to design a PA structure with high efficiency and relatively low ΓPA. Moreover, as illus-
trated in the last column of Fig. 4.6(c), when a PA experiences a large VSWR condition, its
stability, efficiency, and output power deteriorate significantly. This section presents the
proposed VSWR resilient efficiency-enhanced balanced PA for mm-wave phased-array
systems.

4.3.1. THE PROPOSED EFFICIENCY-ENHANCED BALANCED PA
As depicted in Fig. 4.7, the proposed efficiency-enhanced balanced PA (EEBPA) consists
of two identical efficiency-enhanced PAs (EEPAs) combined through a quadrature hy-
brid coupler. The PAs can be Doherty, out-phasing, or any other efficiency-enhanced
structure. In the proposed PA architecture, the EEPAs perform PBO efficiency enhance-
ment, whereas the balanced PA combiner provides VSWR resilience. To validate the pro-
posed PA’s output matching, as mentioned before, we modeled the mutual-coupling sig-
nal as a power source at the antenna port. As illustrated in Fig. 4.8(a), the unwanted cou-
pled signal, i.e., "aMC", is split by the hybrid coupler reflected from PAs, constructively
added at the isolation port, and eventually absorbed in the 50Ω termination. However,
the reflected waves are canceled at the antenna port. Consequently, the "ΓBPA" is zero
if the EEPAs are identical (ΓPA1 = ΓPA2), and the hybrid coupler is an ideally symmetric
structure.

Assuming two identical PAs, Fig. 4.8(b) depicts the forward and reflected waves of
each PA in the steady state. The PAs’ forward wave consists of two parts. The first part is

the desired signals with 90º out of phase ( aPAp
2

and j aPAp
2

) that are eventually combined at

the output port (aPA). However, due to antenna impedance mismatch, part of the desired
signal reflects (Γant .aPA). The hybrid coupler splits this reflected signal into two waves

(Γant .aPA ⇒ Γant .aPAp
2

and − jΓant .aPAp
2

), and then they proceed to the PAs’ ports. Note that

ΓPA and Γant . are the reflection coefficients of the PAs and the antenna, respectively.
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Efficiency-Enhanced PAs
§ Parallel-Doherty PA
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Quadrature 
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50Ω

Figure 4.7: The proposed efficiency-enhanced balanced PA structure.

On the other hand, the second part of PAs’ forward signals are proportional to the

antenna mismatch that are reflected from the PAs (ΓPAΓant .aPAp
2

and − jΓPAΓant .aPAp
2

). Since

the signals are -90º out of phase, they are combined and absorbed at the termination
port, as in the case of the mutual coupling scenario. Hence, the load seen by each PA can
be calculated as

ΓL1 =
Γant .

aPAp
2

aPAp
2
+ΓPAΓant .

aPAp
2

= Γant .

1+ΓPAΓant .
→ ZL1 = 1+ΓL1

1−ΓL1
Z0 = 1+ΓPAΓant . +Γant .

1+ΓPAΓant . −Γant .
Z0,

(4.5)

ΓL2 =
Γant .

− j aPAp
2

j aPAp
2
+ΓPAΓant .

− j aPAp
2

= −Γant .

1−ΓPAΓant .
→ ZL2 = 1+ΓL2

1−ΓL2
Z0 = 1−ΓPAΓant . −Γant .

1−ΓPAΓant . +Γant .
Z0.

(4.6)
As a result, the forward wave of the balanced amplifier is always constant (i.e., aPA,

depicted in Fig. 4.8(b)), independent of the antenna’s and PAs’ impedances. Besides, the
delivered power to the antenna is determined by the antenna mismatch loss (1−|Γant .|2).
This, in turn, degrades the drain efficiency. Nevertheless, the unmatched loading condi-
tion can further degrade the delivered power and efficiency in the large-signal operation,
where a large impedance leads to an early power saturation condition for the PAs. The
Z-parameter analysis of the balanced amplifier is presented in Appendix B.

For further elaboration, we assume two extreme cases: 1) the PAs are impedance
matched to the characterization impedance of hybrid coupler (ZPA=Z0 ⇒ ΓPA=0), and 2)
the PAs are ideal current sources (ZPA =∞⇒ ΓPA = 1).

1) ΓPA = 0: In this case, ΓL1 = Γant . and ΓL2 =−Γant .. It means one of the PAs drives

Zant ., while the other one drives
Z 2

0
Zant .

. This balanced loading condition makes the pro-
posed EEBPA relatively robust against VSWR in large-signal operations where only one
of the PAs can be saturated by the large load impedance.

2) ΓPA = 1: In this case, which is a more practical assumption, ΓL1 = Γant .
1+Γant .

and

ΓL2 = −Γant .
1−Γant .

, which means ZL1 = (1+2Γant .)Z0 and ZL2 = (1−2Γant .)Z0. Even though
the reflection coefficients are not equal in magnitude, they are still in opposite signs.
Hence, the magnitude of the impedance seen by one of the PAs is always equal to or
larger than

√
1+|2Γant .|2Z0. Likewise, the other load impedance is equal to or smaller
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Figure 4.8: Forward and reflected waves in (a) mutual-coupling, and (b) TX scenarios.

than
√

1+|2Γant .|2Z0.

In summary, operating in power back-off, the proposed EEBPA offers a close-to-
perfect termination for an impedance mismatch caused by a mutual-coupling signal.
Moreover, it limits the delivered power degradation to mismatch losses presented by
static antenna mismatch. Furthermore, the analysis shows that even in the near power
saturation operation, by providing a balanced loading condition, the proposed structure
diminishes forward power deviation, delivered power loss, and efficiency degradation in
both mutual-coupling and impedance mismatch scenarios [114].

In terms of stability, according to (4.5) and (4.6), if |Γant .| > |1±ΓPAΓant .|, one of the
PAs’ load impedances is negative, which may lead to an unstable state. In the extreme
case of ΓPA = 1, this undesired condition is occurred if |Re(Γant .)| > 0.5. Nevertheless,
in practice, the |ΓPA | < 1 and the loss of quadrature hybrid coupler reduce the risk of a
negative load impedance.
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Figure 4.9: Die micrograph of the proposed TX.

4.3.2. SERIES-DOHERTY BALANCED PA
To realize the efficiency-enhanced PA, we chose a Doherty PA. The most common struc-
ture is a parallel-Doherty PA, which has frequency-dependent output power [115], mak-
ing it less suitable for broadband operation. Consequently, in this work, a series-Doherty
PA structure is selected. Compared to the parallel configuration, the series-Doherty PA
ideally provides a frequency-independent output power, as well as lower impedances to
its PAs, features that are highly desirable to obtain sufficient output power from a CMOS
technology with a low breakdown voltage [56].

4.4. CIRCUIT IMPLEMENTATION
The proposed double-quadrature direct-upconversion TX is implemented in 40nm bulk
CMOS technology. The chip occupies an area of 2.08mm × 1.76mm, while its core area
is 0.96mm × 1.44mm (see Fig. 4.9). Fig. 4.10 exhibits a detailed schematic of the over-
all TX architecture. It consists of four sub-TXs; each comprises a double-balanced I/Q
active mixer, a pre-driver (DRV), and a PA. Each pair of sub-TXs is connected to a series-
Doherty power combiner. Subsequently, their outputs are combined with a 50Ω quadra-
ture hybrid coupler (QHC) to realize the overall balanced PA while simultaneously acting
as a second image rejection stage of the DQ-DUC. Moreover, a two-stage transformer-
based quadrature hybrid coupler is adopted [110] to increase the TX operational fre-
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Figure 4.11: (a) The schematic of the output QHC, and b) its S-parameter simulation results.

quency. Since the I/Q generator should provide I/Q LO signals for four sub-TXs, to avoid
a 1-to-4 power splitter, two identical two-stage QHCs have been implemented. Note that
the I/Q generator’s ports are directly connected to the I/Q mixers without employing any
termination to increase voltage gain and diminish the circuit complexity [110]. More-
over, an LO gain-stage (GS) is employed to bring the external LO signal’s level (0dBm) to
the required level.

The measured power consumption of each part is summarized in Fig. 4.10 when the
TX average output power is 14dBm at 27GHz. The PAs and their pre-drivers consume
133mW, i.e., 69% of the total power, while delivering 25mW to the load. Moreover, the
active mixers and LO gain-stage dissipate 30.9mW and 28.5mW, respectively. Namely,
the power consumption of each mixer is 7.7mW.

Fig. 4.11 shows the schematic and S-parameter simulation results of the output QHC.
Its insertion loss is 0.55dB, whereas providing more than 22dB isolation between two
PAs. Furthermore, the series-Doherty PAs are connected to QHC by two 50Ω copla-
nar transmission lines that add an extra 0.25dB loss. Fig. 4.12 illustrates the layout and
schematic of the series-Doherty combiner. A two-step transformer-based impedance
inverter is implemented in the auxiliary path of the proposed series-Doherty combiner
to perform load modulation. The combiner consists of two identical transformers con-
nected by a lumped-element transmission line providing a 50º phase shift. The capac-
itors at the primary side of transformers are absorbed in the parasitic capacitors of the
PAs. Therefore, only a 220fF capacitor is placed at the secondary side of the auxiliary
transformer. Compared to a conventional single C-L-C π-network, a two-step transmis-
sion line offers lower loss and broader bandwidth. It is worth mentioning that the metal
slotting technique [116] is employed to increase the quality factor (Q) of the transformer
due to reducing the skin effect (see Fig. 4.12(a)). Additionally, the secondary (sec.) is
placed between the two slots of the primary (prim.) to boost the coupling factor.

In each Doherty branch, the PA, pre-driver, I/Q mixer, inter-stage matching net-
works, and most of their biases are the same for main and auxiliary paths. However,
in the auxiliary path, the pre-driver and PA biases are modulated by the adaptive bias-
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Figure 4.12: (a) The layout, and (b) schematic of the proposed series-Doherty combiner with the two-step
transformer-based impedance inverter.
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Figure 4.13: The schematic of (a) the PA, (b) pre-driver, and (c) adaptive-biasing circuit.

ing circuit to perform the Doherty operation. Fig. 4.13 depicts the detailed schematic of
PA, pre-driver, and adaptive biasing circuitry [12]. A push-pull common-source ampli-
fier with a cross-coupled drain-gate feedback capacitor is exploited to improve stability
and reverse isolation. Each transistor consists of eight unit cells with a transistor aspect
ratio of 50µm/40nm, which are optimized to mitigate the impact of device parasitics
and interconnections [78]. The pre-driver employed the same structure comprising four
unit cells (overall W/L=200µm/40nm). Besides, two varactors are utilized at the pre-
driver and PA inputs to improve their AM-PM profiles and tune the inter-stage matching
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Figure 4.14: (a) The schematic and (b) simplified layout of the implemented double-balanced I/Q active mixer.

network [85]. Double-tuned transformers are implemented as the inter-stage match-
ing network. Moreover, the PA/pre-driver transistors contain parasitic capacitors with
a relatively high-quality factor (Q), indicating the real part of the input impedance of
the PA/pre-driver is large. Therefore, a parallel resistor is employed at the input of the
PA/pre-driver to increase the operational bandwidth and reduce passive loss by lowering
the Q of the resonator.

A double-balanced I/Q active mixer is exploited to realize an I/Q modulator
with high conversion gain and decent LO leakage performance. Fig. 4.14 shows the
schematic and simplified layout of the I/Q mixer. The baseband transistors are chosen
large enough to minimize LOFT. As mentioned before, at mm-wave frequencies, to
achieve minimum I/Q imbalance and LOFT, the layout symmetry plays a crucial role.
As depicted in Fig. 4.14(b), the I and Q paths are laid out symmetrically. The baseband
signals are shielded to minimize mixers’ undesired inter-modulation spurs.

Embedded voltage root mean square (RMS) detectors are utilized to monitor all sig-
nal levels of the proposed transmitter chain from the outputs of the LO gain stage to
the PAs’ outputs, represented by the diodes in Fig. 4.10. Wideband RMS detectors, com-
prising gate-drain connected NMOS transistors biased in the sub-threshold region, are
adopted [86]. A temperature sensor, i.e., a diode-connected bipolar transistor, is em-
ployed to measure the chip temperature and calibrate the RMS detectors.

4.5. MEASUREMENT RESULTS
All measurements are performed using a high-frequency probe station. The low-
frequency pads, including the I/Q baseband signals and DC bias voltages, are wire-
bonded directly to an FR4 printed circuit board (PCB). The high-frequency ports
comprising the input LO signal and the PA output ports, including the RF and isolation
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Figure 4.16: Baseband connections for the top and bottom sides of TX.

Figure 4.17: Small-signal S-parameter measurement results.

pads, are characterized by GSG and GSGSG probes, respectively. In this work, a 1V
supply voltage is used for the PAs, pre-drivers, mixers, and the LO gain stage. Fig. 4.15
exhibits the measurement setup and its baseband connections. A Maury MT984AL load
tuner is used for the VSWR measurement. The insertion losses of the probes, cables,
and the directional coupler are measured and de-embedded.

4.5.1. CONTINUOUS-WAVE MEASUREMENTS

The input LO and the PA output reflection coefficients are characterized under small-
signal conditions using a Keysight N5227A four-port network analyzer. Fig. 4.17 demon-
strates the measured s-parameters over a 22.5-to-34GHz band. The corresponding LO
port matching is better than -10.5dB. The PA’s output reflection coefficient, S22, is bet-
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(a) (b)

Figure 4.18: Large-signal CW measurement results (a) at 26GHz, and (b) at 28GHz.

Figure 4.19: Large-signal CW measurement results across operational frequency.

ter than -18dB over the 22.5-to-30GHz band, while at 27GHz, it is -22.2dB. Thus, any
unwanted coupled signal at 27GHz is suppressed by -22.2dB. Note that for the isolation
port, a 50Ω termination is employed.

The large-signal continuous wave (CW) measurement results are reported in
Fig. 4.18. At 26/28GHz, the P1dB is 20.1/19.75dBm, while TX front-end drain efficiency is
28.76/26.4%. Moreover, at 6dB PBO, the PA drain efficiency is 30/33% at 26GHz/28GHz,
while the TX conversion gain is 21.8dB/20.6dB. As depicted in Fig. 4.19, the TX delivers
20dBm over a 24-to-30GHz (i.e., -1dB bandwidth). Over this frequency band, the PA and
TX peak drain efficiencies are more than 32.6% and 22.1%, respectively.

4.5.2. SINGLE-SIDEBAND MEASUREMENTS
Single-sideband (SSB) measurements evaluate the IRR performance of the proposed TX
architecture. Since the double-quadrature structure offers high uncalibrated IRR, I/Q
baseband signal mismatches significantly degrade the TX IRR performance. Fig. 4.15(b)
shows the I/Q baseband connections in the measurement setup. These signals are
first generated in MATLAB and then converted to differential analog signals using an
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(a) (b)

Figure 4.20: (a) Measured IRR versus tone-spacing across operational frequencies. (b) Measured IRR of two-
stage LO generator showing IRR improvement by second IR stage.

(a) (b)

Figure 4.21: Measured (a) IRR, and (b) LOFT of three chips versus frequency without any calibration.

arbitrary-wave generator (AWG).
Fig. 4.20(a) demonstrates the measured IRR performance versus various tone-

spacings at the 24-to-30GHz operational band. The TX achieves an uncalibrated IRR
of better than 50dB over the desired frequency band owing to the proposed double-
quadrature direct upconverter technique. Due to the minimal variation of IRR over
the frequency band, it can be inferred that the I/Q baseband mismatches, i.e., cables,
splitters, amplifiers, on-chip terminations, and baseband transistors of the mixers (see
Fig. 4.15(b)) are the dominant imbalanced sources. Furthermore, by connecting the
same I/Q signals to both the top and bottom TX paths, we can disable the second image
rejection stage and measure only the IRR performance of the two-stage LO generator.
As shown in Fig. 4.20(b), the second image rejection stage improves IRR by 11dB on
average. However, according to the MC simulations, the IRR improvement should be
at least 20dB, primarily degraded by the I/Q baseband mismatches that were discussed
earlier. Additionally, as depicted in Fig. 4.21(a), three chips are validated, proving
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Figure 4.22: Measured constellations of a single-carrier 64-QAM signal with (a) 100MHz and (b) 800MHz band-
width. (c) The spectral purity of an 800MHz 64-QAM signal with 6.4dB PAPR at 27GHz carrier frequency.

that the proposed architecture offers more than 50dB IRR over frequency without any
calibration.

The LO feedthrough must be relatively low to achieve decent EVM. Due to the sym-
metric mixer layout and proper baseband transistors sizing based on the mismatch con-
sideration, the TX attains better than -45dB uncalibrated LOFT. The measured LOFTs of
three chips are demonstrated in Fig. 4.21(b). LOFT variation over frequency shows the
mismatch of high-frequency parts significantly affects the LOFT performance.

4.5.3. MODULATED SIGNAL MEASUREMENTS

The TX dynamic performance is verified by wideband modulated signals such as a multi-
carrier “64-QAM OFDM” signal. As illustrated in Fig. 4.15(a), the mm-wave TX output
is directly captured by R&S FSW43 signal analyzer. Fig. 4.22 exhibits measured con-
stellations, EVMs, and performance of 0.6Gb/s and 4.8Gb/s 64-QAM at 27GHz carrier
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Figure 4.23: (a) Measured constellations of a 400MHz single-carrier 64-QAM OFDM signal at 27GHz. (b) The
measured EVMs versus average power for 50MHz, 100MHz, 200MHz, and 400MHz 64-QAM OFDM signals.

frequency. The TX achieves -25.5dB EVM for a 0.6Gb/s signal, while its average out-
put power and PA drain efficiency are 14.1dBm and 24.1%, respectively. Additionally,
its ACLR/EVM are -31.5dBc/-24.6dB for a 4.8Gb/s signal with 11.36dBm average output
power and 17.6% drain efficiency. The spectral purity of 4.8Gb/s 64-QAM signal is shown
in Fig. 4.22(c).

A 64-QAM OFDM signal is utilized to verify the performance of the proposed TX for
5G mm-wave systems. Fig. 4.23 shows the measured constellation for a “400MHz single-
carrier 64-QAM OFDM” signal. With 8.4dBm output power and 10.8% drain efficiency,
TX achieves an EVM of -25.6dB and an ACLR of -33.5dBc. The measured EVM of vari-
ous modulation bandwidths of 50MHz, 100MHz, 200MHz, and 400MHz versus average
output power is reported in Fig. 4.23(b). Their EVM significantly degrades by increasing
their modulation bandwidth at lower average power. The primary limitations for high
data rate signals are 1) The gain flatness of the baseband amplifiers, 2) the loss flatness of
inter-stage and output matching networks, and 3) the loss flatness of the probe, cables,
coupler, and signal analyzer. Likewise, considering all the EVM limitations, e.g., flat-
ness, phase noise, third-order distortion, and thermal noise, measuring -44dB of EVM
for 50MHz signal confirms that the contribution of IRR and LOFT on EVM is at least less
than -44dB.

To further evaluate the TX performance under different 5G system scenarios, “64-
QAM OFDM” signals with 50MHz, 100MHz, and 200MHz component carriers (CCs)
and the overall aggregated bandwidth of 800MHz and 10% guard bands are exploited.
Fig. 4.24 shows the spectrum and EVM of an “8-CC 64-QAM OFDM” signal with 8.4dBm
average power and -27.1dB average EVM. The measured average EVM versus output
power of 4, 8, and 16-CC OFDM signals with an 800MHz aggregated bandwidth are
reported in Fig. 4.25. It shows that increasing the number of carriers improves its EVM
for a dedicated data rate.
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Figure 4.24: (a) The spectrum of an 8-CC 64-QAM OFDM signal and measured EVMs of each channel.

Figure 4.25: The measured average EVMs versus average power for 4, 8, and 16-CC 64-QAM OFDM signals with
800MHz bandwidth.

Finally, the following measurement sequences are performed to verify the impact of
TX’s IRR in a non-contiguous carrier aggregation scenario. First, a 2-CC “50MHz 64-QAM
OFDM” signal is applied, whose spectrum (blue) is depicted in Fig. 4.26. Next, its mirror
spectrum (red) is exploited. As illustrated in Fig. 4.26, the I/Q images of the first case
are precisely on top of the second scenario and vice versa. It clearly indicates that poor
IRR performance dramatically degrades the EVM. Eventually, the two signals presided at
four different locations, i.e., two pairs of mirrored channels are simultaneously applied.
Their measured EVMs are reported, exhibiting that the channels’ EVM is not significantly
degraded due to the decent I/Q image performance of the proposed double-quadrature
TX.

4.5.4. VSWR MEASUREMENTS
As discussed in Section III, the robustness of EVM and forward power (PFWD) under load
mismatch are crucial in a phased-array system with mutual coupling. The VSWR re-
silience of the proposed efficiency-enhanced balanced PA is evaluated by measuring a
“100MHz 64-QAM” signal under a VSWR of 3. The characterization of the Maury tuner
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Figure 4.26: Measured spectrum and EVMs of a 2-CC 50MHZ 64-QAM OFDM signal at lower sideband (blue),
a 2-CC 50MHZ 64-QAM OFDM signal at upper sideband (red), and a 4-CC OFDM signal.

and its calibration is done as described in [104]. Moreover, the bandwidth of the modu-
lated signal is limited by the performance of the load tuner.

To begin with, the TX performance is measured for the matched impedance loading
condition. The average output power and drain efficiency are 10.35dBm and 15%, re-
spectively. Additionally, EVM=-28dB and ACLR=-30.6dBc are measured (Fig. 4.27). Then,
the tuner is adjusted for the same input signal level to provide VSWR=3 loading condi-
tion, and the TX performance is measured for various VSWR angles. Consequently, as-
suming constant mismatch losses of passive components between the TX and the power
sensor, the output power (Pout) fluctuation is also the deviation of forward power, reverse
power, and gain. The measured Pout, PFWD, average drain efficiency, EVM, and ACLR of
the modulated signal versus VSWR angle are presented in Fig. 4.27.

Two drain efficiencies are exhibited in Fig. 4.27(b): the first drain efficiency is related
to PFWD (ηFWD), and the second one is related to Pout (ηout). In the antenna mismatch
scenario, as discussed in Section 4.3.1, a portion of forward power is reflected and subse-
quently dissipated in the matching network losses and the isolation port. Therefore, Pout

is considered as the radiated power, and its drain efficiency is then calculated based on
Pout. However, in the mutual coupling scenario, since the reflected power is the coupled
signal generated by the other TX elements in a phased-array system, assuming matched
antenna impedance, the radiated power is equal to PFWD. Therefore, the drain efficiency
is eventually calculated based on PFWD rather than Pout.

Similar to the average power and its efficiency, the measured EVM and ACLR are rel-
atively robust under VSWR as demonstrated in Fig. 4.27(c). The maximum EVM and
ACLR deviation are 1.65dB and 1dB, respectively. Additionally, the measured EVMs un-
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Figure 4.27: Measured (a) forward and output average power, (b) average drain efficiency of the related for-
ward and output power, and (c) EVM/ACLR of a 100MHz 64-QAM signal versus VSWR angle under VSWR=3
compared to the impedance matched load measurement results.

der VSWR of 1 and 3 at 27GHz and 28GHz are compared in Fig. 4.28(a). The maximum
EVM deviation at 28GHz is 3.9dB. The gain and PFWD deviation at 27GHz and 28GHz are
depicted in Fig. 4.28(b). At 27GHz, the maximum deviation is 0.3dB, which occurs at a
90º VSWR angle. Likewise, at 28GHz, this deviation is only 0.65dB.

4.5.5. PERFORMANCE SUMMARY AND COMPARISON

Table I summarizes the measured performance of the proposed double-quadrature TX
and compares it to that of prior-art mm-wave TXs/PAs. The TX occupies a 1.38mm2 core
area slightly larger than [104], which is only a PA. The proposed series-Doherty balanced
PA provides a better output impedance termination than the state-of-the-art while en-
hancing the efficiency over a wide operational bandwidth of 24-to-30GHz with 40% peak
drain efficiency. The measured drain efficiency at P1dB and 6dB PBO are comparable to
[39] and [51], which have the best PAE at P1dB and 6dB PBO, respectively. Moreover, un-
der VSWR, the proposed TX achieves less than 0.3dB and 1.9dB forward power and EVM
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Figure 4.28: The measured (a) EVMs and (b) forward power/gain deviations of a 100MHz 64-QAM signal under
VSWR of 1 and 3 at 27GHz and 28GHz.

deviation, respectively. Furthermore, the proposed double-quadrature modulator offers
wideband IRR without calibration, outperforming state-of-the-art TXs utilizing the I/Q
imbalance calibration. Additionally, thanks to the symmetrical layout of the I/Q modu-
lator and mismatch considerations, the uncalibrated LOFT of three measured chips over
various operational frequencies is less than -44dBc.

4.6. CONCLUSION
In this chapter, an efficient broadband TX comprising a double-quadrature direct-
upconverter and a series-Doherty balanced PA in 40nm bulk CMOS is presented for
5G mm-wave phased-array systems. The proposed efficiency-enhanced balanced PA
structure provides 20dBm output power while achieving 6-dB PBO efficiency enhance-
ment under VSWR caused by the mutual coupling of phased-array systems. Moreover,
the proposed double-quadrature direct-upconversion architecture inherently offers
high IRR. Its second image-rejection stage is elegantly combined with the proposed
quadrature hybrid balanced PA, resulting in superior I/Q image performance. The
measured uncalibrated LOFT is among the best thanks to the symmetric layout and
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mismatch consideration. Occupying a 1.38mm2 core area, TX delivers more than 20dBm
P1dB with 40% drain efficiency while achieving reasonable PBO drain efficiency and
linearity. Additionally, this prototype obtained excellent uncalibrated IRR and LOFT
performance.

4.7. APPENDIX A
The mathematical relationship of the image rejection at the second stage of the proposed
DQ-DUC is elaborated. In this context, xBB,I and xBB,Q are I/Q baseband signals. Consid-
ering this, the I/Q LO signals with phase and amplitude mismatches are represented as
follows:

LOI = (1+ ε

2
)cos(ωc t + ∆θ

2
), (4.7)

LOQ = (1− ε

2
)sin(ωc t − ∆θ

2
), (4.8)

were ε and ∆θ are amplitude and phase error of I/Q LO signals. The RF0 and RF90

signals shown in Fig. 4.3 can be calculated as

RF0 = xBB ,I LOI −xBB ,Q LOQ , (4.9)

RF90 = xBB ,Q LOI +xBB ,I LOQ , (4.10)

Now, by placing (4.7) and (4.8) in (4.9) and (4.10), the combined RF signal at the PA
port of QHC can be calculated as

RF = RF0 +H(RF90) = xBB ,I (1+ ε

2
)cos(ωc t + ∆θ

2
)

−xBB ,Q (1− ε

2
)sin(ωc t − ∆θ

2
)+xBB ,Q (1+ ε

2
)cos(ωc t

+ ∆θ
2

− π

2
)+xBB ,I (1− ε

2
)sin(ωc t − ∆θ

2
− π

2
) =⇒

RF = xBB ,I [(1+ ε

2
)cos(ωc t + ∆θ

2
)+ (1− ε

2
)cos(ωc t

− ∆θ
2

)]−xBB ,Q [(1− ε

2
)sin(ωc t − ∆θ

2
)+ (1+ ε

2
)

sin(ωc t + ∆θ
2

)],

(4.11)

where H(RF90) is the Hilbert transform of the RF90 waveform. We can derive a similar
expression for the combined signal at the isolation port of QHC. Performing some math-
ematical expansions and simplifications (4.11) using well-known trigonometric identi-
ties, RF can be expressed as

RF = 2cos(
∆θ

2
)(xBB ,I cos(ωc t )−xBB ,Q sin(ωc t ))

−εsin(
∆θ

2
)(xBB ,Q cos(ωc t )+xBB ,I sin(ωc t )).

(4.12)
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Figure 4.29: Z-parameter analysis of a balanced PA in antenna mismatch scenario assuming identical PAs.

This expression proves that the amplitude and phase mismatches are canceled, and thus,
the desired output modulated signal does not contain any I/Q image component.

4.8. APPENDIX B
Fig. 4.29 shows a schematic for impedance analysis. In this context, two test current
sources are applied simultaneously to both PA ports to obtain the related Z-impedance
matrix. We assume an ideal Z0 resistor terminates the isolation port to simplify the cal-
culations. Consequently, the combiner can be considered as a three ports network and,
therefore, the S-parameter and Z-parameter matrixes are squeezed to [117]

S =
 0 j 1

j 0 0
1 0 0

 , (4.13)

Z = Z0

 1 − j
p

2
p

2
− j

p
2 0 − jp

2 − j 2

 . (4.14)

Applying KCL analysis at the three ports, the impedance equations can be calculated
by solving the following V1

V2

V3

= Z0

 1 − j
p

2
p

2
− j

p
2 0 − jp

2 − j 2


 − V1

Zant .

−It − V2
ZPA

j It − V3
ZPA

 . (4.15)

Hence, the impedances driven by two PAs are calculated as

ZL1 = V2

It + V2
ZPA

= Z0
Z 2

0 + (Zant . −ZPA) Z0 +3ZPA Zant .

3Z 2
0 + (ZPA −Zant .) Z0 +ZPA Zant .

,

(4.16)
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ZL2 = V3

− j It + V3
ZPA

= Z0
Z 2

0 + (Zant . +3ZPA) Z0 −ZPA Zant .

−Z 2
0 + (ZPA +3Zant .) Z0 +ZPA Zant .

.

(4.17)
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5
LOAD-MODULATION-BASED IMD3

CANCELLATION FOR MM-WAVE

CLASS-B CMOS PAS

This chapter presents a novel load-modulation-based third-order intermodulation distor-
tion (IMD3) cancellation technique for class-B CMOS power amplifiers (PAs). In a class-
B PA, the IMD3 generated by the third-order transconductance (gm3) and the gain com-
pression have opposite signs, and thus, they can cancel each other at specific bias and
loading conditions. The proposed Doherty topology allows for the adjustment of gain
compression by modulating the effective loading, facilitating IMD3 cancellation over the
entire load modulation region. The proposed approach is verified using a 28GHz 40nm
CMOS series-Doherty PA topology. The experimental result demonstrates 10/17dB IMD3
improvement compared to class-B/Doherty PA operation. Without using any digital pre-
distortion, the measured EVM of the proposed technique for a 50MHz 64-QAM OFDM
signal with 8.9dBm average output power is -38.7dB (1.2%), which is 5.7/11dB better than
a standard class-B/Doherty PA operation.

This chapter is based on the paper published in the IEEE Microwave and Wireless Components Letters [118].
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PAS
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RL
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vds

LChoke
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+
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+
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Figure 5.1: An equivalent model of a common-source PA.

5.1. INTRODUCTION
Mm-wave 5G communication systems have rapidly developed to address the market
demand for high data throughput and user capacity. Their transmitters (TXs) typically
employ spectrally efficient complex modulation schemes with high peak-to-average
power ratios (PAPRs). However, this requires the operation of the power amplifiers (PAs)
in power back-off (PBO) to fulfill the stringent linearity requirements like the adjacent
channel leakage ratios (ACLRs) and error vector magnitudes (EVMs). The key design
trade-off is the PA linearity and efficiency close to compression.

Since the PAs typically operate at relatively high-power levels, their actual third-order
intermodulation distortion (IMD3) mechanism must be investigated under these condi-
tions rather than in low-power operation [119]. Four dominant IMD3 contributors are
present in a CMOS PA: 1) the third-order transconductance (gm3), 2) the gain compres-
sion due to drain voltage clipping, 3) the voltage-dependent nonlinear parasitic capac-
itors (e.g., gate-source Cgs, gate-drain Cgd, and gate-bulk Cgb), and 4) the second-order
mixing products. Enhanced second-harmonic termination [120, 121], PMOS varactor-
based AM-PM compensation [122, 123], hybrid NMOS/PMOS PA structures [124–126],
and transformer-based AM-PM correction [127] are proposed to improve the mm-wave
PAs’ linearity, deteriorated by the second-order mixing products and nonlinear capac-
itors. Moreover, adaptive biasing, multi-gate transistor, and antiphase [128–136] tech-
niques are proposed for IMD3 cancellation. However, their cancellation regions are nar-
row and occur at low power levels, making them less suitable for PAs operating closer to
compression.

In this chapter, a new load-modulation concept is presented for IMD3 cancellation
in energy-efficient class-B/deep class-AB operation. In a class-B PA, the IMD3 gener-
ated by gm3 and gain compression have opposite signs, and thus, they can cancel each
other at a specific point. This condition provides a sweet spot near the PA’s peak power
level. The proposed load-modulated PA topology allows dynamic adjustment of the gain
compression point by modulating the load seen by the drain nodes. Consequently, this
mechanism can suppress the IMD3 generated by gm3 over a large power back-off (PBO)
range.

This chapter is organized as follows. Section 5.2 introduces the theory and principles,
and the proposed load-modulation-based IMD3 cancellation technique is presented in
Section 5.3. The load-modulated linear PA (LLPA) is presented in Section 5.4. Section 5.5
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Transconductance

𝑔𝑚𝑣𝑔𝑠 + 𝑔𝑚2𝑣𝑔𝑠
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𝑣𝑔𝑠 𝑖𝑑𝑠 𝑣𝑑𝑠
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+
𝑅𝐿

Clipper

Figure 5.2: A simplified model of the common-source PA.

reports the measurement results, and Section 5.6 concludes the chapter.

5.2. THEORY AND PRINCIPLES
Fig. 5.1 depicts an equivalent model of a common-source PA. In a CMOS PA, the non-
linear capacitors and second harmonic distortion can be addressed effectively without
affecting other IMD3 contributors. On the contrary, both gm3 and clipping are strongly
dependent on transistor bias. It means that if we manipulate the bias voltage to improve
gm3, it will affect the clipping. Therefore, in this section, we omit the parasitic capac-
itors and focus only on the nonlinear transconductance and clipping phenomena that
produce the IMD3, thus limiting the linearity.

5.2.1. IMD3 ANALYSIS: A SIMPLIFIED MATHEMATICAL MODEL

A simplified model of the common-source PA is illustrated in Fig. 5.2. It includes a non-
linear transconductance to convert the input voltage (vg s ) to the current (id s ), which is
multiplied by a load resistor (×RL) to form a current to voltage (v ′

d s ) conversion, and a
clipper to model the compression. Modeling the nonlinear transconductance as a poly-
nomial, the output IMD3 is simulated in four conditions: 1) gm3 6= 0 and clipper is OF F ,
2) gm3 = 0 and clipper is ON , 3) gm3 < 0 and clipper is ON , and 4) gm3 > 0 and clipper is
ON .

The simulation results of four cases are illustrated in Fig. 5.3. As expected, the IMD3
increases by a slope of two when the clipper is OF F . On the other hand, applying clip-
ping to the model with an ideal transconductance (gm3 = 0) leads to no IMD3 in the
lower power levels. However, as soon as the non-distorted output voltage swing (v ′

d s )
reaches the clipping threshold, the IMD3 increases sharply. Moreover, considering neg-
ative gm3, the IMD3 components of gm3 and clipping happened to be in-phase, thus
adding up as shown in Fig. 5.3(c). On the contrary, when gm3 > 0, the IMD3 compo-
nents are out-of-phase, canceling each other at a single output power level and forming
an IMD3 sweet spot. As depicted in Fig. 5.3(d), at lower power levels, gm3 is dominant,
while clipping takes the responsibility of IMD3 degradation at higher power levels.
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PAS

(a) (b)

(c) (d)

𝑔𝑚3 ≠ 0
𝐶𝑙𝑖𝑝𝑝𝑒𝑟: 𝑂𝐹𝐹

Sweet spot!

𝑔𝑚3 < 0
𝐶𝑙𝑖𝑝𝑝𝑒𝑟: 𝑂𝑁

𝑔𝑚3 > 0
𝐶𝑙𝑖𝑝𝑝𝑒𝑟: 𝑂𝑁

𝑔𝑚3 = 0
𝐶𝑙𝑖𝑝𝑝𝑒𝑟: 𝑂𝑁

Figure 5.3: The simulated output IMD3 when (a) gm3 6= 0 and clipper is OF F , (2) gm3 = 0 and clipper is ON ,
(c) gm3 < 0 and clipper is ON , and (d) gm3 > 0 and clipper is ON .

5.2.2. IMD3 ANALYSIS: A 40NM CMOS MODEL

In Fig. 5.4, a 40nm NMOS transistor’s transconductance (gm) and its first and second
derivatives (gm2 and gm3) are given versus gate bias voltage (VGS). For a highly efficient
class-B PA, the bias point is chosen close to the turn-on point where gm starts to increase,
and the gm3 reaches its maximum value with a positive sign because of the PA’s gain ex-
pansion. On the other hand, in a pure class-AB operation, the quiescent bias point at
low-power operation provides low IMD3 while gm2 is at its maximum, entailing second-
order mixing products, giving rise to higher IMD3. Furthermore, the drain-source cur-
rents are presented versus drain-source voltage (VDS) for various gate bias points. The
transistor enters the triode region by decreasing VDS, resulting in gain compression and,
thus, entailing an IMD3 component with a negative sign.

To gain more insight, the first-, second-, and third-order channel conductance (gds,
gds2, and gds3) versus VDS for the class-B and class-AB biasing conditions are depicted
in Fig. 5.5 (left). It shows that the class-AB operation introduces high IMD3 at higher
power levels due to its higher bias voltage. In contrast, the class-B operation offers lower
IMD3 at higher power levels as it is biased close to its turn-on region. Moreover, since
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↑VGS
Compression

Class-B Class-AB

Figure 5.4: The simulated gm, gm2, and gm3 of a 40 nm nMOS transistor versus gate bias voltage and
drain–source current versus drain–source voltage are given.

Class-B Class-AB Sweet spot

Compression

Figure 5.5: The gds, gds2, and gds3 versus VDS and the two-tone simulation results of class-B and class-AB
40nm CMOS PAs.

the class-B has positive gm3 at lower power levels and negative gds3 at higher power levels
due to gain compression, moving from lower to higher power levels, an IMD3 sweet spot
is expected, as shown in Fig. 5.5 (right). Nevertheless, this sweet spot is observed only at
a single output power level yielding a sharp notch.

In summary, the class-B biasing condition provides low IMD3 close to its peak out-
put power while offering high efficiency. However, its high gm3 leads to high small-signal
IMD3. Moreover, as both mathematical and CMOS model confirmed, the IMD3 compo-
nents of positive gm3 and gain compression maintain an IMD3 sweet spot.

5.2.3. PROPOSED LOAD-MODULATION-BASED IMD3 CANCELLATION

The cancellation should happen over a larger dynamic range to take practical advantage
of the observed IMD3 sweet spot. Since the gain compression depends on the output
voltage swing (v ′

d s = id s RL), the sweet spot is shifted to lower output power levels by
increasing the load resistor (RL). Fig. 5.6 demonstrates two-tone IMD3 simulations of
a neutralized common-source PA for various RL. Accordingly, if RL is modulated dy-
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PAS

RL=n×Ropt
RL=Ropt

V
D

D

RL

n×Ropt → Ropt

RL increases

Figure 5.6: The two-tone simulations for various RL exhibiting IMD3 sweet spot at lower output power levels.

namically to maintain the drain voltage swing at a region where the IMD3 component
produced by clipping (gds3) cancels its counterpart generated by gm3, IMD3 suppression
can be achieved for a wide output power range.

5.3. PROPOSED LOAD-MODULATED LINEAR PA (LLPA)
As discussed in Chapter 3, in the load modulation PA architectures such as load-
modulated balanced amplifier (LMBA) and Doherty PA (DPA), the load is modulated
dynamically to maintain the drain voltage swing at a region where PA achieves its
highest efficiency. The same architectures can be utilized to implement the proposed
load-modulation-based IMD3 cancellation technique.

Fig. 5.7 (top) depicts parallel- and series-DPA structures that use load modulation
techniques to enhance their PBO efficiency. In a DPA structure, the auxiliary PA (ia)
modulates the main PA’s load (Zm) to keep its drain voltage (vm) at the maximum swing,
maintaining the maximum drain efficiency (see Fig. 5.7, middle). Hence, the main PA
works in two loading conditions: 1) the PBO region where RL=2×Ropt, and 2) the load
modulation region while RL is modulated from 2×Ropt to Ropt.

Employing the same topology, the proposed load-modulated linear PA (LLPA) fea-
tures a new load modulation scheme to enhance linearity. In this context, the load mod-
ulation starts sooner than a conventional DPA to keep vm at its optimum level where the
sweet spot occurs, achieving IMD3 cancellation (see Fig. 5.7, bottom). Consequently, the
main PA works in three loading conditions: 1) the low-power region where RL=2×Ropt,
2) the load modulation region while RL is modulated from 2×Ropt to Ropt, and 3) the
high-power region where RL=Ropt. Note that the drain efficiency at PBO is degraded in
this new arrangement compared to the conventional DPA to benefit the linearity. It is
worth mentioning that in an ideal DPA structure, the output power and linearity are de-
termined by the main PA, whereas the auxiliary PA only regulates the main PA’s drain
voltage.
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Figure 5.7: Parallel and series Doherty PAs’ simplified structures (top), the load modulation scheme of conven-
tional Doherty PA (middle), and the proposed load modulation scheme for IMD3 cancellation (bottom).

5.4. CIRCUIT IMPLEMENTATION
As proof of concept, the proposed IMD3 cancellation load modulation technique is ver-
ified using a 28GHz 40nm CMOS series-Doherty balanced PA prototype [137].

The prototype contains two identical series-Doherty PAs that are combined through
a quadrature hybrid coupler, achieving more than 20dBm peak power to meet the 5G
application requirements [137]. Fig. 5.8 shows the employed series-Doherty PA topol-
ogy, which can be reconfigured by exploiting its (dynamic) biasing conditions to real-
ize the proposed LLPA. Each main/auxiliary branch comprises a neutralized driver am-
plifier (DA), a transformer as inter-stage matching, and a neutralized common-source
push-pull PA. The PAs are connected to a series-Doherty matching network (A detailed
matching network design method is discussed in 3). On-chip I/Q modulators generate
quadrature signals for main and auxiliary PAs. Besides, two PMOS varactors at the input
of the DA and PA improve the AM-PM profile, which was mainly set by nonlinear NMOS
gate capacitors [122].

Adaptive biasing circuits modulate the biases of the auxiliary branch to perform load
modulation. Using the detection bias voltage of the envelope detector (Vdet), the load
modulation can be configured to operate in three modes: 1) a conventional efficiency
enhancement for a DPA, 2) the proposed IMD3 cancellation (LLPA) and 3) two standard
class-B PAs whose loads are always equal to Ropt and simply power-combined through
the Doherty passive network.
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Figure 5.8: The schematic and die photo of the employed 28GHz series-Doherty PA to realize the proposed
LLPA.

DPA’s
load modulationLLPA’s actual load 

modulation limited by 
adaptive biasing

LLPA’s desired 
load modulation

Figure 5.9: CW measurement results vs. output power.

5.5. EXPERIMENTAL RESULTS
The performance of the proposed technique is measured at 28GHz carrier frequency.
The measured last-stage drain-efficiency of the LLPA (Vdet=0.5V) is compared to the
class-B PA (Vdet=1V) and DPA (Vdet=0.42V) operating conditions in Fig. 5.9. Note that
all bias and supply voltages (except Vdet) are kept the same for these three configura-
tions. In this prototype, the control of the envelope detector and adaptive biasing speed
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DPA’s load modulation

LLPA’s actual load 
modulation

LLPA’s desired load modulation

Figure 5.10: Two-tone IMD3 measurement results vs. output power.

>5.7dB EVM improvement 

@PAVG =9dBm

PAPR≃9dB

EVM=1.2%

Figure 5.11: The measured EVM of a 50MHz 64-QAM OFDM versus PAVG.

is somewhat limited. Therefore, the load modulation starts at a lower power level, yield-
ing some drain efficiency degradation at deep PBO. However, in a two-tone test scenario,
the LLPA exhibits >10dB IMD3 improvement over its class-B operation (Fig. 5.10). As ex-
pected, the IMD3 of DPA stays relatively high during the load modulation because the
main PA operates near its compression region to achieve maximum efficiency.

The measured EVM of a 50MHz 64-QAM OFDM signal versus average output power
(PAVG) for three PA operating conditions are depicted in Fig. 5.11 without using any dig-
ital pre-distortion. The proposed LLPA achieves -38.7dB EVM at 8.9dBm PAVG, which
is 5.7/11dB lower than its class-B/DPA counterparts. Besides, the measured lower and
upper side ACLRs of a 50MHz 64-QAM OFDM signal versus average output power are
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>4.5dB ACLR improvement

Figure 5.12: The measured ACLRDOWN (left) and ACLRUP (right) of a 50MHz 64-QAM OFDM versus PAVG.

Solid: EVM
Dotted: ACLR

PAPR=9~10.5dB

Figure 5.13: The measured EVM (solid) and ACLR (dotted) of the 64-QAM OFDM signals at 9dBm PAVG.

exhibited in Fig. 5.12. Similar to EVM, the measured ACLR of LLPA is improved by 4.5dB
and 11dB compared to that of class-B and DPA, respectively.

Moreover, the measured EVM and ACLR for various modulation bandwidths when
PAVG=9dBm are illustrated in Fig. 5.13. Since the IMD3 produced by gm3 and gain com-
pression are static non-linearity, the proposed technique improves the EVM more effec-
tively for the lower modulation bandwidths, where the dynamic non-idealities such as
memory effect are not dominant. Nonetheless, the proposed LLPA offers better EVM and
ACLR even at modulation bandwidth as high as 800MHz.

Furthermore, the measured PAVG and average drain efficiency (ηAV G ) are demon-
strated for various modulation bandwidths when EVM=3% (Fig. 5.14). Note that
EVM=3% is required for supporting a 256-QAM OFDM signal. The measurement shows
that the proposed LLPA achieves the highest PAVG and ηAV G for a specified EVM. Namely,
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Solid: PAVG

Dotted: ηAVG

PAPR=9~10.5dB

2dB

Figure 5.14: The measured PAVG (solid) and ηAV G (dotted) when EVM=3% for 64-QAM OFDM signals.

800MHz
-37.11dBc-36.96dBc

PAPR = 10.1dB

EVM = -30.7dB

ηAVG = 8.13% PAVG=8.41dBm

Figure 5.15: The measured spectrum and constellation of an 800MHz 256-QAM OFDM signal.

for the 800MHz modulated signal, LLPA offers 2dB higher PAVG compared to the class-B
configuration. Moreover, the measured spectrum and constellation of an 800MHz
256-QAM OFDM signal with 8.41dBm PAVG is exhibited in Fig. 5.15, offering -30.7dB
EVM and -37dBc ACLR. The state-of-the-art performance of our LLPA is summarized in
Table 5.1 and compared to the prior art.

5.6. CONCLUSION
This chapter presents a load-modulation-based IMD3 cancellation technique for class-
B CMOS PAs. It maintains the drain voltage swing at a region where the IMD3 compo-
nent produced by gain compression cancels its counterpart generated by gm3. The pro-
posed solution is verified using a 28GHz 40nm CMOS series-Doherty balanced PA pro-
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Table 5.1: CMOS mm-Wave Linear PAs Performance Comparison

This work Park
IMS 2016 [2]

Vigilante 
RFIC 2017 [4]

Li
IMS 2021 [6]

Ali
ISSCC 2018 [9]

Choi
LMWC 2020 [10]

Linearization 
Technique

Load-modulation-based 
IMD3 cancellation

2nd harmonic 
termination

Varactor-based 
AM-PM 

compensation
NMOS/PMOS 

power combining
Transformer 

based AM-PM 
correction

Three-stage 
antiphase

Technology 40nm CMOS 28nm CMOS 28nm CMOS 45nm SOI 65nm CMOS 65nm CMOS
Supply (V) 1 2.2 0.9 1.1 1.1 1

Freq. (GHz) 28 28 43 55 28 25
PSAT (dBm) 20.1 19.8 16.6 16.3 15.6 17.3
ηPEAK (%) 40.6 43.3 (PAE) 24.2 (PAE) 35.4 (PAE) 41 (PAE) 32 (PAE)

Modulation
scheme

64-QAM
OFDM

256-QAM
OFDM

64-QAM
WLAN

64-QAM
(at 34GHz)

64-QAM
CP-OFDM 64-QAM 64-QAM

WLAN
Modulation 

bandwidth (MHz) 50 800 80 675 800 340 20

PAPR (dB) 8.9 10.1 10.8 8.3 9.8 NR 10.55
EVMRMS (dB) -38.7 (1.2%) -30.7 (2.92%) -27.5 -25 -23.2 -26.4 -25
ACLR (dBc) -42.9 -36.96 NR -30.2 -26.4 -30 NR
PAVG (dBm) 8.9 8.41 10.97 8.9 8 9.8 10.2

ηAVG (%) 9.46 8.13 17.3 (PAE) 4.4 (PAE) 8.1 (PAE) 18.2 (PAE) 6.8 (PAE)

totype. The experimental result demonstrates >10dB IMD3 improvement compared to
a class-B PA. The measured EVM/ACLR of the proposed approach for a 50MHz 64-QAM
OFDM signal with 8.9dBm average power are -38.7dB/-42.9dBc, respectively, which are
5.7dB/4.5dB better than the class-B configuration.
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A CHAIN-WEAVER BALANCED

POWER AMPLIFIER WITH AN

EMBEDDED IMPEDANCE/POWER

SENSOR

This chapter introduces an N-Way chain-weaver balanced power amplifier (PA) for
millimeter-wave (mm-wave) phased-array transmitters (TXs). Taking advantage of the
proposed combining network, an embedded impedance/power sensor is implemented,
which can be utilized for output power regulation, built-in self-test, and load-based per-
formance optimization. The proposed PA architecture offers linearity and gain robust-
ness under the antenna’s frequency/time-dependent voltage standing wave ratio (VSWR).
In the event of impedance mismatch, the proposed PA provides N different loads equally
distributed on the VSWR circle. Consequently, the performance of the PAs is the aver-
age of N PAs with N different loads, which makes this structure VSWR resilient. As a
proof-of-concept, an eight-way chain-weaver balanced PA is realized in 40nm bulk CMOS
technology, and it delivers 25.19dBm PSAT with 16.19% PAE. The proposed PA supports
a 2GHz 64-QAM OFDM signal with 16dBm average power, achieving -25dB error vector
magnitude (EVM). The average EVM is better than -30.3dB without digital pre-distortion
for an "800MHz 256-QAM OFDM" signal while generating an average output power of
12.17dBm. The performance of the PA is also evaluated under 1.5:1 to 3:1 VSWR condi-
tions. The measured small-signal gain variation under VSWR 3:1 is ±0.7dB. Moreover,
assuming any frequency/time-dependent loading condition within the VSWR 3:1 circle,
the proposed chain-weaver BPA achieves <2.8° AM-PM over 3GHz bandwidth. Besides,
the embedded impedance/power sensor accuracy outperforms the state-of-the-art. The
proposed impedance sensor can measure VSWR 3:1 by maximum angle and magnitude
errors of 12.3°and 0.106, respectively.

This chapter is based on the paper published in the IEEE Journal of Solid-State Circuits [138].
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6.1. INTRODUCTION
Power amplifiers (PAs) are one of the crucial parts of the millimeter-wave (mm-wave)
5G transmitters (TXs), as they usually define the TX linearity, reliability, and efficiency.
Taking advantage of the mm-wave phased-array architecture empowers 5G TXs to
achieve the required equivalent isotropic radiated power (EIRP) with a reasonable aver-
age output power levels, e.g., 9dBm for backhaul and 15dBm for handset applications
[18]. On the other hand, they typically employ spectrally efficient complex modulation
schemes with high peak-to-average-power ratios (PAPRs), e.g., 11dB [4]. Besides, in the
hybrid/analog beamforming architectures, the TX signal reaches the PA’s input with a
low power level due to losses of preceding stages, including power splitters and phase
shifters [11]. Therefore, the PA must provide a high gain and peak output power to
achieve the required average EIRP.

Moreover, the TX must satisfy the ever-tightening linearity specifications of the
5G systems, verified by the error vector magnitude (EVM). Among all noise and non-
linearity contributors of an mm-wave TX, the PA typically owns most of the EVM
budget, as it must handle a large signal while directly interfacing with the antenna
[88]. Hence, several mm-wave linear PAs have been introduced to address the 5G EVM
specifications [25, 73–77, 118, 120–122, 124–126, 139–141]. Nevertheless, the critical
challenge is achieving the required gain, power, and EVM and maintaining them over
the voltage standing wave ratio (VSWR) provided by the antenna and its connection [8].
Fig. 6.1(a) exhibits the simulated gain variation of a single-branch PA (ΓOU T = −4dB)
for VSWR<3:1. It shows more than 5dB gain variation, while only 1.249dB comes
from load mismatch loss (1 − |ΓL |2). Furthermore, assuming no memory effect, the
EVM of a PA can be directly determined by its amplitude-to-amplitude (AM-AM) and
amplitude-to-phase (AM-PM) distortions. Fig. 6.1(b) demonstrates the measured input
1dB compression point (iP1dB) and AM-PM of a 40nm CMOS linear PA [142] at 28.5GHz
under VSWR of 3:1. It shows more than 5dB iP1dB variation over various VSWR angles,
while its AM-PM at input power<iP1dB fluctuates between -3.7° to 5°.

Since the mm-wave 5G TXs must support modulation bandwidths up to 1.4GHz, the
antenna impedance can vary significantly over such a large bandwidth [143]. This de-
pendency becomes more complex when considering a time-varying VSWR caused by
the beam-angle-dependent element-to-element mutual coupling of the phased-array
TX and environmental changes [19–21, 23, 144]. This time and frequency-dependent
VSWR deteriorates PA gain-flatness, output 1dB compression point (oP1dB), AM-AM,
AM-PM, and reliability. The gain-flatness correction consumes the link budget, while
the PA needs to be over-dimensioned to satisfy the required EIRP, linearity, and reliabil-
ity over the signal bandwidth to handle the worst-case VSWR scenario.

Active load-pulling and reconfigurable matching networks are introduced to address
the VSWR issue [48, 104, 106]. However, since the PA can be tuned only for a specific an-
tenna impedance (i.e., at a chosen frequency), reconfigurable matching networks do not
offer frequency-dependent VSWR compensation. A conventional solution for a VSWR-
resilient PA is employing an isolator at its output. Unfortunately, due to the area con-
straint of the phased-array transceivers, an integrated isolator would not be a viable so-
lution. Moreover, despite the development of integrated state-of-the-art mm-waves iso-
lators [64, 65, 142], they yield area overhead, demonstrate high TX-to-antenna loss (>1.8
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(a) (b)

VSWR 3:1

iP1dB

VSWR 3:1

Figure 6.1: (a) The simulated gain variation of a single-branch PA with ΓOU T =−4dB . (b) The measured iP1dB
and AM-PM of a 40nm CMOS linear PA [142] at 28.5GHz under VSWR of 3:1 with various VSWR angles.

dB), and require extra power consumption to generate their quadrature clocks. Addi-
tionally, a VSWR resilient impedance/power sensor is an essential part of such a PA to
regulate gain, beam pattern, and EIRP [145–148].

On the other hand, balanced PAs (BPAs) provide inherent VSWR resilience by rely-
ing on the cancellation of the reflected wave [57]. This article introduces the chain-
weaver balanced PA architecture [149] extending the conventional BPA’s linearity, gain,
and power resilience under a significant frequency and time-dependent VSWR. The pro-
posed mm-wave PA features: 1) a four stages eight-way power combined Class-AB PA
achieving high output power, gain, and linearity, 2) a chain-weaver balanced power com-
biner for VSWR resilience, and 3) an embedded impedance/power sensor.

This chapter is organized as follows. Section 6.2 discusses phased-array link system
considerations and requirements for PA designing. The proposed chain-weaver BPA ar-
chitecture is introduced in Section 6.3. Section 6.4 presents the proposed embedded
impedance/power sensor. Section 6.5elaborates on circuit implementation details of the
chain-weaver BPA prototype fabricated in the 40nm bulk CMOS technology. Section 6.6
presents the experimental results of the chain-weaver PA, while the measurement re-
sults of the impedance/power sensor are discussed in Section 6.7. Lastly, we conclude
our work in Section 6.8.

6.2. SYSTEM CONSIDERATIONS AND REQUIREMENTS
In this Section, we discuss the PA design considerations when the optimization goal is
the communication link power consumption, not PAE. Fig. 6.2(a) demonstrates a simpli-
fied phased-array link supporting up to 1.4GHz modulation bandwidth as the front-end
component in the TX beamforming IC, the PAs face the impedance presented by the
antenna arrays. As depicted, due to different connection lengths, the PAs see unequal
frequency-dependent load impedance and connection loss. Additionally, the beam-
angle-dependent element-to-element mutual coupling adds a time-dependent factor to
the VSWR experienced by the PAs. Furthermore, human body proximity and environ-
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Figure 6.2: (a) A simplified phased-array link supporting up to 1.4GHz modulation bandwidth. The PAs share
TX’s (b) power and (c) EVM budgets. (d) Link budget calculation taking into account the TX/RX gain flatness.

mental changes, although at a lower rate, affect the impedance seen by the PAs.
As depicted in Fig. 6.1, VSWR variation influences the gain, output compression

power levels, and linearity. Therefore, frequency-dependent VSWR leads to gain, power,
and EVM deviation over frequency within the modulation bandwidth. This imposes
many design challenges through the link and increases total power consumption. For
instance, the PA must deliver an average output power (PAVG) to support the specified
EIRP. Hence, the required peak power (PPeak) in the presence of VSWR can be calculated
as

PPeak = P AV G +PAPR +∆P, (6.1)

where ∆P represents the difference between the worst-case (wc) and 50Ω peak power
(PPeak−wc −PPeak−50Ω) for all possible VSWR condition. Assuming an ideal class B PA,
∆P = 1dB degrades the average PAE by ×0.8. Fig. 6.2(b) depicts an example power con-
sumption budget of a phased-array TX, introducing the PAs as the dominant power con-
sumer. This power consumption budget is estimated based on information reported in
[150–152], assuming beam-forming IC consists of 16 beam-forming elements and PAs
can deliver 20dBm peak power with 30% efficiency with a class-B-like efficiency curve.
Although a highly efficient PA architecture can optimize the power budget [59, 60, 153–
155], a VSWR-resilient PA will prevent the need for over-designing, yielding a reduced
power consumption.

In general, EVM budgeting can significantly affect the power consumption budget,
thus the total power consumption. Eq.6.2 can estimate the overall EVM of the TX

EV MT X =√
EV M 2

D/A +EV M 2
UC +EV M 2

I MDx +EV M 2
PA ,

(6.2)
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Figure 6.3: (a) The simplified block diagram of the balanced PA and its forward and reflected waves assuming
matched PA units (ΓPA = 0). (b) Gain of the balanced PA assuming ideal QHC. (c) gain variation of the balanced
PA over VSWR 3:1 circle versus amplitude and phase error of the QHC.

and

EV MUC =
√

EV M 2
P.N +EV M 2

IQM M +EV M 2
LOF T , (6.3)

where EVMD/A, EVMUC, EVMIMDx, and EVMPA are the EVM degraded by quantization
noise, up-conversion, odd/even order distortions, and the PA non-linearity, respec-
tively. Also, the up-conversion EVM contribution includes EVMP.N., EVMIQMM, EVMLOFT,
which are contributions of phase noise, I/Q modulation imbalance (IQMM), and LO
feed through (LOFT), respectively.

Targeting -25dB EVM with 1dB margin and assuming an equal contribution for RX
and TX, Fig. 6.2(c) exhibits a simplified EVM budget example of the TX calculated based
on performance reported in [150–152, 156–158]. Here, we assume -37dB phase noise
contribution and -40dB for IQMM, LOFT, quantization noise, and odd/even order dis-
tortions. The most significant portion of the TX EVM budget is given to the PA as it
usually bottlenecks in TX’s linearity and power consumption. Furthermore, as shown
in Fig. 6.1(b), VSWR significantly influences PA EVM. This feature enforces the choice of
less efficient PA operation, exploiting more linear biasing conditions and over-designing.
Additionally, the PA might require a larger EVM budget, thus tightening the other blocks’
linearity specifications and increasing the total power consumption.

Lastly, the link budget calculation is presented in Fig. 6.2(d), considering the TX/RX
gain flatness. The frequency-dependent VSWR results in a frequency-dependent gain
and EVM, which requires a higher EVM to satisfy the link budget. Therefore, over-
designing at the link level is typically essential to address the required link budget,
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imposing higher link power consumption.

6.3. CHAIN-WEAVER BALANCED POWER AMPLIFIER
This section discusses an N-way combining solution that can provide inherent resilience
against frequency and time-dependent VSWR.

6.3.1. CONVENTIONAL BALANCED PA
Balanced PAs (BPAs) provide inherent VSWR resilience by relying on the cancellation
of the reflected wave [67, 68, 88, 159]. It consists of two PAs combined by an isolated
quadrature combiner. The quadrature combiner can be implemented with a 2-to-1
Wilkinson power combiner, where one of the PAs is connected to the combiner by a
λ/4 transmission line (TLs) [159]. An alternative quadrature combiner is, as depicted
in Fig. 6.3(a), a quadrature-hybrid coupler (QHC). The forward and reflected waves
shown in Fig. 6.3(a) imply the reflection coefficient seen by the PAs is 180 degrees out
of phase. Here, the PAs are considered as matched ports for simplification. Therefore,
any reflected waves from the antenna do not influence the forward power of the PAs
and, consequently, that of the BPA. Nonetheless, as discussed in [88], the BPA provides
broadband output matching independent from PAs’ impedance. This output matching
alleviates the gain variation under the frequency-dependent VSWR. In Fig. 6.3(b), the
gain variation of a BPA under VSWR is demonstrated, which is only <1.249dB due
to mismatch loss of the antenna (1-|Γ|2). However, as shown in Fig. 6.3(c), the gain
deviation of the BPA over a VSWR circle heavily depends on the QHC amplitude and
phase error.

6.3.2. CHAIN-WEAVER BALANCED PA
Moving on a VSWR circle with 1° increment, a single-branch PA sees 360 different load-
ing conditions leading to performance variation. BPA, on the other hand, provides 180
different loading conditions for its PAs as one sees the inverted load of the other. Addi-
tionally, in this 180 loading condition, the overall performance is the average of two PAs
with opposite loads, leading to a more robust performance over VSWR angles. To further
extend the VSWR resilience of the BPA, we proposed the chain-weaver BPA. The goal is
to introduce an N-way power combiner, which offers 360

N different loading conditions for
N PAs.

The proposed N-way chain-weaver BPA is demonstrated in Fig. 6.4, where N=8. The
chain-weaver BPA consists of eight equally weighted PAs combined in three stages. In
the first stage, four QHCs are employed as 2-to-1 isolated quadrature power combiners,
where two λ/16 TLs are added to the output of two of them, providing 22.5° phase shift
for both forwards and reflected signals. The second stage comprises two QHCs and one
λ/8 TL at the output of one of them for a 45° phase shift. Lastly, the third stage is a QHC
directly connected to the antenna port. In this combining structure, the λ/16 and λ/8
TLs provide a unique phase shift, with a 22.5° increment, from each PA to the antenna
port. As presented in Fig. 6.4, these unique phase shifts must be included in the forward
signals for combining constructively at the antenna port. In the antenna load mismatch
event, the reflected wave from the antenna travels back and reaches each PA with the
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Figure 6.4: The simplified block diagram of an eight-way balanced PA and its forward and reflected waves
assuming matched PA units (ΓPA = 0).

same phase shift. Since the combining gain from the PAs to the antenna is identical,
all PAs see the same reflection coefficient magnitude. However, owing to the phase shift
with a 22.5° increment, the reflection coefficient seen by each PA has a unique angle with
a 360◦

8 = 45◦ increment as depicted in Fig. 6.4. Therefore, assuming lossless QHCs, this
structure distributes the PAs’ load like a chain-dotted circle on the VSWR circle with a
45° distance.

Fig. 6.5 demonstrates the loading conditions for VSWR 3:1 and three VSWR an-
gles. In a conventional BPA, the PAs experience both the actual and inverted antenna
impedance. Still, the loading conditions are different in these three VSWR angles,
leading to linearity degradation. In the proposed chain-weaver BPA, however, only the
places of the PAs are shifted in the chain-dotted circle, resulting in the same overall
loading conditions. As such, assuming identical unit PAs, the gain, oP1dB, and linearity
of the overall structure are equal for these three VSWR angles.

Thus far, the PAs are considered an ideal matched signal port with fixed forward
power for simplification. However, as discussed in [88], the impedance seen by the PAs
is a function of their impedance. Assuming ΓPA and ΓA as the reflection coefficient of
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ΓA = 0.5∠0∘ ΓA = 0.5∠135∘ ΓA = 0.5∠270∘

ΓA = 0.5∠0∘ ΓA = 0.5∠135∘ ΓA = 0.5∠270∘

Conventional balanced PA’s loading conditions under VSWR 3:1

Chain-weaver balanced PA’s loading conditions under VSWR 3:1

Figure 6.5: Loading condition of the conventional balanced PA and eighth-way chain weaver PA under VSWR
3:1.

the PAs and antenna, respectively, the load seen by eight PAs are as follows

ΓL1 = ΓA∠0◦

1+ΓPAΓA∠0◦
, ΓL2 = ΓA∠−180◦

1+ΓPAΓA∠−180◦
,

ΓL3 = ΓA∠−225◦

1+ΓPAΓA∠−225◦
, ΓL4 = ΓA∠−45◦

1+ΓPAΓA∠−45◦
,

ΓL5 = ΓA∠−270◦

1+ΓPAΓA∠−270◦
, ΓL6 = ΓA∠−90◦

1+ΓPAΓA∠−90◦
,

ΓL7 = ΓA∠−135◦

1+ΓPAΓA∠−135◦
, ΓL8 = ΓA∠−335◦

1+ΓPAΓA∠−335◦
.

(6.4)

Moreover, since the PAs are not matched, the reflected signal from the antenna will
reflect and, eventually, in the steady state, will be absorbed in the first stage QHCs’ ter-
mination resistor. The absorbed signal’s magnitude (Vter m) can be calculated as

Vter m =p
2Vt x |ΓA ||I Lt |2|I LQHC 1||ΓPA |, (6.5)

where I Lt and I LQHC 1 are the total insertion loss of the chain-weaver power combiner
and the insertion loss of the first stage’s QHC, respectively. Therefore, these four termi-
nation resistors’ reliability criteria must be satisfied for the maximum possible VSWR. As
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a |Γ |∠(θ − 135)∘

a∠225∘

a |Γ |∠(θ − 225)∘

50Ω

50Ω

50Ω

BPA provides a matched 
output impedance. 
Thus, the first stage’s 
four BPAs are replaced 
by four ideal ports! 

Figure 6.6: The simplified schematic of the embedded VSWR resilient impedance/power sensor.

the first stage provides matched output, thus completely absorbing the reflected power,
the second and third-stage termination resistors’ signal is zero. However, this is only
true when assuming no in-phase quadrature mismatch (IQMM) for the QHCs. In prac-
tice, even with the matched load, part of the power will be directed to the termination
resistors due to the IQMM, which is discussed in Section 6.9.

Note that a four-way Wilkinson-based power combiner/splitter with a phase shift
of 45° increment is implemented in [159]. However, it is not easily scalable due to its
unbalanced and asymmetrical structure.

6.4. EMBEDDED IMPEDANCE/POWER SENSOR

Fig. 6.6 unveils the simplified schematic of the embedded VSWR resilient impedance/power
sensor. Since the first stage BPAs’ output impedance is matched to the characteristic
impedance of its QHC (Z0=50Ω) [88], the first stage’s BPAs are considered ideal power
ports. It means that the forward wave at each port is independent of the reflected
wave. As shown, an RMS or peak detector can be used at each port to measure the
combined voltage of the forward (V f ) and reflected (Vr ) waves (V 2

i = |V f +Vr |2). Since
the port impedance and the characteristic impedance of the following QHC are 50Ω, the
combined voltage represents the combined power accordingly. Assuming an antenna
reflection coefficient with magnitude and angle of |Γ| and θ, respectively, and lossless
QHCs and TL, the forward and reflected waves at four ports are presented in Fig. 6.6.
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Figure 6.7: A detailed schematic and die photo of the proposed eight-way chain-weaver balanced PA.

Hence, the voltage at each port can be calculated as follows

V 2
1 = a2(1+|Γ|2 −2|Γ|cosθ),

V 2
2 = a2(1+|Γ|2 +2|Γ|cosθ),

V 2
3 = a2(1+|Γ|2 −2|Γ|sinθ),

V 2
4 = a2(1+|Γ|2 +2|Γ|sinθ).

(6.6)

Please note that in the conventional BPA, due to the 90° phase increment, only two
of the above equations, V 2

1 and V 2
2 , can be achieved, which is not sufficient for cal-

culating impedance and power. Thanks to the chain-weaver BPA’s λ/8 TL, four equa-
tions are available to calculate three unknown parameters (|Γ|, θ, and a). Although only
three equations are required to calculate the unknown variables, we would calculate the
impedance and power using all four voltages to minimize the effect of limited accuracy
and dynamic range of the utilized RMS or peak detectors. Therefore, assuming lossless
passives, the angle and magnitude of the antenna can be calculated as

θ = tan−1 V 2
3 −V 2

4

V 2
2 −V 2

1

(6.7)

|Γ| = V 2
1 +V 2

2

V 2
1 −V 2

2

cosθ−
√√√√(

V 2
1 +V 2

2

V 2
1 −V 2

2

cosθ)2 −1. (6.8)
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Port1
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C : Coupling
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l = 0.25λ
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l = 0.17λ
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l = 0.14λ

(a)

(b)

Figure 6.8: (a) The coupled-line-based QHC and its cross-section view. (b) The simulated |S12| and |S13| of the
coupled-line-based QHCs with different couplings.

Additionally, the delivered power to the antenna can be expressed as

PSense = (1−|Γ|2)2a2

Z0
= 1−|Γ|2

1+|Γ|2
4∑

i=1
V 2

i . (6.9)

Thus far, the passives are considered ideal and lossless. However, the loss of the
QHCs and the TL, as well as the magnitude and phase deviation of these four combining
paths, affect the accuracy of the calculation. For instance, the reflected wave at the port
can be derived as

Vr 1 = (
4∑

i=1
V f i S5i )S15|Γ|∠θ, (6.10)

where V f i is the forward wave of port i, and S j i represents the scattering parameters as-
suming the antenna as the fifth port. In this work, we assume an equal insertion loss in
four combining paths without any magnitude and phase mismatch within them. There-
fore, we use Eq. (6.7), Eq. (6.8), and Eq. (6.9) to calculate the antenna impedance and
output power and apply a constant coefficient correction factor for taking into account
the insertion loss. This further implies that using all four equations of Eq. (6.6) can alle-
viate the inaccuracies.

6.5. CIRCUIT IMPLEMENTATION
The proposed eight-way chain-weaver BPA is realized in 40nm bulk CMOS technology
by occupying 2.08mm2 core area. Fig. 6.7 demonstrates a detailed schematic view and
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(c) (d)

(a) (b)

−10 log 8

10 log 8

Real

Imaginary

Figure 6.9: (a) The simulated s-parameter components (|S9n |) of the output (Port9) to each PAs (Port1-to-8).
(b) The real and imaginary part of the impedance seen by the PAs versus carrier frequency. (c) Simulated group
delay from each PA to the output. (d) The combining gain of the proposed 8-to-1 power combiner. The output
balun loss of the PAs is excluded in these simulation results.

(b) (c)

(a)

1.6V

400µm

400µm

14pH86fF

10µm

W
PD1 160µm
PD2 320µm
DAx 200µmW

Figure 6.10: The schematic of (a) the PA, (b) the driving amplifier and pre-drivers, and (c) the RMS detector.

the die micrograph of the proposed chain-weaver BPA. Starting from the RFIN port,
two common-source pre-drivers (PDs) stages are employed to deliver the required
high-power gain. Then, the amplified signal is split by a 1-to-8 splitter, a 180° rotated
version of the output power combiner. The first stage of the 8-to-1 chain-weaver

116



6.5. CIRCUIT IMPLEMENTATION

6

107

G
G

S

G
GS

DC 
Supply R&S

Signal Analyzer
FSW43

R&S Power Meter
NRP50S

Power Board
External current sources

Keysight AWG
M8195A

R&S
SMAQ100B

Keysight
E8361A

PA OutputPA Input 5 Multi-meters:
4 PDETs
1 Temperature

Marki IQ-Mixer
MMIQ-1865LUB

Mini-Circuits
ZVA-403GX+

Maury Tuner
MT984AL

Measurement Setup

DUT Maury Tuner
MT984AL

Signal Analyzer
FSW43

Multi-
meters

Power Meter
NRP50S

Large-signal CW 
measurements

Impedance sensor and CW 
under VSWR measurements

20dB Att.

Modulated signal and 
AM-PM under VSWR 

measurements

Keysight AWG
M8195A

Marki IQ-Mixer
MMIQ-1865LUB

PAPAR&S
SMAQ100B

Mini-Circuits
ZVA-02443HP+

Mini-Circuits
ZVA-403GX+

Mini-Circuits
ZVA-02443HP+

Figure 6.11: Simplified CW and modulation measurement setups.

combiner comprises four identical QHCs (QHC1), forming four balanced PAs. QHC1 is
implemented by a compact transformer-based structure for tight floor planning [88].
Besides, two λ/16 coplanar TLs connect the second and fourth QHCs’ output to the
second combining stage, forming the required 22.5° phase shift. Here, the reflection
wave is absorbed in the termination resistors of the first stages’ QHCs. As such, their
reliability for the worst-case VSWR condition must be satisfied for a maximum value
achieved from (6.5).

The second stage consists of two coupled-line QHCs (QHC2) and a λ/8 coplanar
TL for 45° phase shifting. The last stage is another coupled-line QHC (QHC3) directly
connected to the antenna port. Fig. 6.8(a) a coupled-line QHC and its simplified cross-
section view. The even (Z0e ) and odd (Z0o) impedance of the coupled line must satisfy
the shown equations for the desired coupling (C) and characteristic impedance Z0. A
λ/4 coupled-coupled line with C = p

2/2 is considered as a conventional coupled-line
QHC. However, as depicted in Fig. 6.8(b), a higher coupling factor can be employed to
decrease the required length in the cost of bandwidth. QHC2 is implemented with 5µm
and 1µm spacing to maximize the coupling (0.792), thus minimizing the length (420µm).
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22-to-50GHz
37.5-to-45.5GHz

34-to-44GHz

Figure 6.12: S-parameter measurement results of the proposed chain-weaver balanced PA.

Figure 6.13: Large-signal CW measurement results at 37GHz.

Even though the aluminum layer is used to increase the current handling of the QHCs,
a wider width (10µm) is chosen for the last QHC to address the reliability of the peak
current at the worst-case VSWR. This feature leads to a lower coupling (0.753) and, thus,
a longer length (540µm) than QHC2.

Fig. 6.9 exhibits the simulated performance of the proposed 8-to-1 power combiner
excluding the Baluns. The S-parameter components of the output to each PA are demon-
strated in Fig. 6.9(a). Since the characteristic impedance of all QHCs and TLs are 50Ω,
assuming a 50Ω output load, the combiner provides a broadband 50Ω loading condition
for the PAs as shown in Fig. 6.9(b). Moreover, the simulated group delay from each PA
to the output is plotted in Fig. 6.9(c). Since QHC as a 2-to-1 combiner has an identi-
cal group delay, the pairs connected to the QHC1s have almost equal group delay. The
group delay is separated by almost 1.64ps, equal to 22.5° phase shift at 38GHz. Lastly, the
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16.18%

25.19dBm

Figure 6.14: The measured output power and PAE at 1dB, 3dB, and 6dB compression point.

combining gain of the proposed 8-to-1 power combiner is depicted in Fig. 6.9(d), which
is 1.5-1.9dB less than 10log8.

The eight PA units comprise a common-source drive amplifier (DA) and a cascode
PA. As shown in Fig. 6.10(a), two series inductors (14pH) are utilized to improve PAE and
gain [72]. Additionally, the common-source pair is neutralized in all amplifiers to im-
prove odd mode stability and boost power gain (see Fig. 6.10(b)). Also, double-tuned
transformers are designed as input, inter-stage, and output-matching networks to cover
the targeted bandwidth. Also, four RMS detectors (DETs) are employed at the input of
the second stage for impedance/power sensing. As depicted in Fig. 6.10(c), each DET
comprises a capacitive coupler and a diode-connected NMOS biased at the weak inver-
sion region with an external current source [69, 86].

6.6. MEASUREMENTS OF THE CHAIN-WEAVER BALANCED PA
All measurements are performed using a high-frequency probe station. The DC sup-
plies, bias voltages, and RMS detector pads are wire-bonded directly to an FR4 printed
circuit board (PCB). Fig. 6.11 exhibits the continuous wave (CW) and modulated signal
measurement setups. In this work, 2V supply voltage is used for the PAs and 1V for the
driver and pre-driver amplifiers. A Maury MT984AL load tuner is used for the VSWR
measurement. The tuner is characterized at the tip of the probe. The insertion losses
of the probes, cables, and the directional coupler are measured and de-embedded. The
tuner loss variation as a function of VSWR at all operating frequencies is extracted and
de-embedded.

6.6.1. 50Ω LOAD MEASUREMENTS
The small-signal S-parameter performance is measured using the Keysight E8361A net-
work analyzer. As Fig. 6.12 demonstrates, the PA achieves 10 GHz small-signal BW3dB,
while its S22 is better than -20dB in the 22-to-50GHz band. The PA offers 29.9dB small-
signal gain at 37 GHz.
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(c) (d)
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PAPR=9.5dB EVM=-30.5dB PAPR=10.4dB EVM=-30dB
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-32.7dBc -34.3dBc

10.8dBm

-34dBc -34.2dBc

Figure 6.15: The measured constellation and spectra of a 64-QAM OFDM signal with 2GHz modulation band-
width at (a) 37GHz and (b) 39GHz. Also, the measured constellation and spectrum of a 256-QAM OFDM signal
with 800MHz modulation bandwidth at (c) 38GHz and (d) 40GHz.

Figure 6.16: The average power of a 64-QAM OFDM signal with 100MHz modulation bandwidth versus carrier
frequency when the measured EVMs are -25dB, -30.5dB, and -35 dB.
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38GHz
EVM=-36.2dB

10.35dBm

-41.7dBc-40.7dBc

Figure 6.17: Measured EVM/ACLRs versus average power at 38 GHz for a 50MHz 64-QAM OFDM signal.

VSWR 3:1

VSWR 2.5:1

VSWR 2:1

VSWR 1.5:1

Figure 6.18: The measured gain versus output power under VSWR at 37GHz.

The large signal CW measurement results at 37GHz are reported in Fig. 6.13, where
the PA achieves a saturated power of 25.19dBm and PAE of 16.18%. Moreover, as shown
in Fig. 6.14, the PA provides more than 22 dBm P1dB over the 36-to-42GHz band.

Wideband modulated signals such as "64-QAM OFDM" and "256-QAM OFDM" ver-
ify the PA dynamic performance. Fig. 6.15(a-b) exhibit measured constellations and
spectrums of a 2 GHz "64-QAM OFDM" signal at 37 GHz and 39 GHz carrier frequen-
cies. Without digital pre-distortion (DPD), the PA achieves almost -25 dB EVM with
16dBm and 14.8dBm average power at 37GHz and 39GHz, respectively. The PA supports
800MHz "256-QAM OFDM" signals with EVM∼=-30.5dB and average output powers of
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(a) (b)

Figure 6.19: (a) gain and (b) saturated power variation under VSWR 3:1.

IP1dB

VSWR 3:1

VSWR 2.5:1

VSWR 2:1

VSWR 1.5:1

Figure 6.20: The measured AM-PM versus output power under VSWR at 37GHz.

11.8dBm and 10.8dBm at 38GHz and 40GHz, respectively.

The average power of a 100MHz "64-QAM OFDM" signal versus carrier frequency is
shown in Fig. 6.16 for EVM of -25dB, -30.5dB, and -35 dB. Besides, Fig. 6.17 demonstrates
the measured EVM/ACLRs of a 50MHz "64-QAM OFDM" signal versus the average power
at 38 GHz.
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2.8°

Figure 6.21: The measured AM-PM deviation under VSWR 1.5:1 to 3:1 in the 37-to-40GHz band.

Table 6.1: Silicon-Based mm-Wave PAs Performance Comparison

Mm-Wave 5G PAs Efficiency Enhanced PAs/TXs 

Parameter This Work Zeng 
ISSCC 2023 

Wang 
ISSCC 2020 

Ahn 
RFIC 2020 

Dasgupta 
RFIC 2019 

Qunaj 
ISSCC 2021 

Pashaeifar 
JSSC 2021 

Mannem 
ISSCC 2020 

Chappidi 
VLSI 19 

Zhu 
ISSCC 2024

Architecture Chain-Weaver Eight- 
Way Balanced PA 

Two-Stage PA with 
Feedback Linearity 

Compensated 
Distributed Balun 

Eight-Way 
Power Combiner 

Four-way DAT 
based Combiner 

Doherty-Like 
LMBA 

TX with Doherty 
Balanced PA 

Reconfigurable 
Doherty PA 

Broadband 
Doherty PA 

Seven-Way 
LMBA

Technology 40nm CMOS 28nm CMOS 45nm SOI 65nm CMOS 65nm CMOS 28nm CMOS 40nm CMOS 45nm SOI 65nm CMOS 65nm CMOS 
Core Area (mm2) 2.08 106 0.21 0.25 0.945 1.44 (Die size) 1.38 1.18 1.35 (Die size) 2.2
Supply (V) 1 (PDs + DA), 2 (PA) 0.9, 1.8 2 NR 2.2 1 1 1, 2 1.1 1
Frequency (GHz) 35 to 43 19.7 to 43.8 25.8 to 43.4 28 39 36 24 to 30 39 26 to 42 27.8 to 38.3
Gain (dB) 29.9 (37GHz) 20.5 18.9 (37GHz) 15.9 38 18 21.8 (TX gain) 12.4* 13.5* 16.1 (38GHz) 
P1dB (dBm) 22.67 (37GHz) 17.6 (37GHz) 18.9 (37GHz) 22 21.5 19.6 20 20.2 19.2 (33GHz) 20 (38GHz) 
Psat (dBm) 25.19 (37GHz) 19.3 (37GHz) 20 (37GHz) 23.2 26 22.6 NA 20.8 19.6 (33GHz) 24.1 (38GHz) 
PAEsat (%) 16.18 (37GHz) 27 38.7 (37GHz) 33.5 26.6 32 31 33.3 24 (33GHz) 28.8 (38GHz) 
S22 (dB) <-20 -3.5~-4* -1* -5.8 -19* -12* -22.2 -9* NA <-20 
Modulation 
Bandwidth (GHz) 2 0.8 0.2 0.8 0.1 0.05 3 0.8 0.5 2 0.75

Modulation OFDM 
64-QAM 

OFDM 
256-QAM 

OFDM 
64-QAM 

OFDM 
64-QAM 256-QAM OFDM 

64-QAM 64-QAM OFDM 
64-QAM 64-QAM OFDM 

64-QAM 64-QAM 

EVMrms (dB) -25 -30.3 -25.1 (37GHz) -25.1 -31.2 -32* -25.1 -27.1 -22.9 -24 (37GHz) -26.1 (38GHz) 
ACLR (dBc) -30.7 -33.3 -24.1 (37GHz) -27.8 -30 -33 NA -32 -25.4 -25 (37GHz) -31.1 (38GHz) 
Pavg (dBm) 16 12.17 8.7 (37GHz) 10.2 18.2 14.7 15.5 8.4 12.2 10.2 (37GHz) 19.2 (38GHz) 
PAEavg (%) 4.1 1.93 5.4 (37GHz) 13.6 17.6 NA 20 10.8# 16.1 9.8 (37GHz) 18.2 (38GHz) 

VSWR 1.5:1 to 3:1 
@37 to 40GHz NA NA NA NA NA 3:1 

@27 to 28GHz 3:1 4:1 NA 

Gain Deviation (dB) 0.7 NA NA NA NA NA 0.65 0.9~1.3* NA NA 
P1dB Deviation (dB) 0.79 NA NA NA NA NA NA 0.3~0.4* ~1* NA 
AM-PMmax (o) 2.80 NA NA NA NA NA NA NA NA NA 
*Graphically estimated #PA drain efficiency. 

6.6.2. VSWR MEASURMENTS

As discussed in Section 6.2, linearity, gain, and output power robustness under load
mismatch are crucial in mm-wave phased-array systems. The VSWR resilience of the
proposed PA is evaluated by measuring its AM-PM and large-signal performance under
VSWR. The Maury tuner was characterized at the probe tip, and its calibration was done
as described in [147]. Since the angle of the load provided by the tuner varies consid-
erably even in bandwidth as narrow as 50MHz, the wideband modulation performance
under VSWR will not accurately determine the resilience of the PA. Therefore, we report
the linearity, gain, and output power variation under various VSWR conditions at dif-
ferent carrier frequencies to ensure that the PA supports wideband modulation signals
under any VSWR condition.

Fig. 6.18 demonstrates the measured gain versus output power under various VSWR
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2.8°

Figure 6.22: The raw measured RMS voltages at 40GHz and 16dBm output power.

(a) (b)

37GHz 40GHz

Figure 6.23: The measured load reflection coefficients (solid line) and the tuner’s configured load (dashed line).

at 37GHz. The small-signal gain variation under VSWR 3:1 is ±0.7dB. The gain and satu-
rated power of the PA in the 37-to-40GHz band are depicted in Fig. 6.19. Please note that
the measured gain and power include 1.249dB reflection loss (1−|Γ|2).

Moreover, Fig. 6.20 exhibits the measured AM-PM under various VSWR at 37GHz.
The normalized input 1dB compression point power deviation is also shown in Fig. 6.20.
Compared with the measured AM-PM shown in Fig. 6.1(b), the proposed chain-weaver
balanced PA provides a robust linearity performance under VSWR. Lately, the measured
AM-PM deviations under various VSWR in the 37-to-40GHz band are summarized in
Fig. 6.21. It shows that in a 3GHz bandwidth, the PA offers AM-PM<2.8°for any loading
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(a)

(b)
Figure 6.24: The measured load (a) magnitude and (b) angle errors at 37GHz (green), 38GHz (blue), and 40GHz
(red).

condition in the VSWR 3:1 circle. Table 6.1 summarizes the measured performance of
the proposed chain-weaver BPA.

6.7. MEASUREMENTS OF THE IMPEDANCE/POWER SENSOR

The performance of the embedded impedance/power sensor is evaluated under VSWR.
As mentioned, the measured voltage is not equal due to insertion loss mismatches, non-
ideal output matching, parasitics at the output pad, or rms detector mismatch. There-
fore, one-time calibration is required. First, the outputs of the rms detectors are mea-
sured while PA delivers a CW signal to a matched load (50Ω). We then equalized them
to have the same values for all four detectors in the matched loading condition. Further,
fixed magnitude and phase correction factors are applied at each carrier frequency to
address the insertion loss and phase misalignment. Additionally, the coupling ratio of
the rms detectors must be de-embedded for the actual power sensing. Fig. 6.22 shows
the measured raw data at 40GHz and 16dBm output power under VSWR 3:1. As expected
from (6.6), the measured rms voltages (V 2

1−4) vary with ∼90° phase difference. To calcu-
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 |∠ΓSense − ∠ΓL | < 17.3∘

| |ΓSense | − |ΓL | | < 0.127

Figure 6.25: The measured ∠ΓEr r or versus |ΓSense | for VSWR 3:1 (VSWR angle=0:30:360°) at five different out-
put powers with 2dB step.

late the magnitude (|ΓSense |) and angle (∠ΓSense ) of the load using (6.7) and (6.8), a fixed
correction coefficient is used for all VSWRs and signal power levels.

Fig. 6.23 compares the measured load reflection coefficients (solid line) with the
tuner’s configured load (dashed line). To show the accuracy of the impedance sensor, the
magnitude and angle error of the measured impedance are demonstrated in Fig. 6.24.
We define the magnitude and angle error as

MEr r or = |ΓSense |
|ΓL |

, (6.11)

∠ΓEr r or =∠ΓSense −∠ΓL , (6.12)

where ΓL the load provided by the tuner and ΓSense is the load measured by the
impedance sensor. The magnitude error is evaluated by its ratio rather than its differ-
ence to ensure reasonably high accuracy for all VSWR conditions. Fig. 6.24(a) shows
the maximum error occurs at 38GHz for VSWR 2:1 and 150° (MEr r or =1.286), while the
maximum angle error observed at 37GHz for VSWR 1.5:1 at 60° (∠ΓEr r or =12.3°).

Thus far, the impedance sensor accuracy has been examined at one output power
level. However, since the impedance of the PA can change by its output power, it may
impact the accuracy of the impedance sensor. Therefore, the measured |ΓSense | and
∠ΓEr r or for VSWR 3:1 (VSWR angle=0:30:360°) at five different output powers with 2dB
step are depicted in Fig. 6.25. It shows the impedance sensor can measure VSWR 3:1 by
maximum angle and magnitude errors of 17.3°and 0.127, respectively.

As explained in Section 6.4, the output power can be calculated using (6.9). We first
measured the output power for a 50Ω matched load. Fig. 6.26 exhibits the measured
output power using the embedded power sensor and its error (POU T − PSense ) versus
the output power (POU T ) measured by an external power meter. The power sensor is
calibrated one time at 18dBm output power. The power sensing error under VSWR at
different carrier frequencies is also demonstrated in Fig. 6.27. The maximum error is
-1.092dB, which occurs at 38GHz.
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Figure 6.26: The measured output power using the embedded power sensor and its error (POU T −PSense ) at
(a) 37GHz, (b) 38GHz, (c) 39GHz, and (d) 40GHz.

Figure 6.27: The power sensing error under VSWR at 37GHz (green), 38GHz (blue), and 40GHz (red).

6.8. CONCLUSION
This chapter presented an N-way chain-weaver balanced power amplifier for mm-
wave phased-array TXs. The proposed PA architecture offers linearity and gains
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Table 6.2: Impedance Sensors Performance Comparison

Mm-Wave/RF Impedance Sensors 

Parameter This Work Munzer 
ISSCC 2022 

Zhang 
ISSCC 2021

Munzer 
MWCL 2021

Lu 
ISSCC 2017

Technology 40nm CMOS 45nm SOI 22nm SOI 45nm SOI 40nm CMOS 
VSWR 1.5:1 to 3:1 3 3 3 3 
Frequency (GHz) 37 to 40 27 to 41 28 38 2.4 

2.14 2.38 
(Estimated) NA 3.38 1.87 

(Estimated)
0.106 0.149 (37GHz) 0.14 0.238 0.1 
12.3 18.72 (37GHz) 33 28.9 18

|20 log
|ΓSense |

|ΓL |
| (dB)

| |ΓSense | − |ΓL | |

|∠ΓSense − ∠ΓL | (∘)

  QHC IQ mismatch →  
  QHC insertion loss → 

IQMM(ϵ, Δθ)
ILQHC

50ΩiPA∠90∘

iPA∠0∘

Vf1

ΓPA

ΓPA

Vf2

Vf−out

Vterm

Figure 6.28: A simplified BPA operating in the presence of QHC IQ mismatch.

robustness under frequency/time-dependent VSWR, while it comprises an embedded
impedance/power sensor. In the event of VSWR, the proposed PA provides N different
loads distributed on the VSWR circle with equal angle distance. An eight-way chain-
weaver balanced PA is realized in 40nm bulk CMOS technology as a proof-of-concept.
The proposed PA supports a 2GHz 64-QAM OFDM signal with 16dBm average power.
Assuming any frequency/time-dependent loading condition within the VSWR 3:1 circle,
the proposed chain-weaver BPA achieves <2.8° AM-PM over 3GHz BW. Finally, as
compared in Table 6.2 the proposed embedded impedance/power sensor accuracy
surpasses the best-in-class companions.

6.9. APPENDIX A
Assuming no IQMM in the QHC, a perfect reflected signal cancellation was considered
in Sections 6.3 and 6.3. However, the IQMM of the QHC can lead to additional com-
bining power loss, power leaking into the termination resistors, and non-perfect output
matching, which can introduce gain variation and degrade the accuracy of the proposed
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QHC IQ mismatch →  
QHC insertion loss → 

IQMM(ϵ, Δθ)
ILQHC

ΓPA

ΓPA

TL phase shift @fc →  
TL insertion loss → 

ϕ
γ

50Ω 50Ω

ΓPA

ΓPA

ΓOUT ΓOUT

Figure 6.29: (a) A simplified BPA representing the first stage of the chain-weaver PA, and (b) a BPA with an
additional TL representing the second and third stages of the chain-weaver PA.

impedance/power sensor.
Fig. 6.28 depicts a simplified conventional BPA assuming a QHC with ε and ∆θ as

its amplitude and phase errors, respectively. Following the same notation as Fig. 6.4,
we have V f 1 = Vt x∠0◦ and V f 2 = Vt x∠90◦. Therefore, the output forward signal and the
termination resistor voltage can be obtained by

V f −out =Vt x .I LQHC .

√
1+ 2(1+ε)cos∆θ

1+ (1+ε)2 , (6.13)

Vter m =Vt x .I LQHC .

√
1− 2(1+ε)cos∆θ

1+ (1+ε)2 , (6.14)

where I LQHC is the insertion loss of the QHC. Therefore, contrary to the reliability crite-
ria posed by VSWR for the first-stage termination resistors, the reliability of the second
and third stages are more at risk due to higher power levels. Hence, all termination resis-
tors’ reliability must be satisfied for the maximum possible amplitude/phase errors and
peak power.

An imperfect QHC deteriorates the reflected signal cancellation in a BPA and, as a
result, degrades the output matching condition. In a conventional BPA as exhibited in
Fig. 6.29(a), the output reflection coefficient (ΓOU T ) can be calculated as

|ΓOU T | =√
1+ (1+ε)4 −2(1+ε)2 cos2∆θ

1+ (1+ε)2 |ΓPA |.|I LQHC |2,
(6.15)

which explains the gain variation illustrated in Fig. 6.3(c).
To extend this analysis to the proposed chain-weaver PA, we need to consider added

TLs insertion losses and phase shifts, as shown in Fig. 6.29(b). Assuming TL phase shift
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and insertion loss are φ and γ, respectively, the output reflection coefficient can be cal-
culated as

|ΓOU T | =
√

1+ γ̂4 −2γ̂2 cos2∆θ̂

1+ γ̂2 |ΓPA |.|I LQHC |2, (6.16)

where γ̂= γ(1+ε) and∆θ̂ =∆θ+φ. Now, by replacing |ΓPA | in the above equation with an
expression from the previous formula and considering φ= 22.5◦, we can obtain the out-
put reflection coefficient of the second stage. Likewise, the calculated coefficient can be
employed in (6.16) again, this time considering φ= 45◦, to obtain the output coefficient
of the eight-way chain-weaver PA.
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A MM-WAVE POWER AMPLIFIER

WITH AN INTEGRATED

ISOLATOR/CIRCULATOR/RECEIVER

This chapter presents a reconfigurable mm-wave fully integrated frequency division du-
plex (FDD) frontend that comprises a power amplifier (PA) and an integrated nonrecip-
rocal ultra-compact isolator/circulator/receiver (RX). The realized circulator is based on
a ring quarter-wave transmission line topology with adjusted characteristic impedances,
improving transmitter (TX)-to-antenna insertion loss and TX-to-RX isolation. The cir-
culator’s nonreciprocal gyrator features an AND-gate switching-based N-path filter while
acting as a mixer-first RX. The circulator can be reconfigured into an isolator by activat-
ing cross-coupled negative resistors. This compared N-path filter-based circulator/isolator
occupies only 0.38mm2. Over a 27.1-to-31.1GHz band, the realized frontend offers >20dB
TX-to-RX isolation while its measured TX-to-antenna insertion loss is 1.7∼2.2dB. The RX
path tolerates the PA’s blocker signal, achieving 5dBm in-band and 13dBm out-of-band
B1dB. The PA delivers 15.15dBm peak output power with 33% drain efficiency. The func-
tionality of the proposed FDD frontend is evaluated by simultaneous TX/RX operation
with 400MHz TX/RX modulation bandwidth and 400MHz channel spacing. The mea-
sured AM-PM of the realized PA with the integrated isolator shows relatively high VSWR re-
silience at the lower power level and less robustness against VSWR around its peak output
power. The frontend prototype occupies only 0.7mm2, including circulator, PA, quadra-
ture hybrid coupler LO generators, and baseband circuits.

Part of this chapter is published in 2022 IEEE Radio Frequency Integrated Circuits Symposium (RFIC) [142].
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7.1. INTRODUCTION
Millimeter-wave (mm-wave) bands accommodate various high-throughput communi-
cation and high-resolution sensing systems, such as 60GHz Wi-Fi (IEEE 802.11ad and
IEEE 802.11ay standards) [160–162] and automotive radar [163–165]. Owing to silicon
technology scaling, mm-wave phased-array systems enable the development of satel-
lite communication and fifth-generation (5G) cellular wireless networks to address the
demand for high data throughput and low latency. In addition to allocating wide chan-
nel bandwidth at mm-wave frequencies, dual orthogonal polarization further increases
channel capacity and enhances spectral efficiency. Nevertheless, their shorter wave-
length leads to lower penetrability and higher free-space path loss, thus limited coverage
[7].

Beamforming architectures address the required link budget while reducing interfer-
ence and increasing link security [11]. However, the directional and line-of-sight connec-
tions make the link even more susceptible to small obstacles, degrading the distance and
mobility support. Moreover, mm-wave dual-polarized phased-array systems pose strin-
gent requirements on the transceiver’s (TRX) performance specifications, power con-
sumption, and, most importantly, the occupied silicon area.

The ongoing 5G new radio (NR) frequency range two (FR2) standard has utilized mm-
wave bands (e.g., 24.25-29.5GHz, 37-43.5GHz, and 47.2-48GHz), while the time division
duplex (TDD) ensures channel reciprocity. Although industry and research groups have
vastly developed the 5G NR system and shown promising performance in supporting
multi-Gbit/s data rate [150, 166–168], its coverage range must be improved. In addi-
tion to TDD, full-duplex systems such as frequency division duplex (FDD) and single-
frequency full-duplex (SF-FD) recently gained momentum, envisioning more innova-
tive and revolutionary link protocol design [169–171]. Considering the stringent area
restriction of the phased array structures, implementing the frontend with appropriate
duplexing and band-pass filtering to support the FDD and SF-FD systems at mm-wave
frequencies is very challenging.

Employing separate antennas for the transmitter (TX) and the receiver (RX) provides
sufficient isolation in full-duplex systems at the cost of a larger form factor [172]. Electri-
cally balanced duplexer (EBD) and its counterparts, such as hybrid coupler and Wilkin-
son combiner, offer a high TX-to-RX isolation for a single-antenna system and occupy
a reasonably low area [173–176]. However, they still suffer from 3-dB loss at TX and RX
paths. Magnetic-free CMOS circulators have recently been presented at RF and mm-
wave bands for SF-FD links [64, 177–180]. As illustrated in Fig. 7.1(a), apart from the cir-
culator’s isolation, which is crucial to prevent the receiver from saturation, further self-
interference cancellation (SIC) is required. Nonetheless, achieving high SIC in a practical
phased array system considering process, voltage, and temperature (PVT) variations and
mutual coupling issues if the closely spaced antenna arrays is a daunting task. Moreover,
state-of-the-art mm-wave CMOS circulators are still relatively large for phased-array sys-
tems and introduce a high loss comparable to EBDs and hybrid couplers.

Fig. 7.1(b) depicts an FDD TRX frontend utilizing a circulator as the duplexer. In
contrast to SF-FD, the TX signal acts as an out-of-band (OOB) blocker and, hence, de-
mands a sharp band-pass filter (BPF). Because implementing integrated compact BPF is
not feasible at mm-wave, standalone mixer-first RX architectures and active BPFs have
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Figure 7.1: A simplified form of the possible applications employing the mm-wave integrated circula-
tor/isolator: (a) SF-FD TRX front-end, (b) FDD TRX front-end, (c) TX Front-end with an integrated FMCW
radar for background sensing, and (d) a PA with an integrated isolator.

gained significant research attention [181–184]. In [169], an E-band Backhaul-on-glass
FDD module comprising TRX, PAs, and diplexer is introduced. However, due to its sig-
nificant form factor, the FDD module is not scalable in a phased array system to enhance
the link budget.

Moreover, employing a circulator as the duplexer fulfills the requirements of both
the SF-FD and FDD systems, opening the path to new applications. Single-antenna
frequency-modulated continuous-wave (FMCW) radars require a full-duplex front-end
to transmit the continuous-wave (CW) frequency ramp while receiving the reflected sig-
nal from targets. [185] introduces a signal processing pipeline to extract distance from
reflected orthogonal frequency division multiplexing (OFDM) communications signals.
However, beamforming directs the TX OFDM signal to the desired RX, so using the re-
flected signal for real-time 3-D sensing is not feasible. Besides, the TDD architecture of
the conventional 5G FR2 forces a separate antenna radar structure. An alternative ar-
chitecture is illustrated in Fig. 7.1(c), where the TX operates alongside an FMCW radar
at different carrier frequencies. In this context, the RX should tolerate both IB and OOB
blockers demanding to support SF-FD and FDD simultaneously. This can pave the way
for environmental intelligence and intelligent beam steering.
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In addition to the full-duplex TRX operation, the integrated circulator can be recon-
figured to an isolator. As depicted in Fig. 7.1(d), despite the impedance of the power
amplifier (PA) and antenna, the isolator simultaneously provides matched sourcing
impedance for the antenna and optimum loading conditions for the PA. This is opposed
to the balanced amplifiers [88, 149] and the reconfigurable matching networks [48, 104,
106], which only provide matched loading conditions to the antenna or the PA.

This chapter demonstrates the feasibility and implementation of two separate solu-
tions for mm-wave phased array systems. First, we elaborate on our recently published
compact single-antenna mm-wave full-duplex frontend [142] capable of operating as an
FDD frontend, supporting simultaneous transmit and receive (STAR) FDD communica-
tion with up to 400MHz modulation bandwidth. Second, we reconfigure the chip to a
VSWR-resilient PA with an integrated isolator. The proposed reconfigurable architecture
features: 1) an mm-wave N-path filter as a nonreciprocal gyrator that simultaneously
functions as a blocker tolerant RX, 2) a compact differential ring quadrature transmission
lines topology with adjusted characteristic impedances to improve the TX-to-antenna
insertion loss (I LT X ), RX gain (GRX), and TX-to-RX isolation, 3) an integrated push-pull
PA directly connected to the proposed circulator/isolator, and 4) embedded negative re-
sistors to reconfigure the frontend to an integrated isolator.

This chapter is organized as follows. Section 7.2 presents the system requirements
and analysis. The proposed circulator/isolator architecture is given in Section 7.3, where
we proposed a pass-transistor-based AND-gate switching to realize an N-path filter at
mm-wave frequencies. Section 7.4 elaborates on the circuit implementation details of
the 40-nm bulk CMOS technology prototype. Section 7.5 presents the experimental re-
sults of the FDD frontend, and Section 7.6 reports the measurement results of the inte-
grated isolator. Finally, this chapter is concluded in Section 7.7.

7.2. MM-WAVE FULL-DUPLEX TRX SYSTEM LEVEL DESIGN

AND TRADE-OFFS
This Section discusses system design specifications and trade-offs for an mm-wave
phased-array full-duplex link.

7.2.1. LINK BUDGET CALCULATIONS
In a conventional single-input single-output (SISO) link, the link budget (LB) can be
calculated as

LBSI SO,dB +LMdB = PT X ,dBm +2×G A,dBi −PS−R X ,dBm (7.1)

where PT X ,dBm and PS−R X ,dBm are TX signal power and RX sensitivity of a TRX element,
respectively. G A,dBi is antenna gain and LMdB is link margin. As mentioned, modern
communication systems aim to support multi-Gb/s data throughput by allocating wider
bandwidth, which means a higher RX noise floor. They also employ high-order com-
plex modulation schemes, requiring a higher signal-to-noise ratio (SNR). As a result,
the RX sensitivity (PS−R X ,dBm =−174dBm/Hz+10logBWH z+N FdB +SN RdB ) increases,
thus, the link budget decreases. As such, mm-wave bands are inevitable in accommo-
dating signals with large modulation bandwidth. This attribute raises two more issues:
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Figure 7.2: The link budget calculation of a full-duplex link employing two N-elements phased-array TRXs.

1) higher free-space path loss and 2) lower TX output power due to technology limita-
tions at such frequency bands. In summary, modern communications systems demand
a higher link budget to address higher free-space path loss, while their link budget suf-
fers from high RX sensitivity and limited TX output power. To address these challenges,
as exhibited in Fig. 7.2, an N elements phased array link offers 30log N link budget im-
provement.

As an example of a short-range link, e.g., d = 100 m line-of-sight, we assume two
64 elements TRXs employing a 400MHz 64-QAM OFDM scheme (requiring SN RdB =
25dB) at 28GHz carrier frequency. Considering 4 dBi antenna gain (G A,dBi ) and 10 dB
link margin (LMdB ), PT X ,dBm −N FdB >−13.79 dBm is required to address path loss of a
100 m long link.

7.2.2. ISOLATION AND LINEARITY REQUIREMENTS

As depicted in Fig. 7.1 (a-b), the TX signal interferes with the RX as they operate simul-
taneously in a single antenna full-duplex radio. Mitigating RX sensitivity degradation
caused by TX signal enforces stringent specifications for duplexer (e.g., a circulator) iso-
lation and RX linearity. Moreover, an SC-FD system employs SIC along with the circu-
lator’s TX-to-RX isolation (ISO) to ensure that the TX signal and its distortions are well
below the RX noise floor. Therefore, as discussed in [177], ISO+SIC must be less than
PT X ,dBm −N FdB +174dBm/H z −10logBWH z . However, in a phased array system with
the same RX and TX beam direction, since the TX interferers are combined coherently
alongside the RX signals, the required ISO+SIC can be calculated as
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Figure 7.3: The TX-induced second-order distortion mechanism in the fully integrated FDD TRX.

I SO +SIC > PT X ,dBm −N FdB +174dBm−10logBWR X ,H z

+10log N −10log
BWT X ,H z

BWR X ,H z
,

(7.2)

where BWT X ,H z and BWR X ,H z are TX and RX signals modulation bandwidths, respec-
tively. Assuming ISO=20dB and 400MHz RX/TX modulation bandwidth, SIC>72.21dB
is required for the design as mentioned earlier example. Nevertheless, extending SC-
FD phased-array systems requires higher SIC, which is practically hard considering PVT
variations and mutual coupling.

Moreover, the dual-polarization feature introduces another interferer due to the an-
tenna’s limited horizontal-vertical (H-V) isolation (e.g., 20dB). Therefore, canceling per-
pendicular polarization’s TX signal leakage is inevitable, making the system even more
complex. Therefore, even though SC-FD link architecture offers the highest spectrum
efficiency, it is not readily extendable to dual-polarization massive-MIMO systems.

Similarly, a conventional single-antenna FDD system demands high duplexer isola-
tion. For instance, third-generation (3G) wireless systems require >50dB duplexer isola-
tion, where the duplexer handles 15V signal swing to support PT X ,dBm = 24dBm [174].
Such a duplexer adds high loss (∼ 2− 3dB) at both RX and TX paths [186], degrading
TX efficiency and RX sensitivity. However, in the modern phased array systems, since
the PT X ,dBm is lower and the RX sensitivity level is higher, the requirement on a single
RX element’s duplexer isolation and linearity could be relaxed, enabling fully integrated
mm-wave wideband full-duplex links.

As depicted in Fig. 7.1 (b), in the RX path of an FDD system, the channel select fil-
ters to suppress the TX signal as well as any other interferers, e.g., mutual coupling and
orthogonal-polarization signals to prevent RX amplifiers from saturation. Therefore, un-
like SC-FD systems, a dual-polarization phased array FDD system does not entail an-
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Figure 7.4: The magnetic-free CMOS circulators [64, 177].

other interferer cancellation loop but compels more stringent out-of-band (OOB) inter-
ferer rejection.

Even though the TX signal occupies another frequency band, its noise and distortion
levels must stay well below the RX noise floor. This imposes a stringent requirement on
RX linearity and its OOB interferer tolerance specifications, such as input 1dB compres-
sion point (I P1dB ), input third-order intercept point (I I P3), and, for a direct conversion
RX architecture, input second order intercept point (I I P2).

A conventional FDD system considers the TX, RX, and duplexer components indi-
vidually each with their own specifications. On the contrary, this work aims to study the
design of a fully integrated frontend, including the duplexer. Therefore, we redefine the
TRX specifications based on the antenna port’s signal levels, as shown in Fig. 7.3. We
defined antenna-port referred third-order intercept point (AI P3) and antenna-port re-
ferred second-order intercept point (AI P2) to address TX-induced distortions. Thus, the
AI P2 specification can be calculated as

AI P2 > 2PT X −N F +174dBm −10logBWR X

+10log N −10log
2BWT X

BWR X
−3dB .

(7.3)

Note that, in practice, specifying the required distortion and noise levels needs com-
plex system-level calculations. Nevertheless, these simplified equations help determine
trade-offs and making the right design choices.

7.3. PROPOSED MM-WAVE CIRCULATOR/ISOLATOR ARCHI-
TECTURE

As depicted in Fig. 7.4, the magnetic-free CMOS circulators comprise a circle of three
quarter-wave transmission lines (QTLs) and a nonreciprocal linear periodic time-variant
(LPTV) circuit. LPTV provides a +90◦ phase shift in one direction and a -90◦ phase shift
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Figure 7.5: The magnetic-free CMOS circulators utilizing an N-path filter as LPTV and termination resistor
placed at (a) RX port, and (b) baseband.

Figure 7.6: Simulated and calculated I LT X versus Z1 while Z0 = 50Ω.

in the opposite direction, leading to wave propagation only in one direction. The LPTV
component can be implemented either by a two-port N-path filter or a nonreciprocal de-
lay. N-path filters occupy a small die area and contain an embedded down-conversion
path [178]. However, they are unpractical at the mm-wave frequencies as generating
and amplifying the nonoverlapping clocks of the N-path filter is challenging. There-
fore, a nonreciprocal delay technique has been exploited to extend the operational fre-
quency of the CMOS circulators to mm-wave in the cost of occupying a relatively large
area [64]. Nevertheless, both LPTV solutions introduce a high I LT X , basically caused by
the switches’ impedance (RSW ), and heavily depends on the employed technology node.

To mitigate this undesired loss, we proposed a noncontinuous QTL characteristic
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(a) (b)

Design choice: 
 Z1 = 150Ω

Design choice: 
 Z1 = 150Ω

Figure 7.7: Simulated (a) GR X , NF, and (b) TX-to-RX isolation versus Z1 values while Z0 = 50Ω and CBB =
500 f F .

Figure 7.8: Simulated GR X versus baseband frequency for various Z1 values while Z0 = 50Ω and CBB = 500 f F .

impedance to have a degree of freedom for optimizing I LT X . As depicted in Fig. 7.4, the
QTL impedance of the direct path is Z0, which defines the impedance of the circulator,
while the impedance of two other QTLs (Z1) is chosen to be greater than Z0. As discussed
in [177], the I LT X is mainly determined by RSW independent from the employed LPTV
structure and its configuration. The I LT X can be calculated as follows

I LT X = 1

S21
= 1+ Z0RSW

Z 2
1

. (7.4)

As can be inferred from (7.4), selecting a larger Z1 decreases the I LT X .
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(b)

(a)

 RRX = ∞
RBB,RX = ∞

Values of RRX OR RBB required to terminate the clockwise propagating waves

Z1 25Ω 50Ω 70Ω 100Ω 150Ω 200Ω
RRX 19Ω 162Ω -1.6kΩ -290Ω -248Ω -267Ω

RBB,RX 54Ω 590Ω -7.2kΩ -1.15kΩ -980Ω -1.06kΩ

Terminated 
with RRX

Figure 7.9: (a) The simulated S12 without (left) and with (right) RR X termination for various Z1 values while
Z0 = 50Ω, CBB = 500 f F , and RBB ,R X =∞. (b) The resistor values required for RR X or RBB ,R X for terminating
the reflected wave from the antenna port when the PA port is excited (clockwise propagating waves).

As exhibited in Fig. 7.5(a), the two-port N-path filter is chosen in this work to benefit
from its embedded down-converter and compact die area. Considering Z0 = 50Ω and
RSW = 10Ω, Fig. 7.6 shows the simulation results with ideal switches reasonably match
the calculated I LT X using (7.4).

Since the N-path filter down-converts the RX signal, in the full-duplex frontend mode
of operation, the actual RX port of the circulator is left open (RR X = ∞, see Fig. 7.5(a))
[178]. Therefore, assuming an infinitive number of paths (N → ∞) and using a rela-
tively higher impedance value for Z1 compared to Z0, the desired RX signal arrives with
a higher voltage amplitude at the baseband, benefiting the conversion gain (GR X ) and
NF. However, due to the finite number of paths (N = 4), the impedance presented by the
N-path filter (RSH ) is limited. Thus, the GR X and NF improvements are not persistent
and slightly degrade at greater Z1 values. Utilizing RSW = 10Ω and CBB = 500 f F , the
simulation results with ideal switches are demonstrated in Fig. 7.7, which confirms the
substantial improvement of GR X , NF, and TX-to-RX isolation. As shown, Z1 = 150Ω is
chosen in this design to maximize GR X and TX-to-RX isolation and minimize I LT X and
NF. Nevertheless, to achieve the mentioned benefit, the giveaway is bandwidth. Fig. 7.8
depicts GR X versus baseband frequency for various Z1, where utilizing greater Z1 nar-
rows the bandwidth.

Moreover, as RR X =∞ in the full-duplex configuration, the RX signal passes through
the nonreciprocal N-path filter in this structure and is eventually absorbed in the TX
port termination [178]. Therefore, a termination resistor RR X must be employed at the
RX port to reconfigure the proposed circulator to an isolator. Incorporating with RSH ,
the termination resistor must provide a matching condition for the clockwise propa-
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Figure 7.10: The AND-gate switching N-path filter’s principles.

gating waves, thus establishing reverse isolation from the antenna port to the TX port.
Assuming matching conditions at TX and antenna ports, the following condition must
be satisfied for the termination resistor

RSH ||RR X = RSH ×|RR X |
RSH +RR X

= Z 2
1

Z0
. (7.5)

Fig. 7.9 (a) demonstrates the simulated S12 (Port 1: TX and port 2: antenna) without (left)
and with (right) RR X termination resistor, and reveals three observations. 1) Even with-
out a termination resistor, reverse isolation is achieved when Z1 = 70Ω. 2) the bandwidth
of the reverse isolation, achieved by termination, decreases when it becomes greater Z1.
3) As shown in Fig. 7.9 (b), a positive termination resistor is utilized for Z1 < 70Ω, while a
negative resistor is required to satisfy the termination condition when Z1 ≥ 70Ω.

Moreover, Fig. 7.5 (b) shows that the clockwise wave can be terminated with the base-
band resistors (RBB ,R X ). As reported in Fig. 7.9 (b), the required baseband resistors are
larger than RF termination, and their parasitics can be absorbed in the baseband capac-
itors (CBB ).

7.3.1. N-PATH FILTER DESIGN
As mentioned, the nonreciprocal LPTV circuit is implemented as two back-to-back N-
path filters to benefit from their compact area, which is crucial for phased array systems.
In a conventional N-path filter, e.g., a four-path filter, nonoverlapping 25% LO clocks are
required to diminish the charge sharing of switches, providing high-Q filtering. Obvi-
ously, generating and amplifying 25% LO clocks requires very broadband circuits, which
is not feasible at the mm-wave frequencies. In [187], a quadrature mixer topology is in-
troduced to avoid generating 25% LO clocks for SAW-less GPS applications. Although
it simplified the LO generation circuitry, its overall performance does not advance the
conventional 25% LO quadrature mixer at GPS operational frequency. We proposed an
N-path filter structure with pass-transistor-based AND-gate switches driven by quadra-
ture 50% LO clocks to achieve the nonoverlapping operation at the mm-wave frequen-
cies. In this context, as exhibited in Fig. 7.10, each path’s capacitor is connected to the
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Figure 7.11: The schematic of the proposed circulator/isolator.

shared RF node when both switches are ON, replicating bitwise AND-gate operation and
resembling 25% nonoverlap switching. The switches can be driven by sinusoidal LO sig-
nals, which enables utilizing inductors to resonate out the parasitic capacitors of the
switches.

7.3.2. DESIGN CHOICES

As mentioned, this paper intends to study the feasibility of implementing two separate
structures. Therefore, the design choices are made to address the requirements of both
architectures instead of optimizing one’s performance. Unlike the nonreciprocal delay,
which can be implemented only in differential, the N-path filter can be implemented
single-ended or differential. We chose differential to place the circulator between PA
and Balun. Hence, the Z0 is smaller (22Ω instead of 50Ω), thus, the inductors are smaller.
Moreover, the power handling of the circulator/isolator is higher in the differential mode,
and it can be scaled further by reducing Z0. To increase output power, we need to de-
crease the PA’s required optimum load (Ropt ), which scales power handling accordingly.
Nonetheless, the differential structure offers less conversion gain and NF in the FDD
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Figure 7.12: The schematic of quadrature LO generator and the 2D layout view of the implemented QHC.

frontend configuration. Its performance also suffers from step-down impedance and
Balun loss. The required PT X −N F >−13.79dBm can be achieved since the power han-
dling is higher. Additionally, the differential structure possibly offers a higher AIP2.

7.4. CIRCUIT IMPLEMENTATION
Fig. 7.11 demonstrates a detailed schematic of the proposed mm-wave circula-
tor/isolator featuring two back-to-back AND-gate switching N-path filters. A two-step
lumped-element CLC π-network is employed to realize the circulator’s PA-to-antenna
QTL. Its equivalent impedance Z0 is set to 22Ω to match Ropt as integrated into a PA’s
matching network. Two 70Ω LCL π-networks are utilized to form the circulator’s re-
maining QTLs. They connect the TX and antenna ports to the LPTV circuit and perform
DC blocking. Here, the LCL’s top side inductors are absorbed in C1. Accordingly, the
proposed LPTV circuit is implemented by two-differential N-path filters (Fig. 7.10),
whose switches are realized by NMOS transistors with relatively large channel width
(80µm) to minimize their ON-resistance (RSW). The parasitic capacitors of the switches
are resonated out by two differential inductors, which are combined with LCL’s bottom-
side inductors. Additionally, two 5-bit tunable capacitors are employed to adjust the
resonance frequency. As depicted, the inductors are implemented with an 8-shape to
minimize the unwanted couplings, thus enabling a compact layout.

The down-converted baseband signals are amplified by self-bias inverter-based
transconductance amplifiers and their subsequent open-drain NMOS transistors. A
two-step attenuator is implemented in each baseband path, providing possible attenu-
ations of 8-dB and 16-dB. Besides, 4-bit tunable capacitors are utilized in the baseband
to control the RX bandwidth slightly.

As discussed, negative resistors are utilized in the baseband to provide matching con-
ditions for the clockwise propagating waves in the isolator configuration. The negative
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Figure 7.14: Die micrograph of the proposed PA with an integrated circulator/isolator.

resistors are implemented using 6-bit switchable cross-coupled NMOS transistors. Their
supply voltage (Vng ) is provided from the center tap of the 8-shape inductors. Note that
the center tap is open when the circulator configuration is employed.

Fig. 7.12 exhibits the implemented quadrature LO generator. Two differential
transformer-based quadrature hybrid couplers (QHCs) generate the mm-wave sinu-
soidal quadrature LO clocks. Two differential inductors are used to resonate out the
parasitic capacitors of the N-path filter’s switches. Moreover, a neutralized common-
source input amplifier provides the required LO power level of QHCs.

Fig. 7.13 demonstrates the schematic of the proposed PA with an integrated circula-
tor/isolator. The circulator/isolator is located between the PA and the output balun. A
neutralized common-source push-pull PA is designed with input second harmonic short
condition to boost its linearity. Besides, an 8-shape symmetrical inductor resonates
out the parasitic capacitors of the PA and provides its DC feed. Finally, a neutralized
common-source pre-driver is implemented to drive its following PA.
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Figure 7.15: The measured (a) Small-signal s-parameter, (b) RX gain versus baseband frequency, (c) RX-gain at
various LO frequencies, (d) TX-to-RX isolation, (e) noise figure, and (f) TX-to-antenna insertion loss over the
20-to-36GHz band.

BW3dB

S22 < -10

(a) (b)
Figure 7.16: (a) Small-signal s-parameter and (b) large-signal CW measurement results of the TX path.

7.5. MEASUREMENT RESULTS−PART I: "A FDD TRX FRONT-
END"

Fig. 7.14 exhibits the die micrograph of the mm-wave PA with an integrated circula-
tor/isolator and the standalone mm-wave circulator/isolator. The chip is fabricated
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Figure 7.17: (a) The 64-QAM OFDM signals spectrum and EVM versus output power of the TX path for various
modulation bandwidths. The measured constellations of (b) 1024-QAM, (c) 256-QAM, and (d) 64-QAM OFDM
signals.
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Figure 7.19: The measured TX induced B1dB at various carrier frequencies.

Figure 7.20: The measured PA OIP3 and FDD front-end AIP3.

in 40-nm bulk CMOS technology. The core area occupied by the proposed circula-
tor/isolator, its LO generators, and baluns is 0.38mm2, while the PA with an integrated
circulator/isolator occupies 0.7mm2. All measurements are performed using a high-
frequency probe station. The DC supplies, bias voltages, digital control signals, and
RX baseband signals are wire-bonded directly to an FR4 printed circuit board (PCB).
This work uses a 1-V supply voltage for the pre-driver, PA, and LO amplifier, while
1.4-V is used for baseband self-biased transconductances. This section presents the
measurement results for the circulator/RX configuration to support the mm-wave FDD
frontend. Note that the cross-coupled negative resistors are off in this configuration,
and the switches at the circulator’s 8-shape inductors’ center tap are open.
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Figure 7.21: The measured FDD front-end AIP2.

PAPR=10~11dB

Figure 7.22: The OFDM signal measurement results of the RX path.
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Figure 7.23: The RX EVM degradation under the OOB CW TX blocker measurement setup and results.

7.5.1. CIRCULATOR PERFORMANCE
Fig. 7.15 exhibits the s-parameter measurement results of the circulator, including its
baluns’ loss. The RX achieves 400 MHz 3 dB bandwidth (BW3dB) with 18 dB gain and
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20 dB rejection at 1 GHz spacing away from the carrier frequency. Moreover, the cir-
culator is widely tunable over a 22-to-36GHz band trade-off, which exists in a 30 dB
TX-to-RX isolation in an 800 MHz bandwidth. It also offers >20 dB isolation within the
27.1-to-31.1 GHz band. The measured ILTX is 1.7∼2.2 dB, and the noise figure (NF) is
18.9∼20.3 dB in the same band. Note that the measured NF includes the insertion-
loss/NF of the circulator and the mixer-first down conversion path. Nonetheless, its NF
is limited mainly by the impedance transformation ratio of the balun (50Ω� 22Ω) and
the double-balanced passive down-conversion mixer’s topology. Therefore, there is a
trade-off between PA power handling and RX’s NF. Here, we prioritized the PA power
handling for the benefit of the isolator configuration. Nevertheless, employing more ad-
vanced technology nodes that offer lower switching impedance with much lower para-
sitic capacitors can improve RX performance and ILTX, thus increasing TRX’s link budget.

7.5.2. TX PERFORMANCE

Fig. 7.16 demonstrates the small-signal and large-signal performance of the TX path.
The s-parameter measurement results show that the integrated PA offers almost 10 GHz
BW3dB with 15.4 dB small-signal gain. Owing to the relatively low measured ILTX,
the PA achieves 15.15 dBm peak power at the antenna port with 33%/24.2% drain-
efficiency/PAE. Its P1dB also exceeds 14 dBm. The spectrum and EVM of the modulated
64-QAM OFDM signals with various modulation bandwidths, up to 2GHz, are depicted
in Fig. 7.17. Additionally, the measured constellations of 1024-QAM, 256-QAM, and
64-QAM OFDM signals are shown, achieving up to 12Gbit/s data rate which is limited
by measurement instruments.

7.5.3. RX PERFORMANCE

As illustrated in Fig. 7.18 (a), RX gain compression under a large blocker is measured
when the CW blocker signal is applied to the PA, and its power is measured and reported
at the antenna port. The measured TX induced B1dB at various carrier frequencies are
demonstrated in Fig. 7.19, where the frontend achieves better than 5dBm IB TX induced
B1dB while its OOB TX induced B1dB is 13 dBm, confirming its capability to support FD
and FDD TRX operations. Additionally, OIP3 of the PA and AIP2/AIP3 of the fully inte-
grated FDD frontend are measured using the measurement setups shown in Fig. 7.18 (b).
Fig. 7.20 presents the measured PA OIP3 and FDD frontend AIP3. A class-AB biasing
condition is employed to diminish PA’s OIP3 contribution to AIP3, while the second har-
monic is shorted at PA input. Furthermore, the measured AIP2 is depicted in Fig. 7.21. As
discussed, the FDD frontend may require a higher OOB AIP2, depending on the modu-
lation bandwidth and number of antennas. Hence, a better layout practice, an improved
ground and supply isolation, and an IIP2 calibration can potentially improve AIP2.

Moreover, Fig. 7.22 exhibits a 64-QAM OFDM spectrum and EVM with modulation
bandwidths up to 400MHz. The RX EVM degradation under the OOB CW TX blocker is
also measured. In this case, the level of CW TX blocker causing 1 dB degradation in EVM
of a 400 MHz OFDM is measured as shown in Fig. 7.23. As a result, the proposed frontend
can support FDD. However, for FD applications, an additional SIC is required.

Lastly, Fig. 7.24 demonstrates full FDD measurement results, where a -35 dBm
400 MHz 64-QAM OFDM RX signal at 28GHz carrier frequency is injected to the antenna
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Figure 7.24: A full simultaneously transmit and receive FDD measurement results. A -35dBm 400MHz 64-QAM
OFDM RX signal at 28GHz carrier frequency is injected into the antenna port through a directional coupler.
Simultaneously, a -11dBm 400MHz 64-QAM OFDM TX signal at 28.8GHz carrier frequency is delivered to the
antenna port by the PA.

port, while a -11 dBm 400 MHz 64-QAM OFDM TX signal at 28.8GHz carrier frequency
is delivered to the antenna port. Note that TX IMD2 limits the PA’s output power and
requires further IIP2 calibration. The baseband spectrum shows >40dB TX suppression
owing to TX-to-RX isolation of the circulator and suppression of the N-path filter
down-converter.
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Figure 7.25: The measured S12 of the stand-alone isolator while cross-coupled negative resistors are on.
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Figure 7.26: (a) The simplified measurement setup. The measured load provided by the isolator for (b) VSWR
2:1, (c) VSWR 3:1, and (d) VSWR 4:1.

7.6. MEASUREMENT RESULTS−PART II: "A VSWR RESILIENT

POWER AMPLIFIER"
This section presents the measurement results of the isolator configuration, where the
switches at the circulator’s 8-shape inductors’ center tap are connected to a 0.7-V sup-
ply. Using 6-bit control settings, a fraction of cross-coupled negative resistors turn on to
achieve reverse isolation in the isolator. As we expected, Fig. 7.15 (a) shows that in the
standalone circulator configuration, S12 is almost equal to S21, achieving no reverse iso-
lation. In contrary, Fig. 7.25 reports the measured S12 of the stand-alone isolator config-
uration, showing >15dB reverse isolation. This reverse isolation is necessary to provide
optimum loading conditions for the PA independent from the actual antenna load.

Fig. 7.26 (a) presents the simplified setup used to measure the load provided by the
isolator for the PA. Fig. 7.26 (b-d) exhibits the measured load at 28.5 GHz, where the blue
line is the VSWR of the antenna provided by the load tuner, the red line is the load seen
by the PA when the isolator is off, and the green line is the load seen by the PA when the
isolator is on. The measurement results confirm that the isolator can always provide a
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Figure 7.27: The measured S22 of the PA with the integrated isolator while cross-coupled negative resistors are
on.

VSWR 1:1 VSWR 1.5:1 VSWR 2:1 VSWR 3:1 VSWR 4:1

Iso
lat

or
 O

FF
Iso

lat
or

 O
N

Figure 7.28: The measured AM-PM distortions of the PA with and without isolator’s contribution.

perfect optimum load for the PA even for voltage standing wave ratios (VSWR) 4:1. Note
that the radius of the red circle is smaller than the antenna VSWR circle owing to the loss
of the balun and the circulator/isolator.

Furthermore, the PA with the integrated isolator is evaluated. As shown in
Fig. 7.16 (a), S22 of the PA in the FDD frontend configuration is around 10 dB. However,
since the signal injected from the antenna port is absorbed in the isolation configu-
ration, S22 is expected to be improved. Fig. 7.27 exhibits the measured S22 of the PA
when a fraction of the cross-coupled negative resistors are on. As shown in Fig. 7.9, a
narrow band S12 and consequently a narrow band S22 was expected as we chose a larger
Z1 value compared to Z0. Nonetheless, the bandwidth can be improved by selecting a
smaller Z1 in the cost of higher ILTX.

Lastly, we measured the amplitude-to-phase (AM–PM) distortions of the PA versus
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Table 7.1: Silicon-Based mm-Wave PAs Performance Comparison

Nonreciprocal Circulators / RXs Blocker Tolerant RX / Filter FD/FDD TRX

Parameter This Work Reiskarimian 
ISSCC 2017

Dinc 
ISSCC 2017

Garg 
ISSCC 2021

Boynton 
RFIC 2020

Song 
RFIC 2020

Hari 
RFIC 2021

Mondal 
ISSCC’19

Shahramian 
RFIC’22

Architecture
PA with an integrated 

N-path filter based 
isolator/circulator/RX

N-path filter based 
circulator RX 

Circulator with 
nonreciprocal delay

FD circulator RX 
with SIC

Series mixer-
first RX

Mixer-first RX 
with passive 
Elliptic LPF

Reflection-mode 
N-path filter

Separate 
antenna TRX

FDD Module-on-
glass TRX

Technology 40nm CMOS 65nm CMOS 45nm SOI 45nm SOI 65nm CMOS 65nm CMOS 45nm SOI 65nm CMOS 130nm SiGe

Core Area (mm2) 0.7 (FD/FDD front-end), 
0.38 (Circulator RX) 0.94 2.16 4.54 NR 0.63 2.25 (Die) 0.48 (Single 

channel)
12.4 (Die) 

1040 (Module)
Supply (V) 1 (PA + LO), 1.4 (BB) 2.4 NR NR NR 1.2 1→1.3 1 3.3

Frequency (GHz) TX: 21-31, RX: 22-36 0.61-0.975 22.7-27.3 25.5-27.75 9-31 21-29 6-31 28 & 37 71-76 & 81-86

GRX (dB) 18 28 -3.2 (Ant. to RX) 16.1 40 3-6 -6 @28GHz* 16.1 & 10.9 72
RX BW3dB (MHz) 400 20 NA 800 NR 500 1-1.22GHz 500 4000

NF (dB) 18.9∼20.4 6.3 3.3∼4.4 (without RX) 5.8 12.5∼17 12∼14.5 18.5 @28GHz* 6.2 & 7.0 6.6-7.9 & 7.2-8.4

IB IIP3 (dBm) 2.8 -18.4 NA NR NR NR 6.3 NR >0 (?)

OOB IIP3 (dBm) 15  (ΔF/BW=1.5) 15.4 (ΔF=500MHz) NA NR 21* NR 20 (ΔF/BW=1) NR NR

IB B1dB (dBm) 5† NR NA 11.5 (with SIC) -45* -6 -8* NR NR

OOB B1dB (dBm) 13† (ΔF/BW=1.5) NR NA NR -6→4 3.4 (ΔF/BW=2) 4.4 (ΔF/BW=1) NR NR

TX-to-antenna 
insertion loss (dB) 1.8 @ 28GHz 1.8 3.3 3.1 NA NA NA NA 2.5-3*

TX-to-RX  isolation 
(dB)

>30 (28.3-29.1GHz) 
>20 (27.1-31.1GHz)

26* / 40 (with Bal. 
Network) >18.5 53 (with SIC) NA NA NA NA >40

PDC (mW) LO buffer: 89 
Baseband: 19.9 108 78.4 RX: 88 

SIC: 23.5 72→162 22.8 146-384 37.6 (Single 
channel)

RX#: 2000 
TX#: 3200

*Graphically estimated †Blocker signal is applied to the PA, and its level is measured at the antenna port #Single supply including LDOs, configuration and calibration functions.

load VSWR. Fig. 7.28 compares the measured AM-PM distortions of the PA with and
without the isolator’s contribution. Note that we reported 12 measurement results for
VSWR 1:1 to show the repeatability of the measurements. As demonstrated, the isolator
provides a relatively high VSWR resiliency at the lower powers. However, moving towards
peak power, the AM-PM improvement degraded due to the saturation of the switches. As
such, the voltage swing at the N-path filter nodes can be reduced by choosing a smaller
Z1 in the cost of higher ILTX.

Table 7.1 summarizes the measured results of the proposed mm-wave frontend
and compares it with that of the state-of-the-art in three different modes of opera-
tion, namely, non-reciprocal circulators/RXs, blocker tolerant RX/filters, and FD/FDD
frontend. To the best of the author’s knowledge, the realized prototype is the first re-
configurable fully integrated mm-wave FDD frontend featuring integrated PA, isolation,
circulator, and receiver.

7.7. CONCLUSION

This chapter features a fully integrated mm-wave FDD frontend, comprising a two-stage
PA, an integrated circulator as the duplexer, and a mixer-first RX implemented as a part
of the circulator. The proposed circulator/isolator is realized by utilizing an advanced
ring quarter-wave transmission line topology with adjusted characteristic impedances
to improve TX-to-antenna insertion loss and TX-to-RX isolation at the cost of a nar-
rower bandwidth. The implemented circuitlator’s LPTV circuit consists of an AND-gate
switching-based N-path filter, enabling a mixer-first RX operation. As a proof of con-
cept, a configurable prototype chip is realized in 40-nm bulk CMOS whose circulator
occupies only 0.38 mm2 core area thanks to the ultra-compact N-path filter structure.
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Including its isolator’s loss, the PA delivers 15.15 dBm peak output power with 33% drain
efficiency. The realized frontend prototype occupies only 0.7mm 2, including circulator,
PA, quadrature hybrid coupler LO generators, and baseband circuits. The functional-
ity of the proposed FDD frontend is evaluated by a STAR measurement with 400 MHz
TX/RX modulation bandwidth and channel spacing. Moreover, the PA with the inte-
grated isolator showed a significant VSWR resiliency at the lower power level. However,
its robustness against VSWR was degraded around its peak output power.
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8.1. THESIS OUTCOME
In this dissertation, our goal was to present novel TX/PA architectures designed to
align with the essential key performance indicators (KPIs) of mm-wave phased-array
transceivers, taking into account their practical challenges. Our aim was to leverage the
opportunities presented by mm-wave technology while minimizing the need for tuning
and calibration of phased-array TXs.

Achieving high power back-off (PBO) efficiency in Power Amplifiers (PAs) is a KPI for
mm-wave 5G transmitters (TX). Therefore, our first objective is to develop a wideband
Doherty PA that can achieve near-ideal 6dB PBO efficiency enhancement. Building on
this, we extend the load modulation concept of the Doherty PA, not just for efficiency
gains but also to enhance linearity. This leads to the introduction of a load-modulation-
based architecture designed to cancel third-order intermodulation distortion (IMD3),
addressing the stringent linearity requirements of 5G systems.

Another significant challenge in phased-array PA design is managing the time-
varying voltage standing wave ratio (VSWR) caused by mutual coupling between
antenna elements. Our second objective is to improve PA KPIs such as PBO efficiency
and output power while ensuring stable performance under varying VSWR conditions.
We introduce a novel N-way balanced power combiner to achieve higher output power
and enhance the VSWR resilience of balanced amplifiers. Additionally, by utilizing
a balanced amplifier structure, we ensure that the proposed Doherty PA maintains
its performance even under load mismatch. The integration of a quadrature hybrid
coupler enables the implementation of a second image-rejection stage in the direct
upconversion TX architecture, effectively maximizing the image-rejection ratio and
eliminating the need for I/Q mismatch calibration.

While low- and mid-band 5G standards employ both Time Division Duplexing (TDD)
and Frequency Division Duplexing (FDD), only TDD has been considered for high-band
systems. This thesis explores alternative duplexing methods, including FDD, which sep-
arates transmission and reception into different frequency bands, and Single-Frequency

v) Chapter 7 
FDD Front-end

i) Chapter 3 
Series-Doherty PA

iii) Chapter 5	
Linearity-enhanced PA

ii) Chapter 4	
Balanced Doherty PA

iv) Chapter 6 
Chain-Weaver BPA

Significant Features:	
▪ Efficiency Enhancement (i & ii)	
▪ VSWR Resilience (ii, iii, iv, & v)	
▪ High Linearity (iii & iv)	
▪ High Output Power (iv)	
▪ Calibration free TX (ii & iii)	
▪ Single-Antenna FD/FDD FE (v)

Figure 8.1: Peak and 6dB power back-off PAE of five distinct TX frontend solutions operating at the 24-to-
42GHz band presented in this thesis.
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Full-Duplex (SF-FD), which allows both operations on the same frequency.
Illustrated in Fig. 8.1, we outlined five distinct TX frontend approaches providing

peak output power ranging from 15 to 25.2dBm, effectively tackling critical KPIs like
linearity, VSWR resilience, and efficiency. Our contribution to advancing mm-wave TX
frontend technology can be summarized as follows.

• A wideband series-Doherty PA to achieve close to ideal (2x compared to a class-B
PA efficient curve) 6-dB PBO efficiency (Chapters 3, 4, 5);

• Implementation and test of the post-silicon inter-stage passive validation ap-
proach to evaluate the mm-wave chip prototypes (Chapter 3);

• An efficiency-enhanced balanced PA for addressing the load sensitivity of the effi-
ciency enhancement PA architectures (Chapter 4);

• Design, implementation, and validation of a mm-wave double-quadrature direct
upconverter with inherently high image-rejection ratio (Chapter 4);

• The introduction of the load-modulation based IMD3 cancellation technique
(Chapter 5);

• The pioneering of an N-way Chain-Weaver Balanced PA with embedded power
and impedance sensor (Chapter 6);

• Proposing an mm-wave N-path filter structure and ring quarter-wave transmis-
sion line topology with adjusted characteristic impedance for realizing an ultra-
compact low-loss CMOS circulator (Chapter 7);

• Design, implementation, and full-scale experimental validation of the first fully
integrated FDD TRX front-end (Chapter 7);

• Design, implementation, and testing of the first PA with integrated isolator (Chap-
ter 7).

8.2. CONCLUSION AND CONTRIBUTIONS TO THE STATE-OF-
THE-ART

The wideband series-Doherty PA introduced in Chapter 3 represents a significant ad-
vancement in mm-wave 5G transmitter design, particularly in terms of efficiency and
bandwidth. Unlike traditional parallel-Doherty PAs, which often suffer from limited
bandwidth and efficiency degradation at PBO, the proposed series-Doherty PA archi-
tecture employs a two-step impedance inverting-based combiner that maintains high
efficiency across a broad frequency range. Experimental results demonstrate that this
PA achieves superior 6dB PBO efficiency outperforming state-of-the-art. Compared to
traditional Doherty PAs, which typically operate efficiently over a narrow bandwidth, our
design offers a more versatile solution that is well-suited for the wideband requirements
of modern mm-wave systems, thereby pushing the boundaries of current PA technology
and setting a new benchmark for future designs.
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In Chapter 4, the proposed balanced TX architecture, incorporating a double-
quadrature direct upconverter and a Doherty-balanced PA, delivers substantial
improvements in both linearity and efficiency for mm-wave phased-array systems. The
double-quadrature architecture stands out by significantly reducing in-band distortion
and enhancing spectral purity, addressing key limitations found in traditional TX
designs without requiring any calibration. Simultaneously, the balanced Doherty PA
structure enhances system robustness, particularly in handling VSWR variations, which
are critical in phased-array applications. Unlike conventional efficiency enhancement
approaches that often struggle to maintain performance under varying load conditions,
the integration of series-Doherty PA with a balanced PA framework provides a superior
solution that maintains high efficiency and linearity across a wide range of operating
conditions. This work contributions set a new standard by achieving excellence in both
efficiency and linearity without relying on any calibration and tuning, paving the way
for more reliable and high-performance mm-wave 5G systems.

Chapter 5 presents a novel approach to improving linearity in class-B CMOS PAs for
mm-wave applications through load-modulation-based IMD3 cancellation. By carefully
optimizing the biasing and load conditions, the proposed technique effectively cancels
out IMD3 components, which are typically a significant challenge in conventional class-
B PAs, particularly at higher frequencies. This advancement allows for superior linearity
without sacrificing efficiency, a balance that is often difficult to achieve in traditional PA
designs. When compared to state-of-the-art linearization techniques, which often re-
quire complex circuitry or sacrifice efficiency, this method provides a simpler and more
power-efficient solution. The resulting PA design not only meets but exceeds the lin-
earity requirements for mm-wave 5G systems, offering a significant improvement over
existing solutions.

In Chapter 6, the development of the N-Way Chain-Weaver Balanced PA introduces
an architecture that enhances the performance and reliability of mm-wave phased-array
TXs. This balanced PA integrates an embedded impedance and power sensor, allowing
real-time monitoring and adjustment to optimize output power and maintain consistent
performance under varying VSWR conditions. The Chain-Weaver architecture extends
the traditional balanced PS’s VSWR resilience, ensuring robust operation across a wide
range of scenarios. When compared to state-of-the-art PA designs, this approach offers
superior resilience and adaptability, marking a significant advancement in PA technol-
ogy for mm-wave applications. The combination of improved VSWR resilience, real-time
performance optimization, and high output power positions this architecture as a lead-
ing solution for next-generation 5G systems, addressing key challenges in phased-array
deployment.

Chapter 7 introduces a fully integrated FDD transceiver front-end and a PA with
an embedded isolator, advancing the state-of-the-art in mm-wave 5G communication
systems. The proposed transceiver front-end leverages a novel CMOS circulator archi-
tecture, providing effective isolation between transmission and reception paths while
maintaining a compact and scalable design. The integration of the PA with the isolator
further enhances system performance by minimizing signal interference and ensuring
stable operation across a wide range of operating conditions. Unlike traditional FDD
systems that rely on bulky and costly off-chip components, this integrated solution of-
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(a) (b)
Figure 8.2: Comparision of measured average (a) output power and (b) PAE of four PA configurations while
supporting a 64-QAM OFDM with 9 to 10dB PAPR.

fers a more efficient and cost-effective approach, significantly reducing the overall foot-
print and complexity. When compared to existing transceiver designs, this architecture
stands out for its high level of integration, improved isolation, and scalability, setting a
new benchmark for fully integrated mm-wave solutions in next-generation 5G applica-
tions.

8.2.1. DOES EFFICIENCY-ENHANCEMENT LEAD TO THE HIGHEST SYSTEM

EFFICIENCY?

As discussed in Chapter 3, while the Doherty PA achieves efficiency enhancement, it also
introduces inherent amplitude-to-amplitude (AM-AM) and amplitude-to-phase (AM-
PM) distortions. These distortions impact the PA’s average efficiency because a cer-
tain Error Vector Magnitude (EVM) must be maintained, necessitating operation at deep
power back-off (PBO) to meet the required EVM. In contrast, although a linear PA does
not benefit from efficiency enhancement, its superior EVM performance allows it to sat-
isfy the required EVM at a higher average power, resulting in relatively high average effi-
ciency.

Figure 8.2 compares the output power and average efficiency versus EVM for four PA
architectures: 1) a balanced Doherty PA (Balanced DPA), 2) a balanced load-modulated
linear PA (Balanced LLPA), 3) a series-Doherty PA (SDPA), and 4) a class-B PA. Target-
ing an EVM of -30.5dB, Fig 8.2(a) demonstrates that the linear PAs provide 2-3dB higher
average output power compared to their Doherty counterparts while maintaining com-
parable average PAE. This suggests that although Doherty PAs offer superior PBO effi-
ciency, linear PAs deliver better overall performance when low EVM is required. It also
indicates that to maximize TX system efficiency, a Doherty PA should be paired with
digital pre-distortion (DPD).
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Figure 8.3: Conventional double-quadrature TRX and proposed spatial double-quadrature TRX architectures.

8.3. SUGGESTIONS FOR FUTURE DEVELOPMENTS
The research presented introduces various TX frontend architectures characterized by
their high efficiency, linearity, and resilience to VSWR. Additionally, it lays the foundation
for future studies to advance mm-wave phased-array systems.

• The AM-AM/AM-PM performance of the load-modulated Doherty PA for broad-
band operation is analyzed in Chapter 3. Since AM-PM degradation across fre-
quencies is foreseeable, restoring linearity involves integrating a tunable element
into the matching network to fine-tune the resonating frequency. Additionally,
CMOS Doherty PAs often grapple with notable memory effects stemming from
adaptive biasing circuits, presenting two key challenges: 1) mismatch between
adaptive biasing delay and main path group delay, and 2) asymmetric rising and
falling bias voltage shapes from the adaptive biasing circuit. Hence, employing a
wideband adaptive biasing circuit with symmetric output transitions can signifi-
cantly enhance DPA linearity and bolster EVM when handling signals with wide
modulation bandwidths.

• As mentioned in Chapter 1, novel mm-wave phased-array TRX architectures
can be introduced to improve the performances, such as security [13], SNR,
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and I/Q mismatch by over-the-air (OTA) combining the signals. In this context,
we propose extending the double-quadrature architecture to spatial double-
quadrature TRX. The conventional double-quadrature TX (see Chapter 4) and
RX architecture (depicted in Fig. 8.3 top) require two I/Q de-/modulators for
down/up converting RF0◦ and RF90◦ , along with a quadrature splitter/combiner,
which poses a drawback. As an alternative (illustrated in Fig. 8.3 middle), the
quadrature splitter/combiner can be replaced by its in-phase counterpart, while
the ±90◦ phase shift is applied by the phase shifter. Finally, achieving in-phase
splitting/combining spatially, as shown in Fig. 8.3 (bottom), enables the pro-
posed spatial double-quadrature TRX architecture. This architecture can support
hybrid-beamforming where RF0◦ can be connected to half of the beamforming
elements while RF90◦ is connected to the other half. Notably, spatial double-
quadrature TRX requires no additional circuits, as RF90◦ can be generated by
swapping the baseband connections, and ±90◦ can be applied as a constant phase
shift in the second half of the beamforming elements. Therefore, utilizing existing
circuits with slight reconfiguration, the second I/Q mismatch rejection of spatial
double-quadrature TRX comes with no power and area overhead.

• In Chapter 5, a load-modulation-based IMD3 cancellation technique is intro-
duced, leading to a notable 5.7dB improvement in EVM. However, the limitations
of the analog adaptive biasing circuit prevented us from fully exploiting the tech-
nique’s benefits. Conversely, digital and mixed-signal TXs/PAs provide complete
control over the auxiliary path’s current, making them an ideal architecture for
implementing this technique.

• Chapter 7 delves into the potential of phased-array mm-wave FDD systems, high-
lighting their promise through the notably reduced gap between TX blocker level
and RX sensitivity level compared to conventional FDD systems. Nevertheless,
due to its double-balanced mixer-first RX structure, the suggested fully integrated
FDD frontend grapples with a high noise figure. By incorporating the proposed ad-
justed characteristic impedance transmission line ring with a nonreciprocal delay
as the nonreciprocal linear periodic time-variant circuit, broader band operation
with enhanced TX and RX performance can be achieved. Moreover, integrating an
LNA in the RX path can significantly enhance the RX noise figure.
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SUMMARY

The availability of millimeter-wave (mm-wave) communication systems is a key enabler
in developing the fifth generation (5G) mobile networks that offer higher data through-
put, lower network latency, and improved link robustness. Namely, they take advantage
of mm-wave phased arrays to empower 5G communication systems that establish di-
rectional links with large bandwidths between the base station and user equipment. De-
spite this huge potential, mm-wave 5G has several natural disadvantages. The shorter
wavelength of mm-wave signals results in lower penetrability, higher free-space path
loss, and susceptibility to atmospheric attenuation, limiting network coverage. Addi-
tionally, 5G systems, offering high data throughput, require the use of complex mod-
ulation signals and, as such, need to handle large amplitude variations, complicating
achieving high energy efficiency. Furthermore, their increased receiver noise lowers the
sensitivity and link budget, while their use of Nanometer CMOS technology limits their
transmit power and efficiency, impacting system reliability and thermal management.

Unlike digital processors, whose performance and efficiency improve with semicon-
ductor technology scaling, the performance of analog/RF front ends mainly relies on
circuit and system architecture innovations. Luckily, operating at mm-wave frequencies
unlocks new opportunities, and an approach using those can exceed initial expectations.
In this context, this dissertation introduces a series of innovative designs and techniques
enhancing the performance and efficiency of power amplifiers (PAs) and transceivers for
5G mm-wave systems.

Chapter 3 unveils a two-step impedance inverting-based series-Doherty combiner
with a compact design and broadband load modulation, along with a detailed design
framework derived from 5G specifications. The chapter also explores the linearity
limitations of Doherty Power Amplifiers, particularly the AM-AM/AM-PM distortions
caused by load modulation, and introduces a post-silicon inter-stage passive validation
approach to improve prototype evaluation. The proposed series-Doherty PA achieves
state-of-the art performance across the 24-to-30GHz band.

Chapter 4 presents a broadband TX solution tailored for 5Gmm-wave phased-array
systems, featuring a double-quadrature direct upconverter and a series-Doherty bal-
anced PA. This PA structure is designed for enhanced efficiency, delivering 20dBm out-
put power and improving power back-off efficiency in the presence of voltage standing
wave ratio (VSWR) conditions induced by the mutual antenna coupling in phased arrays.
This TX architecture also boasts the image rejection ratio and superior uncalibrated local
oscillator feedthrough suppression due to its symmetric layout and meticulous design
considerations.

Chapter 5 introduces a load-modulation-based IMD3 cancellation technique for
class-B CMOS PAs, which significantly reduces intermodulation distortion, provides
enhanced error-vector magnitude (EVM), and improved adjacent channel leakage ratio
(ACLR) for a 50MHz 64-QAM OFDM signal.
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188 SUMMARY

Chapters 6 and 7 discuss innovative PA designs for mm-wave phased-array systems.
Chapter 6 introduces an N-way chain-weaver balanced PA designed to maintain linear-
ity and gain under varying VSWR conditions, featuring an embedded impedance/power
sensor. This PA architecture is demonstrated to support a 2GHz 64- QAM OFDM signal
with high accuracy and minimal AM-PM distortion across a 3GHz bandwidth.

Chapter 7, in conclusion, presents a fully integrated mm-wave FDD transceiver
front-end with a two-stage PA and an integrated circulator functioning as a duplexer.
This is the first PA with an integrated isolator to enhance VSWR resilience. The chapter
details the compact design and efficient performance of this front-end, which occupies
only 0.7mm2 and is VSWR resilient.
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SAMENVATTING

De beschikbaarheid van millimetergolf (mm-wave) communicatiesystemen wordt als
een belangrijke voorwaarde beschouwd in de ontwikkeling van de vijfde generatie (5G)
mobiele netwerken, welke hogere datasnelheden, kortere responsetijden en een verbe-
terde netwerkbetrouwbaarheid mogelijk maken. Door gebruik te maken van “mm-wave
Phase-Array” antennes kunnen 5G-communicatiesystemen namelijk directionele links
met een grote bandbreedte tot stand brengen tussen het basisstation en de gebruikers-
apparatuur. Ondanks dit enorme potentieel hebben 5G mm-wave systemen ook een
aantal natuurlijke nadelen. Het gebruik van een kortere golflengte resulteert namelijk in
een geringere doordringbaarheid van gebouwen, hogere propagatie verliezen in de vrije
ruimte en gevoeligheid voor atmosferische verzwakking die de dekking van een mm-
wave 5G netwerk beperken. Deze systemen hebben te maken met een verhoogd ruisni-
veau in hun ontvangers, wat leidt tot een lagere gevoeligheid en dus geringere netwerk-
dekking. Het gebruik van complex-gemoduleerde signalen met grote amplitude varia-
ties bemoeilijkt verder het energiezuinig maken van deze systemen. Terwijl de gebruikte
nanometer-CMOS technologie voor hun implementatie aanleiding geeft tot beperkin-
gen in zendvermogen en -efficiëntie, welke van invloed zijn op de systeem betrouwbaar-
heid en de thermisch eigenschappen.

In tegenstelling tot digitale applicaties, zoals rekenprocessoren, waarvan de presta-
ties en efficiëntie aanzienlijk verbeteren met de vooruitgang in halfgeleidertechnolo-
gie, zijn de prestatie van analoge/RF zenders en ontvangers voornamelijk afhankelijk
van innovaties in hun schakelingen en systeemarchitectuur. Gelukkig geeft werken op
mm-golf frequenties ook nieuwe mogelijkheden en kan een aanpak die hier gebruik van
maakt de oorspronkelijke verwachtingen overtreffen. In deze context introduceert dit
proefschrift een reeks innovatieve ontwerpen en technieken gericht op het verbeteren
van de prestaties en efficiëntie van eindversterkers (PA’s) en zend/ontvangers voor 5G
mm-wave systemen.

Hoofdstuk 3 introduceert een breedbandige twee-stap-impedantie-inverterende
serie-Doherty combiner, samen met zijn ontwerpkader welke is afgeleid van 5G spe-
cificaties. Dit hoofdstuk onderzoekt ook de lineariteit beperkingen van de Doherty
Power Amplifier, met name de AM-AM/AMPM-vervorming veroorzaakt door de load-
modulatie. Een passieve vermogenssensor wordt geïntroduceerd om de post-silicium
validatie/evaluatie van prototypes te verbeteren. De voorgestelde serie-Doherty PA
bereikt “state-of-the-art” prestaties in de 24-30 GHz band.

Hoofdstuk 4 presenteert een breedband TX-oplossing voor 5G mm-wave Phased-
Array systemen, met een dubbel-kwadratuur-upconverter en een serie-Doherty geba-
lanceerde PA. Deze PA-structuur is ontworpen voor hoge efficiëntie, levert 20dBm uit-
gangsvermogen en verbetert de efficiëntie in aanwezigheid van VSWR-condities (Voltage
Standing Wave Ratio) welke worden veroorzaakt door de onderlinge koppeling van de
antennes in een Phased-Array systeem. De TX-architectuur heeft ook een hoge spiegel-
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frequentie onderdrukkingsverhouding en een superieure niet gekalibreerde onderdruk-
king van het signaal van de lokale oscillator dankzij een zorgvuldig ontwerp en symme-
trische IC-layout.

Hoofdstuk 5 introduceert een impedantie-modulatie gebaseerde intermodulatie-
onderdrukkingstechniek voor klasse-B CMOS PA’s, welke de vervorming (IM3), de
foutvectormagnitude (EVM) en de aangrenzend kanaal signaal/lek verhouding (ACLR)
aanzienlijk verbeterd voor een 50 MHz 64-QAM OFDM-signaal.

De hoofdstukken 6 en 7 behandelen innovatieve PA-ontwerpen voor mm-wave
Phased-Array systemen. Hoofdstuk 6 introduceert een N-way Chain-Weaver gebalan-
ceerde PA met ingebouwde impedantie/vermogenssensors, ontworpen om de lineariteit
en versterking te behouden onder variërende VSWR-conditie. Er wordt aangetoond dat
deze PA-architectuur een 2GHz 64-QAM OFDM-signaal met hoge nauwkeurigheid en
minimale AM-PM-vervorming ondersteunt over een bandbreedte van 3GHz.

Hoofdstuk 7 presenteert tenslotte een volledig geïntegreerd mm-wave frequentie-
domein-gescheiden (FDD) zend/ontvanger front-end met een tweetraps PA en een ge-
ïntegreerde circulator die als duplexer functioneert. Dit is de eerste realisatie van een
PA met een geïntegreerde isolator om de VSWR-bestendigheid te verbeteren. Het hoofd-
stuk beschrijft het compacte ontwerp en de efficiëntie prestaties van dit front-end, dat
slechts 0,7 mm2 in beslag neemt en VSWR-bestendig is.
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