
 

Design and measurement techniques for next-generation
integrated antennas
Citation for published version (APA):
Bronckers, L. A. (2019). Design and measurement techniques for next-generation integrated antennas. [Phd
Thesis 1 (Research TU/e / Graduation TU/e), Electrical Engineering]. Technische Universiteit Eindhoven.

Document status and date:
Published: 24/09/2019

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/63334e81-6161-4fbc-b924-6432a5bc88d0


Design and Measurement Techniques
for Next-Generation Integrated

Antennas

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de Technische Universiteit Eindhoven, op
gezag van de rector magnificus prof.dr.ir. F.P.T. Baaijens, voor een commissie

aangewezen door het College voor Promoties, in het openbaar te verdedigen op dinsdag
24 september 2019 om 13:30 uur

door

Laurens Alexander Bronckers

geboren te Vleuten-De Meern



Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de pro-
motiecommissie is als volgt:

voorzitter: prof.dr.ir. J.H. Blom
promotor: prof.dr.ir. A.B. Smolders
copromotor: dr.ir. A. Roc’h
leden: prof.dr.ir. P.G.M. Baltus

dr. K. Remley (NIST)
prof.dr.ir. A. Yarovoy (Technische Universiteit Delft)

adviseur: ir. M. Geurts (NXP Nijmegen)

Het onderzoek of ontwerp dat in dit proefschrift wordt beschreven is uitgevoerd in overeen-
stemming met de TU/e Gedragscode Wetenschapsbeoefening.



This work was partly funded by the AENEAS/CATRENE research programme EAST
(CAT121).

Design and Measurement Techniques for Next-Generation Integrated Antennas
by L.A. Bronckers
Technische Universiteit Eindhoven, 2019

A catalogue record is available from the Eindhoven University of Technology Library
ISBN: 978-90-386-4798-2
NUR: 959

Press: Gildeprint Drukkerijen, Enschede, The Netherlands

Copyright c© 2019 by L.A. Bronckers. All rights reserved.



“You can play a shoestring if you’re sincere”
John Coltrane



Contents

List of Publications iii

List of Acronyms v

I Introductory Chapters 1

1 Introduction 3
1.1 Design and Measurement Challenges for Integrated Antennas . . . . . . . 5
1.2 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Front-End Requirements and State-of-the-Art 9
2.1 Receiver Front-End Requirements for 4G . . . . . . . . . . . . . . . . . . 10
2.2 Receiver Architectures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3 Smartphone Antenna Efficiencies . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3 Reconfigurable Antenna Design Method 21
3.1 Frequency-Reconfigurable Antenna Design Method . . . . . . . . . . . . 23
3.2 Frequency-Reconfigurable Antenna Using Three BST Capacitors . . . . . 24
3.3 Frequency-Reconfigurable Receiver Front-End . . . . . . . . . . . . . . . 33
3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4 Reverberation Chambers for Antenna Characterization 39
4.1 Reverberation Chambers for Antenna Efficiency Measurements . . . . . . 40
4.2 Reverberation Chamber Time-Domain Behavior . . . . . . . . . . . . . . 42
4.3 Enhanced Backscattering . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.4 AUT Free-Space Reflection Coefficient Estimation . . . . . . . . . . . . . 47
4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5 Antenna Efficiency Measurement Uncertainty and User Effects 53
5.1 Experiment and Chamber Setup . . . . . . . . . . . . . . . . . . . . . . 53
5.2 Uncertainty Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.3 Efficiency and Uncertainty Results . . . . . . . . . . . . . . . . . . . . . 57
5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58



CONTENTS

6 Conclusion and Future Outlook 63

II Included Papers 67

A How Tough are the Front-End Requirements for 4G-and-Beyond Handsets? 69
A.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
A.2 Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
A.3 Selectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
A.4 Linearity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
A.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

B Wireless Receiver Architectures Towards 5G: Where Are We? 79
B.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
B.2 Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
B.3 Architectures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

B.3.1 Superheterodyne Receiver . . . . . . . . . . . . . . . . . . . . . . 84
B.3.2 Homodyne Receiver . . . . . . . . . . . . . . . . . . . . . . . . . 86
B.3.3 Low-IF Receiver . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
B.3.4 SDR Receivers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

B.4 Trends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
B.4.1 Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
B.4.2 Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
B.4.3 5G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

B.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

C Benchmarking a High-End Smartphone’s Antenna Efficiencies 97
C.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
C.2 Antennas and RF Front-End . . . . . . . . . . . . . . . . . . . . . . . . 99
C.3 Adapter Board . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
C.4 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

C.4.1 Measurement Setup . . . . . . . . . . . . . . . . . . . . . . . . . 103
C.4.2 Measurement Results . . . . . . . . . . . . . . . . . . . . . . . . 105

C.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

D A New Design Method for Frequency-Reconfigurable Antennas Using Mul-
tiple Tuning Components 111
D.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
D.2 Design Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
D.3 Design using BST Capacitors . . . . . . . . . . . . . . . . . . . . . . . . 118
D.4 Realized Design with BST Capacitors . . . . . . . . . . . . . . . . . . . 125

D.4.1 Measured Performance . . . . . . . . . . . . . . . . . . . . . . . 125
D.4.2 Performance Connected to Adaptive Matching Network . . . . . . 126

D.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132



CONTENTS

E Chasing the Wave in a Reverberation Chamber 137
E.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
E.2 The experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
E.3 Very-Early-Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
E.4 Early-Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
E.5 Late-Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
E.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

F Reverberation Chamber Enhanced Backscattering: High-Frequency Effects153
F.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
F.2 Chamber Configuration and Properties . . . . . . . . . . . . . . . . . . . 155
F.3 Impact on Antenna Efficiencies . . . . . . . . . . . . . . . . . . . . . . . 160
F.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

G On Free-Space Antenna Reflection Phase Measurements in a Reverberation
Chamber 167
G.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
G.2 Theory and Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
G.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
G.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

H Uncertainty in Reverberation-Chamber Antenna-Efficiency Measurements
in the Presence of a Phantom 173
H.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
H.2 Experiment and Chamber Setup . . . . . . . . . . . . . . . . . . . . . . 176
H.3 Uncertainty in Antenna Efficiency . . . . . . . . . . . . . . . . . . . . . . 178

H.3.1 Antenna Efficiency Calculation . . . . . . . . . . . . . . . . . . . 178
H.3.2 Uncertainty Estimation . . . . . . . . . . . . . . . . . . . . . . . 179

H.4 Impact of Phantom on Antenna Efficiency and its Measurement Uncertainty182
H.4.1 Chamber Characteristics . . . . . . . . . . . . . . . . . . . . . . 182
H.4.2 Uncertainty Components . . . . . . . . . . . . . . . . . . . . . . 184
H.4.3 Antenna Efficiencies . . . . . . . . . . . . . . . . . . . . . . . . . 186

H.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191



Summary

Design and Measurement Techniques
for Next-Generation Integrated
Antennas

The increase in mobile data demand is pushing innovations in the frequency range
below 6 GHz to provide wide coverage, adding more bands and aiming for flexibility.
Frequency-reconfigurable front-ends, including frequency-reconfigurable antennas, provide
a promising solution to increase flexibility while decreasing costs. In this work, frequency-
reconfigurable antennas, their place in the overall system, and the characterization of
antennas for mobile applications are investigated.

Adopting a distributed approach to obtain selectivity in the receiver front-end may
ultimately allow the elimination of acoustic filters from the front-end. In addition, the
efficiencies of a mobile device’s antennas could be improved by making them frequency-
reconfigurable, decreasing the bandwidth requirement for each setting. However, the
components used to tune reconfigurable antennas often exhibit a very limited quality fac-
tor Q. A potential solution could be the adoption of multiple tuning components, but
this results in a drastic increase in design complexity. Therefore a new, systematic de-
sign method is introduced, which needs only one full-wave simulation to estimate optimal
settings for the tuning components. This new design method represents a fundamental
change in antenna design philosophy: the design is performed using circuit-level calcu-
lations as opposed to the full-wave simulations. The method is demonstrated with a
design using three BST varactors, which exhibits measured efficiencies similar to those
previously obtained using high-Q tuning components. This antenna is combined with
a reconfigurable LNA and downconverter, to show a complete frequency-reconfigurable
front-end.

Reverberation chambers offer attractive alternatives to anechoic chambers for an-
tenna characterization, in particular for the antenna efficiencies. Time-domain, enhanced
backscattering, and antenna input reflection properties are investigated before proceeding
to focus on antenna efficiency measurements and their uncertainties. In order to deter-
mine if user effects on antenna efficiencies can be measured in reverberation chambers,
a new improved uncertainty estimation method is introduced for two-antenna efficiency
measurements. It is shown that, while the phantom can have a significant effect on the
antenna efficiencies, its impact on the overall measurement uncertainty is small, making
this type of measurement and uncertainty estimation ideal for mobile applications.

It is crucial to combine both new design methods and measurement techniques to
enable next-generation mobile communication networks. This work combines a novel
and validated antenna design philosophy with improved measurement and uncertainty
estimation techniques, reaching a technology readiness level 6.
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Chapter 1

Introduction

In an increasingly connected world, where the population spends more and more time in
the digital world, the demand for mobile data continues to increase, as shown in Fig. 1.1.
This trend does not show any sign of slowing down, while the main part of this traffic is
(and is expected to remain) enabled by smartphones. A key goal of the fifth generation
(5G) - and beyond - of wireless networking is to facilitate this increased traffic. One of the
proposed solutions targeting this is an extension of the operating frequencies to millimeter-
waves for extremely high throughput [1–3], while employing more frequency bands between
450 MHz and 6 GHz [4] to provide wide coverage with increased performance compared to
earlier standards. The increase in the number of frequency bands and spectrum utilization
by the dominant 3GPP communication standards for 4G (LTE) and 5G (NR) below 6 GHz
can clearly be observed in Fig. 1.2, where 50 bands are defined for LTE, with NR adding
another 32. The channel bandwidths can also vary, between 5 MHz and mostly 200 MHz
for LTE. Moreover, for LTE’s frequency-division duplexing (FDD) bands, the transmit and
receive channels can have as little as 5 MHz edge-to-edge frequency separation, putting
stringent requirements on filtering (see Chapter 2 for details). Not all these bands need
to be simultaneously supported (e.g. regional regulations), but devices will still have to
support standards like WiFi and GPS, meaning that next-generation smartphones will have
to support even more frequency bands than today. Moreover, one of 5G’s key targets is
enhanced flexibility [1–3], a goal which can only be achieved if a large number of frequency
bands is supported in a device.

In AENEAS/Catrene project EAST (smart Everything, everywhere Access to content
through Small cells Technologies), which partly funded this work, concepts were developed
to achieve this flexibility in the bands below 6 GHz. The consortium consisted of several
industry and academic partners covering the entire value chain. The project covered
both the transmit and receive side, incorporating a frequency-reconfigurable front-end
for a mobile receiver. The EAST project included the frequency-reconfigurable antenna
covered in this work.
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Figure 1.1: Mobile data traffic, forecasted beyond 2018 [5]. The increase in traffic is not expected to
stagnate any time soon.
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1.1. DESIGN AND MEASUREMENT CHALLENGES FOR INTEGRATED ANTENNAS

1.1 Design and Measurement Challenges for Integrated
Antennas

Antennas form an integral and essential part of any communication system. Yet the
space available for them inside a smartphone is extremely limited. Meanwhile, the Chu-
Harrington limit [7, 8] predicts that, for small antennas, an increasing bandwidth re-
quirement given a fixed volume and antenna directivity will result in a decreasing max-
imum achievable antenna efficiency. The Chu-Harrington limit can be viewed as the
mismatch between the wavelength and the physical antenna size, posing an overall per-
formance limitation. For the frequency bands below 6 GHz the antenna directivity is
unlikely to be the most crucial parameter, as most usage will take place in a scat-
tering environment. The Chu-Harrington limit applies not only to the total efficiency
ηtot = Pradiated/Pavailable, the ratio of the available and radiated powers, but also to the
radiation efficiency ηrad = Pradiated/Paccepted, the ratio of the accepted and radiated pow-
ers. As discussed in Chapter 3, this leaves one with a fundamental trade-off between
antenna bandwidth and efficiency, which can be identified as one of the most critical
parameters of antennas for mobile devices.

Frequency-reconfigurable antennas [9–15] aim to provide a way to bypass the Chu-
Harrington limit by covering only a relatively small bandwidth at a time (referred to in this
work as the instantaneous bandwidth). Wide band coverage is then achieved by re-tuning
(over the tuning bandwidth) the antenna to operate around the desired band. However,
most tunable RF components suffer from a low quality factor, decreasing the antenna’s
efficiency, posing a significant challenge.

Another issue that arises with the increasing number of frequency bands that have
to be supported by a device can be found in the RF front-end. Traditionally, new bands
have been added by adding parallel transmit and/or receive branches to add channels,
with their own filters or duplexers, which are selected using switches [16–18]. Commonly,
an antenna is shared by several branches, which have their own filters or duplexers, Low
Noise Amplifiers (LNAs) and/or Power Amplifiers (PAs). This translates to added costs
and required real estate within the communication device. If the front-end can be made
frequency-reconfigurable, this could significantly reduce the costs and required space,
while increasing the flexibility. One of the key challenges here is to maintain the required
performance without traditional acoustic (SAW/BAW/FBAR) duplexers and/or filters. A
frequency-reconfigurable antenna could contribute to achieve this goal.

Given its challenges towards efficiency, it is highly desirable to verify the efficiency of
an integrated smartphone antenna. In particular for aperture tuned (i.e. where the current
distribution on the radiating element is changed by the tuning component(s)) frequency-
reconfigurable antennas this is a critical step, as the antenna’s efficiency depends on
the tuning component state(s). However, efficiency measurements in anechoic chambers
can be quite time-consuming, and the presence of an antenna holder may impact its
performance. Alternatives such as the Wheeler-cap method [19] make approximations
and depend on the frequency of operation. An accurate characterization of the antenna’s
efficiency in the presence of a user is even more challenging. Reverberation chamber
methods appear to offer a very attractive alternative [20, 21].

This work presents a set of possible solutions to these antenna efficiency related chal-
lenges, from design to characterization.

5



CHAPTER 1. INTRODUCTION

1.2 Thesis Outline

This thesis is divided into two parts. In part I, introductory chapters are presented to
introduce the research and present its main results, based on in-depth (peer-reviewed)
papers provided in part II. Part I sets out with an overview of the current state-of-the-art
in reconfigurable antennas and receiver architectures, as well as their expected require-
ments for next-generation wireless devices. This is followed by a reconfigurable antenna
design method in Chapter 3 aiming to fulfill these requirements, which is evaluated using
reverberation chamber measurement techniques. These techniques for antenna testing are
explored in Chapter 4. Theory is established and illustrated using extensive measurement
results. The focus is placed on chamber metrics which are critical to antenna efficiency
methods applied in Chapter 5, where a methodology is introduced to obtain uncertainties
on antenna efficiency measurements in a reverberation chamber. The effects of including
a phantom, which can significantly affect device performance, in the measurement on the
measurement uncertainty are studied in detail. The first part of this work ends in Chap-
ter 6, where conclusions and recommendations for future work are given. Part II of this
work consists of the author’s publications most relevant to the topic, and aims to provide
a more in-depth view of each chapter. The content of these papers is as submitted or
published, while their layout has been revised to fit well into the rest of this work.
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Chapter 2

Front-End Requirements and
State-of-the-Art

5G-and-beyond wireless communication systems may promise higher data rates using
millimeter-wave communications, but the sub-6 GHz bands will remain a critical part
of future networks for wide-range coverage [1–4]. One of the changes for this lower fre-
quency range is the inclusion of many more bands, and more flexibility in the frequency
allocation. This increases the need for the RF front-end to become reconfigurable. Cur-
rently, frequency agility is achieved using switches and fixed-frequency filters, but with the
continuous addition of frequency bands this is becoming more expensive and impractical
due to space and sheer number of bands. The acoustic filters and duplexers currently
used, such as SAW, BAW and FBAR, make use of piezoelectric materials to convert elec-
tromagnetic energy to acoustic energy and back. They provide a very high quality factor,
but are not tunable, which is a key reason for the switching between bands. Therefore it
is highly desirable to find novel solutions that enable the elimination or a reduction in the
number of these filters.

This chapter aims to give an overview of a mobile phone’s receive chain requirements,
architecture, and state-of-the-art, demonstrating the need for frequency-reconfigurable
front-ends. In order to achieve this, the 4G requirements for a receiver are analyzed,
a new overview of receiver architectures is given, and the state-of-the-art in mobile in-
tegrated antennas is established. Each of these aspects is discussed in the context of
realizing a frequency agile receiver, narrowing the focus from the entire receive chain to
the antenna. The chapter sets out by summarizing the main receiver requirements defined
by analyzing the 4G standard, resulting in useful estimations for required performance in
4G applications. Next, a design space in which current receiver architectures can be placed
is introduced in Section 2.2, an up-to-date overview of the state-of-the-art is provided by
performing an extensive literatire review, and a discussion on possible frequency-agile so-
lutions is undertaken. Finally, the (not reconfigurable) antenna efficiencies of a high-end
smartphone are measured in a reverberation chamber, to establish a benchmark of their
performance in literature for the first time.
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Figure 2.1: Spectral-masks combining ACS and blocking requirements, including the desired signal, for a
20 MHz channel, as defined for all frequency bands. NB refers to the narrow-band blocking requirement
in the standard. Colors are used to identify the different regions, denoting outside-in: Out-of-band
requirements, in-band requirements, adjacent channel selectivity (ACS) requirements, and the desired
receive band.

2.1 Receiver Front-End Requirements for 4G

Like most wireless standards, the LTE (4G) requirements for a mobile receiver are defined
using a required minimum throughput under specified conditions [5]. This means that
the RF requirements are not separated from the decoding/digital domain requirements
(i.e. some RF requirements can be alleviated using digital domain techniques), posing
a problem when defining the design targets at the analog/digital boundary. Therefore
the relevant receiver front-end parameters have to be extracted from the requirements in
the standard, possibly using system-level simulations. Alternatively, the requirements can
be estimated using relatively simple expressions. This approach, on which details can be
found in Paper A, is taken to estimate some essential receiver parameters in this section.

From the standard, spectral masks can be constructed, as shown in Fig. 2.1 for the
20 MHz (largest) channel bandwidth, where the frequency offset from the center of the
desired channel of each requirement is indicated. Note that the mask is asymmetric,
with a higher in-band requirement at frequencies below the receive channel than above
it. This is due to the uplink channel being defined at a frequency below the downlink
channel, i.e. below the handset’s receive channel. For frequency-reconfigurable systems
this may require smart software solutions to avoid the transmit and receive channel being
at their closest frequency ends in order to achieve reasonable selectivity requirements.
However, even if this is done it is apparent that the requirements are quite stringent,
i.e. a required attenuation of approximately 30 dB over only slightly more than 1 MHz
frequency shift for the 20 MHz channel. Therefore these requirements cannot be fully
fulfilled by frequency-reconfigurable selectivity without increasing the noise figure (NF)
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Table 2.1: Receiver and LNA Requirements

Parameter Minimum Typical Maximum

Frequency [GHz] 0.45 - 3.8

Channel BW [MHz] 5 20 90 (FDD)

Receiver NF [dB] ≤ 9 ≤ 9 -

LNA NF [dB] ≤ 0.6 ≤ 0.6 -

Receiver IIP3 [dBm] - - ≥ +0.9

LNA IIP3 [dBm] - - ≥ 5.4

and/or power consumption, resulting in an increased linearity requirement.
In addition to the spectral mask, some key requirements can be derived for the receiver

and, in particular, the LNA (assuming no selectivity), as shown in Table 2.1. The frequency
range is 450 MHz to 3.8 GHz, while most bands for LTE (and NR) can be found in the
650-960 MHz (low bands) and 1.4-2.7 Ghz (high bands) frequency ranges, as shown in
the introduction (Fig. 1.2). The maximum channel bandwidth is 20 MHz. The lowest NF
requirement is 9 dB (including 1 dB implementation margin), but this includes losses due
to to baseband (e.g. quantization noise) and downconversion noise, and in the current
front-end approach band select switch and filter losses. A reconfigurable front-end might
eventually eliminate the band select switch and filter, thereby making the NF requirement
easier to satisfy. In addition, a more efficient antenna will alleviate this requirement in
over-the-air (OTA) scenarios. However, if less selectivity is present in the front-end due to
the elimination of acoustic filters, this may result in a higher linearity requirement. The
worst-case linearity requirement is a third-order intersection point (IIP3) of +0.9 dBm
for the overall receiver, but any selectivity presented to the interfering signal relieves this
requirement. Currently, this selectivity is usually provided by acoustic filters. Elimination
of this filter to achieve a fully reconfigurable front-end comes at the expense of less optimal
filtering performance, potentially increasing the LNA linearity requirement at the cost of
a lower NF and/or increased power consumption. On the other hand, the selectivity
of a frequency-reconfigurable antenna will alleviate this requirement in current systems
compared to its broad-band alternative. The exact implications of these choices depend
on the receiver architecture, which are discussed in the next section.

2.2 Receiver Architectures

The receiver architecture sets the requirements for individual components, e.g. filtering
(possibly in the antenna) and LNA. In turn, these requirements lead to compromises on
level of integration, flexibility, power consumption and cost. In this section, based on
Paper B, the choice of receiver architecture is mapped onto a three-dimensional space,
and discussed in the context of frequency-reconfigurable receivers.

In Fig. 2.2 the proposed framework is shown. It is intended to represent the design
space of current receiver architectures. Three dimensions are considered, each reflecting
an overall functionality and design freedom of a receiver:

1. Intermediate Frequency (IF), ranging from IF = 0 to IF = RF. In most designs
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Figure 2.2: Proposed framework, where the most commonly discussed receiver architectures are indicated.
Note that, despite their representation in the framework, the choices are not orthogonal: e.g. choosing
the IF at RF necessarily means that there are no mixers.

the signal is downconverted from its carrier frequency to an intermediate frequency
(IF) using (a) mixer(s).

2. Location of A/D Conversion, ranging from no A/D (which implies analog de-
coding), through A/D at a low frequency, to A/D conversion at RF (e.g. directly
connected to the antenna). Its location in the receive chain defines which functions
can be implemented in the digital domain.

3. Mixing complexity, ranging from no analog mixers to the use of multiple stages
of analog I/Q mixing.

Current receiver architectures can all be seen to move within this design space, heading
from the superheterodyne towards the low-IF and homodyne architectures. This means
that the front-end of mobile receivers still follow the topology shown in Fig. 2.3a, adding
more branches to add more bands. This increases cost and complexity, while the switch
decreases performance as seen in Section 2.1. In addition, a key goal of 5G is to increase
the flexibility, which has the potential to reduce the cost of the receiver dramatically by
eliminating (or reducing the number of) parallel receive paths. The ideal solution would
be a software defined radio (SDR) receiver.

The SDR receiver, as first envisioned by Mitola [6], is shown in Fig. 2.3b, and falls
into the far right corner in the framework, as seen in Fig. 2.2. This extreme version, the
software radio (SR) where all receive functionality is implemented in the digital domain,
has not (yet) been reached in practice for mobile devices. In an SR the antenna is directly
connected to the ADC, and thus all other functionalities are implemented in the digital
domain. This results in a digital intensive implementation, which is extremely flexible
as most of the functionality is defined in software. Conceptually, this architecture could
accommodate all standards provided the analog to digital converter (ADC) has sufficient
sensitivity, dynamic range, sampling rate, etc. However the resulting ADC requirements,
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Figure 2.3: (a) High-level schematic overview of current transceiver front-end topology. Most function-
alities are implemented inside a transceiver (TRx) module, but in order to add bands new branches are
added to include duplexers or filters. (b) Block diagram of the ‘ideal’ SDR receiver as envisioned by
Mitola [6] (diagram based on [7, 8]). Elements in the analog domain are outlined in black, while elements
in the digital domain are outlined in grey.

even if they are achieved, would dissipate an unacceptably large amount of power [7–10]
for mobile applications. More generally and more practically, SDR can therefore be viewed
as a shift of the ADC towards the antenna [11], with reconfigurable analog components
in the receive chain.

An alternative approach to increase flexibility is the use of switching circuits instead
of a mixer and/or using the switching to obtain a comb-filter-like functionality [12–19].
However, NF, intermodulation and out-of-band resilience requirements remain challenging
[19]. Similar concepts using bandpass sampling at RF have been proposed, [10, 20], but
there are several drawbacks such as very stringent requirements on the ADC, the need of
tunable RF filters, noise aliasing, and degradation of the SNR due to clock jitter. Delta-
Sigma receivers [21–25] are another direct RF to digital conversion approach, but combine
the RF front-end with a feedback-type Delta-Sigma ADC [25].

Moving the ADC closer to the antenna was already a trend in 2007 [20], providing
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more flexibility and the ability to receive several channels at different frequencies simulta-
neously. This results in increased ADC (dynamic range and input bandwidth) and linearity
requirements of the receive chain, calling for the inclusion of other solutions. The in-
creased flexibility, especially combined with increased performance requirements of future
wireless communications, points towards reconfigurable receivers including innovations in
frequency-reconfigurable antennas.

2.3 Smartphone Antenna Efficiencies

There has been a clear trend towards ‘disappearing’ antennas when it comes to smart-
phones. This started out by integrating the antennas into the phone’s main body, and
proceeded with the screen covering more and more of the phone’s front. This has resulted
in decreasing design freedom for the antennas, concurrent with increasing performance
requirements. In this section, which is based on Paper C, the antenna performance of a
high-end smartphone is characterized to obtain a benchmark, focusing on the (non recon-
figurable) antenna efficiencies. In order to do this, a special adapter board is designed to
connect the antennas to the measurement system.

In most smartphones, conventional (coaxial) connectors are no longer used to connect
the antennas, opting to use spring fingers instead. In the investigated smartphone, the an-
tenna layer (Fig. 2.4a) is fixed on top of the phone with main and sub board (Fig. 2.4b),
pressing the antennas to spring fingers on the PCB’s. This is then covered using the
phone’s plastic back cover. From the connected electronics the following antenna func-
tionalities can be deduced, following the numbering of Fig. 2.4a:

1. GPS antenna, with an unfolded length of approximately 30 mm.

2. Sub antenna; the total unfolded length of this element is approximately 40 mm.

3. Bluetooth/WiFi antenna; the total length of the two arms together is approxi-
mately 20 mm, with an additional arm that is approximately 7 mm long.

4. Bluetooth/WiFi antenna with a total unfolded length of approximately 20 mm.

5. Main antenna; this inverted-L antenna with a stub close to the feed is approximately
21 mm long (unfolded).

From the phone’s electronics, the GPS and Bluetooth/WiFi antennas appear to be used
exclusively for these purposes without serving for LTE. The ‘main’ antenna seems to be
used for the mid and high LTE bands, as well as legacy (2G) mobile communications. The
sub antenna appears to be used for the low LTE bands, as well as diversity for the mid
and high LTE bands. Antennas 3 and 4 are connected through lines and components on
the circuit board to combine them towards a single feed. As the exact topology behind
this is unknown, they are tested using individual feeds.

Due to the size of the electronics and traces on the board, accessing the transmission
lines coming from the antennas with a measurement system is very challenging. Therefore
an adapter board is designed to connect the antennas. The dimensions of the adapter
board are chosen to match those of the phone, as it is known that the phone’s chassis
can contribute significantly to the overall radiation [26–28]. The adapter board, with the
antennas and back cover installed, is shown in Fig. 2.5a and 2.5b from the front and
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(a) (b)

Figure 2.4: The smartphone partly disassembled. The antennas (a) consist of metallization on two pieces
of plastic, that are normally mounted in the same orientation to the rest of the phone (b). The phone’s
boards connect to the antennas using spring fingers.

back, respectively. This will be referred to as the mock-up. Each of the SMA connectors
transitions to a coplanar waveguide with ground (GCPW) running on the back side, with
vias to prevent odd modes and radiation, as well as providing an uninterrupted path for
currents on each side of the ground plane. As close as possible to the antenna element,
the GCPW is fed through the board using a via, connecting to a spring finger of a similar
type as used in the original phone.

The antenna efficiencies are measured using the three-antenna method [29] in a rever-
beration chamber (see Paper C for details), in a room with a moving-wall type stirrer. The
measurement antennas are dual-ridge horn antennas (DRHAs), 100 mode-stir samples are
used with 100 MHz frequency stirring, and a frequency range of 750 MHz to 6 GHz in
250 kHz steps is chosen.

In the original configuration, the antennas are connected to (adaptive) matching net-
works. This impacts the total efficiency (as defined in Section 1.1, which is not compen-
sated for antenna mismatch, as shown in Fig. 2.6a. Antennas 1 and 2 appear to perform
best below 2 GHz, peaking at nearly 8%, while the others start to pick up towards the
higher frequencies. Antenna 3 performs best around 3 GHz, while antennas 2 (sub) and 5
(main) work rather well in the at 3.5-4.5 GHz and 4-6 GHz ranges, respectively, peaking
up to 15% and 20%.

The radiation efficiencies, as shown in Fig. 2.6b, indicate the upper limit for the max-
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(a) (b)

Figure 2.5: Smartphone mock-up, front view (a) and rear view (b). As during all measurements, the
original cover is placed over the adapter board with antennas. If one were to take off the cover of (a),
one would see the antennas exposed as in Fig. 2.4a.

imum achievable antenna efficiency. Note that this efficiency can only truly be achieved
assuming a perfect match, and neglects losses in the (adaptive) matching circuit. In ad-
dition, these measurements are performed without the inclusion of a phantom to account
for further effects. Thus, lower efficiencies can be expected in practical applications. The
radiation efficiencies are considerably higher than the total efficiencies. In the frequen-
cies below 2.5 GHz it is interesting to note that antenna 1 indeed appears to cover GPS
frequencies, peaking to approximately 20%. Nonetheless, the physical size restrictions,
combined with materials that are not optimized for their RF performance, still result in
mostly low efficiencies. Above 2.5 GHz the performance is significantly better, with es-
pecially antennas 2 and 5 (sub and main, respectively) together covering practically all
frequencies up to 6 GHz with radiation efficiencies above 30%.
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Figure 2.6: The measured total efficiencies (a) and radiation efficiencies (b) of the smartphone antennas
with the board. All total efficiencies, including mismatch losses, are below 15% up to 4 GHz, while one of
the antennas peaks to 25% up to 6 GHz. The best results for the radiation efficiency (excluding mismatch
losses) peak around 40%.
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2.4 Conclusion

In this chapter, the impact of the requirements in standards for mobile receivers on the
LNA and antenna is studied, and combined with an overview of existing receiver architec-
tures. In order to achieve flexibity in terms of operating frequency, the current approach
of adding transceiver branches becomes both impractical and expensive. However, remov-
ing the acoustic filters from the front-end in conventional receiver architectures results in
unrealistic requirements for the electronics. Frequency-reconfigurable antennas may alle-
viate these problems by improving frequency coverage, adding selectivity, and potentially
increasing the antenna efficiencies, which are characterized for a high-end smartphone. It
is found that these antenna efficiencies, while they are sufficiently good to achieve high
performance, leave much room for improvement. In addition, the effect of the user -
the measurement of which is investigated in Chapter 5 - will further decrease the effi-
ciencies. Improving these efficiencies could result in a gain of more than 3 dB to 6 dB,
depending on the frequency range, resulting in significant advances in terms of battery
life and throughput. Since this is such an important metric for mobile applications, it
should be characterized accurately both with and without the effects of a user. Methods
to do this are discussed in Chapters 4 and 5. In addition, the frequency selectivity of
the measured conventional smartphone antennas is very limited, since this functionality
is implemented using acoustic filters. This, combined with the potential to increase the
antenna’s efficiencies and add flexibility, makes the development of new antenna concepts,
such as frequency-reconfigurable antennas, crucial. Therefore, a new design technique for
frequency-reconfigurable antennas is proposed in Chapter 3.
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Chapter 3

Reconfigurable Antenna Design
Method

In the next generation of communication standards, the sub 6 GHz bands will retain a
crucial role [1–4], adding more bands and more flexible frequency allocation. The 5G
case of the sub 6 GHz bands in a mobile communications scenario implies a scattering
environment, i.e. the radiation pattern of the antenna is not of primary interest. Thus, the
main focus for this application can be placed on the antenna’s efficiency at the frequencies
of interest. As seen in Chapter 2, the available real estate in a smartphone for antennas
is extremely limited in mobile devices, while large bandwidths are targeted. However, the
fundamental limitations for small antennas [5–10], usually known as the Chu-Harrington
limit, state that there is a trade-off between radiation efficiency ηrad = PRadiated/PAccepted

and bandwidth given a fixed volume and directivity. The directivity is not of primary
concern given the application, which implies a scattering environment for this frequency
range as well as an unpredictable base station direction, so the focus can be placed on
bandwidth and the total (ηtot = PRadiated/PAvailable) and radiation efficiencies. Then, an
upper bound on the antenna’s radiation efficiency (assuming it is electrically small and
exhibits only a single mode within the VSWR bandwidth) may be derived [10]:

ηrad ≤
fcenter

fmax − fmin

(ka)3

1 + (ka)2
s− 1√
s
, (3.1)

where fmax denotes the frequency above fcenter where the VSWR is equal to s (arbitrary
value), fmin denotes the frequency below fcenter where the VSWR is equal to s, k = 2π

λ ,
and a is the radius of the smallest sphere containing the antenna’s current distribution.
Thus, this upper bound depends only on the fractional (matched) bandwidth with respect
to the antenna size. The many assumptions made in deriving (3.1), mainly the presence
of a single mode and assuming the antenna is electrically small, combined with realistic
tuning component performance, make the limit hard to approach: if the bandwidth is
narrow and fixed, the maximum achievable efficiency rises in a quadratic fashion over
frequency, quickly rising above 100%. Due to its approximative nature (3.1) applies only
under very limited circumstances, and becomes problematic for frequency-reconfigurable
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antennas. Yet it gives a qualitative view of the fundamental trade-off that has to be
made.

While an adaptive matching network may improve the total efficiency by decreasing
the reflected power at the antenna input, it does not tackle the more fundamental problem
posed by the Chu-Harrington limit (3.1), as it does not change the current distribution on
the radiating element and therefore does not change the radiation efficiency. Frequency-
reconfigurable (aperture-tuned) antennas [11–20] change the current distribution as well,
potentially offering a way to circumvent the Chu-Harrrington limit by having a small usable
bandwidth for each tuning state.

Overall, the possible methods to create a frequency-reconfigurable antenna can be
divided in tuning using electrical components, tunable materials and mechanical tuning.
The mechanical tuning methods [14, 21–23] have several properties in common: they
can offer high performance, but since they require physical displacement they are prone
to wear, and they require a relative large volume. While this does not necessarily pose
problems in all applications, it makes the methods unsuitable for applications in mobile
handsets. Considering material tuning [13, 14, 22], integration into a handset is challeng-
ing unless a compact, pre-designed component is available. This leaves electrical tuning
methods as the most viable option for handset applications. This can be either switching
(using MEMS switches [13, 14, 20, 22], p-i-n diodes [13, 14, 20, 22], SOI/SOS [19, 24],
j-pHEMT [19] or optical [13, 14, 20, 22]), using switches in banks with fixed components
[25], or continuously tunable devices (semiconductor varactor diodes [14, 20, 22], BST
tunable capacitors [19, 24, 26, 27] or MEMS [15, 17]). If it is desired to cover a large range
of frequencies while maintaining a relatively small bandwidth, the continuously tunable
devices are most desirable for handset applications.

However, these tuning methods themselves introduce another challenge: the tuning
components have parasitic losses, which could result in a very low radiation efficiency.
This problem can be alleviated by using high-Q components such as RF MEMS, but these
are relatively expensive. For mobile applications it would be preferable to adopt either
semiconductor varactors or BST capacitors, but these have significantly more losses. A
potential solution could be to apply multiple of these components, but this makes the
design more complex and can easily introduce non-radiating modes with good input match.

In this chapter, based on Paper D, a design method for frequency-reconfigurable
antennas using multiple tuning components is proposed for the first time, which simplifies
this process and avoids non-radiating modes. It opens up the new possibility of applying
multiple tuning components targeting high efficiencies, by keeping the design complexity
under control. The method uses just one single full-wave simulation, applying circuit-
level calculations for the rest of the procedure, which opens up new possibilities due to
the reduced calculation time. The method is independent of the antenna geometry, only
requiring that the tuning components are the dominant loss mechanism in the antenna, in
particular for the non-radiating modes. This new design method is explained in the next
section, followed by a demonstration using a prototype antenna, to the best of the author’s
knowledge the first to use more than two tunable capacitors in the aperture [12–14, 18,
20, 28, 29], in Section 3.2. It is combined with a reconfigurable LNA and downconverted
to form a reconfigurable receiver front-end in the last section of this chapter.

22



3.1. FREQUENCY-RECONFIGURABLE ANTENNA DESIGN METHOD

Source Antenna

Available Accepted Radiated

Reflected

Metallization,

Dielectric

Component
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Heat

Figure 3.1: Power flow for an aperture tuned antenna. The only parts not taken into account into the
estimation of radiated power are the metallization and dielectric losses.

3.1 Frequency-Reconfigurable Antenna Design Method

In order to reduce the design complexity, the proposed frequency-reconfigurable antenna
design method aims to largely separate the choice of tuning component settings from
the geometrical design. Only a single full-wave electromagnetic simulation of the chosen
geometry is required, after which the component settings are chosen using circuit-level
calculations. The goal is to find the component settings that will deliver a high (total
and/or radiation) antenna efficiency using multiple tuning components.

Referring to the power flow diagram of a frequency-reconfigurable antenna in Fig. 3.1,
part of the available power will be reflected at the antenna input. What remains in terms of
useful power is the accepted power, which can go three ways: it can be radiated (desired),
dissipated in tuning components (not desired) or dissipated in metallization or dielectric
(not desired). Estimating the metallization and dielectric losses is time consuming, since
they require an electromagnetic model or an equivalent network for each excited mode.
However, one could say that the metallization and dielectric losses are not independent
from the tuning component losses, since high current densities in the metallization or
high field densities in the dielectric will coincide with high currents through the tuning
components if the tuning component has a significant impact on the antenna performance.
Moreover, the contribution of the tuning components to the overall losses is expected to
be large compared to the metallization and dielectric losses, due to the limited Q factor of
the tuning components. Neglecting the metallization and dielectric losses, the efficiencies
can be estimated as ηrad ≈ PRadiated/Paccepted and ηtot ≈ PRadiated/Pavailable. This results
in an upper bound on both efficiencies, so non-radiating modes can be identified with
confidence under this assumption. Note that the estimate is more accurate the lower
the loss in the dielectric and metallizations, as well as for a decreasing Q of the tuning
components. The antenna structure can now be modeled using only its S-parameter
matrix (with ports in all tuning component locations), and all required information can
be obtained using circuit-level calculations. The efficiencies can then be estimated for a
large set of possible tuning component settings, e.g. 32 possible settings each for three
components (resulting in 323 = 32768 possibilities, referred to as “cases”). Due to the
extremely efficient nature of the design method, this process can still be completed in a
matter of hours, even for a large number of cases.

A high-level diagram of the design method is given in Fig. 3.2, consisting of the
following steps:

1. Choose a geometrical design and potential tuning component locations.
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1: Fix antenna 

geometry and 

viable tuning 

component 

locations

2: Generate N-

port S-parameters 

by performing 

full-wave 

simulation

3a: Calculate the 

input reflection

coefficient for all 

cases

3b: Calculate the 

power lost in the 

components for 

all cases

4: Estimate total 

and radiation 

efficiencies for all 

cases

5: Select best case 

to use for each 

frequency

S-matrix S11

S-matrix Component

Losses

Figure 3.2: Diagram showing the steps of the proposed design procedure. Steps 1 and 2 involve the
geometry, which does not have to be considered. Step 3 uses circuit-level calculations, while the calcu-
lations in step 4 are simple additions and divisions that can easily be performed for a large set of cases.
The estimated best case can then be selected in step 5.

2. Generate the S-parameter matrix over the entire desired frequency range for the
chosen geometry, using full-wave simulations. For the excitation and all potential
capacitor locations, ports should be placed.

3. Discretize the ranges of tuning component settings in suitable steps. Knowing the
S-parameter matrix, along with a circuit model for the tuning components, calculate
the input reflection coefficient for each case (step 3a), and calculate the power that
is dissipated in each of the tuning components (step 3b).

4. Estimate the total and radiation efficiencies for each case.

5. Find the best setting for each frequency point by locating the maximum estimated
total efficiencies.

During the design process, the results of steps 3a and 4 are of particular interest, as
these provide insight into the antenna’s input match and estimated efficiencies. In the
next section this procedure is applied to a practical design.

3.2 Frequency-Reconfigurable Antenna Using Three
BST Capacitors

In order to demonstrate the design method, the complete procedure is applied using an
inverted-L antenna (ILA) geometry, as commonly used in mobile devices (see Chapter 2),
with six potential capacitor locations. A tuning band of 1.4 to 2.8 GHz is targeted, in
order to cover a large number of LTE and 5G NR bands (Chapter 1), GPS and the 2.4 GHz
WiFi bands. Barium-Strontium-Titanate (BST, a paraelectric material which changes its
permittivity when a DC electric field is applied) based varactors are used, since they offer
a long life time, moderate quality factor and linearity, fast switching and low cost [19,
24, 26, 27]. The selected tuning components are BST varactors with a tuning range
of 0.61 - 3.2 pF, the ST Parascan STPTIC-27L2 in a WLCSP 0.4 mm package [27]. A
simple model for them is used: a resistor in series with a capacitor, corresponding to
a decreasing Q factor for increasing frequency. Lacking detailed information about the
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Table 3.1: Obtained settings along with their estimated efficiencies for frequencies spaced 100 MHz apart.

F Case C1 C2 C3 Estimated ηtot Estimated ηrad

[GHz] [-] [pF] [pF] [pF] [%] [%]

1.4 29725 3.0 0.7 3.0 19 20

1.5 24600 2.6 0.7 2.6 19 21

1.6 20500 2.2 0.7 2.3 20 22

1.7 17424 1.9 0.7 2.1 21 27

1.8 13327 1.8 0.7 1.7 23 27

1.9 11276 1.6 0.7 1.6 25 32

2.0 9226 1.4 0.7 1.4 25 34

2.1 6154 1.4 0.7 1.2 24 30

2.2 5128 1.3 0.7 1.1 23 29

2.3 4102 1.1 0.7 1.0 22 33

2.4 4068 0.9 3.2 0.9 24 34

2.5 2979 0.9 3.0 0.9 23 35

2.6 993 0.7 3.2 0.7 26 31

2.7 769 0.7 2.6 0.7 24 32

2.8 705 0.7 2.5 0.7 21 26

capacitor behavior, the resistance is estimated to obtain a Q = 50 at 2 GHz for each
capacitor setting.

The ILA geometry, with a length of 20 mm at 3.7 mm from the ground, is shown
in Fig. 3.3. It is fed using a coplanar waveguide with ground (GCPW) transmission line
and uses an economic isola i-tera substrate. The board can accommodate a total of six
tuning components (hence there are seven ports), with four of them on the radiating
element and two of them on the GCPW feedline. Only the three locations at the end of
the radiating element are used here. A full-wave simulation of this structure completes
steps 1 and 2. The settings of the three components are now swept in 32 steps each,
resulting in 32768 cases. As shown in Fig. 3.4, the capacitor at the end of the element
(C1) is changing fastest, i.e. is swept completely for the first 32 cases, while the second
one is swept completely over the first 1024 cases, etc. All component values are swept
from their smallest to their largest value for step 3.

The results of step 3a are shown in Fig. 3.5, where the frequencies at which a match
better than -10 dB is achieved is shown for all cases. It shows that there are a multitude of
cases that cover the 1.4-2.8 GHz range in terms of input match. The rest of the procedure
will determine which of these options are likely to provide a good total efficiency as well.

In Fig. 3.6 the estimated radiation and total efficiencies from step 4 are shown, by
assigning a lighter color to a higher efficiency. It can be observed that the radiation
efficiency tends to be low around the frequencies where an input match is achieved,
resulting in a decreased total efficiency. When this happens, the currents through the
tuning components are high, resulting in high dissipation and low radiated power. The
design procedure’s goal is to find the cases that are the best compromise on obtaining
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input match while minimizing losses due to this kind of behavior. These settings are
selected in step 5, targeting frequencies from 1.4 GHz to 2.8 GHz in 100 MHz steps.
An overview of these settings is given in Table 3.1, along with the estimated total and
radiation efficiencies at the operating frequencies.

The design is then manufactured, and the BST capacitors are placed, along with
inductors in the bias feed lines, as shown in Fig. 3.7. Due to their dimensions the BST
capacitors require specialized equipment to be mounted. The RF connection is made using
an SMA connector, as also included in the simulations. The bias voltages are provided
using a single cable, where the inductors are integrated into the bias feed lines. The
radiation and total efficiencies are then measured in a reverberation chamber using the
antenna-replacement method [30], with 100 (10 each for two rotating paddles) stepped
mode stirring samples and 5 MHz frequency stirring. No antenna position stirring was
performed, as earlier experiments showed the chamber to have excellent spatial uniformity
(with a standard deviation of the reference power transfer function smaller than 0.1 dB).
The antenna that remains during both the reference measurement and the frequency-
reconfigurable antenna testing is an EMCO 3115 horn, while a discone antenna is used
as a reference. The discone’s efficiency is obtained using the two-antenna method [31],
as described in more detail in Chapters 4 and 5.

The results for the radiation efficiency and the total efficiency are shown in
Fig. 3.8a and 3.8b, respectively. A comparison between the estimated and measured
total efficiencies is also shown, in Fig. 3.9. The efficiencies are overestimated and there is
a slight shift in frequency for some settings, but the behaviour as a function of frequency
matches very well below approximately 2.6 GHz. The deviations at higher frequencies
can most likely be attributed to the degrading performance of the BST capacitors at
increasing frequencies [27]. The overestimation is to be expected, as the metallization
and dielectric losses were not included in the estimate, creating an upper bound.

The measured total efficiencies peak just below 15%, while the estimated maximum in
the upper boundary was 25%, and the radiation efficiencies are up to 50% (with estimates
close to 100%). The total efficiencies drop around 2.4 GHz and 2.5 GHz, most likely due
to a combination of a different mode being used (Table 3.1) and non-ideal behavior of
the capacitors that is unaccounted for in their circuit models. As expected for a small
antenna [5–9], the efficiency (both radiation and total) of the antenna decreases for
decreasing frequency. As seen in the estimates, the radiation efficiency tends to drop
close to the frequency where the antenna is matched. Therefore this may be improved
using an adaptive matching network, either after the design procedure or included from
the start. Nonetheless, the design procedure found radiating settings even connected
to a 50 Ω impedance, and results in a smooth increase of maximum efficiency over
frequency. This is the expected result, as the antenna becomes physically larger compared
to wavelength. It also suggests a physical limitation: the design method found the best
possible options given the geometry and tuning components. While this should be tested
on more geometries, this makes the method especially suitable for situations in which the
geometrical design is extremely constrained, as is the case in most mobile devices.

Assuming that the antenna will be connected to an adaptive matching circuit (as is
common with most modern mobile devices [24]), the performance can indeed be improved.
In Fig. 3.10 the results, as seen from the antenna to matching network interface, of the
antenna connected to a low-pass-π matching network using the same BST capacitors and
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a fixed 5.6 nH inductor are shown. A total efficiency of up to 35% at 2.2 GHz can be
achieved using this configuration. Previous designs used MEMS (with a significantly higher
Q) to arrive at similar efficiencies with tuning ranges of 1.7-2.2 GHz and 1.85-2.17 GHz
[15, 17].
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(a) (b)

(c)

(d)

Figure 3.3: Antenna geometry in (a) front view, (b) back view, (c) close-up of BST mounting area (front)
and (d) front view with dimensions, with the substrate semi-transparent. Possible capacitor locations are
visible as discrete ports (red cones). In the bias lines on the rear side of the board inductors will be
mounted. The ILA length is 20 mm, and has a 3.7 mm distance to the ground. The BST capacitors at
the end of the radiating element are placed 2.5 mm apart.
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Figure 3.4: Capacitor values as a function of case. C1 is the component at the end of the radiating
element, counting from that point inwards. The inset shows a detail for cases 2000 to 2200.
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Figure 3.5: Matched (|S11| ≤ −10 dB) frequency ranges as a function of case number. The presence of
any color signifies that this input match is achieved for that case. In terms of input match, the desired
1.4-2.8 GHz can be easily covered (any color suffices). The different cases cycle through different colors
to enable one to distinguish a neighbouring cases from one another. While these still partly overlap due
to the large number of cases, it is clear that each band can be covered by multiple cases from an input
match point of view.
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Figure 3.6: The estimated (a) radiation and (b) total efficiencies of all calculated cases. A lighter shade
of grey denotes a higher efficiency, thus the lightest areas should be targeted by selecting the lightest
color looking to the right from each point on the vertical axis. The worst radiation efficiencies tend to
occur around the best matched frequencies (Fig. 3.5). Nonetheless, settings with an acceptable total
efficiency can be found.

RF

Bias

BST

(a)

Inductors
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Figure 3.7: The realized antenna (a) front and (b) back view. RF and bias connectors are indicated, as
well as the locations of BST capacitors and inductors in the bias lines.
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Figure 3.8: Measured (a) radiation and (b) total efficiencies for selected cases. There is a clear dip in
both efficiencies at frequencies a bit above the maximum total efficiency.
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Figure 3.9: Comparison of the estimated (dashed lines) and measured (solid lines) total efficiencies for
selected cases, with colors between estimated and measured results matching one another. While there
are some frequency shifts as with the input mismatch and the efficiencies are overestimated, the frequency
dependencies and trends match very well.
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Figure 3.10: Projected total efficiency from the interface with a low-pass pi adaptive matching network.
Using this network the performance up to 2.2 GHz can be improved.
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3.3 Frequency-Reconfigurable Receiver Front-End

The EAST project, for which this frequency-reconfigurable antenna design method was
developed, also included the design of a frequency-reconfigurable LNA and downconverter.
The LNA, reconfigurable between 1.5 and 2.3 GHz, was developed by dr. Zhe Song (Eind-
hoven University of Technology, Mixed-Signal Microelectronics), while the downconverter,
whose coverage includes the LNA’s frequency range, was developed by Bruco integrated
circuits. The three components are implemented on individual boards to allow for good
accessibility during testing, which are then connected together (including a DC block
between the antenna and LNA) to form a frequency-reconfigurable receiver, as shown in
Fig. 3.11a.

A demonstration was undertaken in an office environment, shown in Fig. 3.11b,
which suffered from reflections and interference, increasing the measurement uncertainty.
Nonetheless the reconfigurability of the receiver could be shown. The setup consisted of
a signal generator (SG) connected to a double-ridge horn antenna (DRHA), directed at
the receiver, to transmit a continuous wave (CW) signal. The receiver’s output is con-
nected to a spectrum analyzer using a 1 MHz IF bandwidth. Initially, the receiver is set
for optimal performance at 1.5 GHz, with the CW of the transmitter is set to 2.3 GHz,
i.e. the settings are not optimal for reception of the currently transmitted signal. No
(measurable) signal is received, since the downconverter is set to receive 1.5 GHz, mixing
only noise and interference to baseband. After adjusting the downconverter to receive at
2.3 GHz, with the LNA and antenna still configured for 1.5 GHz, the received signal’s
power level is approximately -80 dBm. Reconfiguring the antenna for 2.3 GHz results in
a received power level of approximately -76 dBm, an increase of 4 dB. This difference is
comparable to what one would expect from Fig. 3.8b. Finally, configuring the LNA for
2.3 GHz as well results in a received power of -68 dBm, creating a combined increase
achieved by LNA and antenna tuning of 12 dB.
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(a)

Rx

DRHA

SA

SG

(b)

Figure 3.11: Pictures of (a) the reconfigurable receiver (left to right: downconverter, LNA, antenna) and
(b) the demonstration set-up. In the demonstration set-up the DRHA transmit antenna can be seen on
the left, with the receiver on the right. The SA with a received signal visible is also marked, while all other
equipment (power supplies, laptop, SG) is required to configure and power the reconfigurable receiver.
The SG for the transmitter is placed out of view.
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3.4 Conclusion

In this chapter, a new design method for frequency-reconfigurable antennas using multiple
tuning components was introduced and demonstrated. The method offers a strategy to
obtain the best tuning component settings for a desired frequency given a geometrical
design from a total efficiency point of view. The effect of a user could easily be included
by incorporating a phantom in the single full-wave simulation. The method was explained
in detail, and followed by a demonstration using an inverted-L antenna with three tunable
BST capacitors, which resulted in measured total efficiencies up to 35% when connected
to an adaptive matching network, and radiation efficiencies up to 50%. Finally, the
antenna was combined with an LNA and downconverter, and a fully functional frequency-
reconfigurable front-end was demonstrated.
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Chapter 4

Reverberation Chambers for
Antenna Characterization

Traditionally, reverberation chambers (RCs) have been used mainly for electromagnetic
compatibility (EMC) applications, and anechoic chambers for antennas and communi-
cations. More recently, applications in the field of wireless device testing in the RC of
isotropic measures [1–10] or testing under a realistic channel model [11, 12] as well as an-
tenna efficiency measurements [13–22] have emerged as applications. These methods are
attractive mainly because an RC provides a relatively convenient way to obtain isotropic
device measures, such as total radiated power (TRP), total isotropic sensitivity (TIS) and
antenna efficiency. There is no need for device alignment or three-dimensional scans, as
there would be in an anechoic chamber (AC). On the other hand, it is based on collect-
ing independent samples followed by averaging in post-processing, requiring a series of
repeated measurements, and the angular dependencies of the device (i.e. the radiation
pattern and polarization) are lost. In this chapter, the concept of a reverberation cham-
ber for antenna characterization is introduced, and a set of metrics critical to antenna
efficiency measurement is investigated. First, the reverberation chamber’s concepts are
introduced from an antenna efficiency measurement point of view. This relates to the
time-domain behavior in an RC, which is studied in detail in Section 4.2, showing a new
approach at how and why it is possible to obtain the time constant of the unloaded cham-
ber, along with interesting effects that have not been shown before. This time constant
is heavily relied on in the one- two- and three-antenna efficiency measurement techniques
[20], which will be applied extensively in this work, to separate the antenna losses from
the reverberation chamber’s losses. Next, the behavior of the enhanced backscattering
constant is investigated for the first time at wavelengths where the chamber is electrically
extremely large, and its position dependence is studied by introducing a new expression
to calculate the enhanced backscattering constant. This is again a crucial parameter for
the two-antenna efficiency measurement method, as well as a metric for chamber perfor-
mance. Finally, it is desirable to know an antenna’s free-space input reflection coefficient,
both magnitude and phase, which can be obtained from RC measurements as well as
from measurements in an anechoic environment, as shown for the reflection’s phase for
the first time in Section 4.4. The chapter closes with a conclusion.
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(a) (b)

Figure 4.1: Two examples of reverberation chambers with (a) a moving wall type of stirrer in the chamber
at Eindhoven University of Technology and (b) two rotating paddles and a rotating platform in a chamber
at the National Institute of Standards and Technology.

4.1 Reverberation Chambers for Antenna Efficiency
Measurements

In principle, a reverberation chamber is a resonant cavity, as illustrated in Fig. 4.1. For the
purpose of this work, two antennas are present in this cavity or chamber. The chamber
and antenna combination will allow for a set of modes to be excited, which will determine
the field distribution. Now, in this resonant cavity one or several metallic objects are
placed that can be moved, which are usually referred to as stirrers or paddles. In the
case of the chamber in Fig. 4.1a this is a moving and folding wall, seen on the top right
of the picture. In Fig. 4.1b these are implemented as rotating paddles, one vertical (top
left) and one horizontal (top right). The intention is that, when moved, these stirrers
change the boundary conditions of the chamber and thereby change the field distribution.
By stepping through a large set of positions for the stirrer(s), a large number of field
distributions is generated. When measurements are averaged over this set of positions,
an on average uniform field distribution is ideally obtained. An alternative way to achieve
this is by moving the source or receiver, as performed by the platform in Fig. 4.1b, or to
apply frequency stirring (i.e. averaging over a frequency band).

Ideally, each new state (be it stirrer position, antenna location, or frequency point)
would contain completely new information, i.e. have no correlation with other states
(an independent sample). However, as one may imagine, a very small change in e.g.
the stirrer position will make very little impact on the field distribution. Therefore the
amount of useful states is limited. In addition, an increase in the number of states will
correspond to an increase in measurement time. Therefore it is often desirable to choose
the changes between different states in such a way that they result in a satisfactory field
uniformity, with an acceptable measurement time. One can look at this as to find the
minimum change that is required to introduce a new, independent sample, independent
being defined as having a correlation below a certain threshold, usually set at 0.3 for

40



4.1. REVERBERATION CHAMBERS FOR ANTENNA EFFICIENCY
MEASUREMENTS

practical applications.
A reverberation chamber can be configured in different ways. For linear devices, its

preferred mode of operation is unloaded, i.e. with no absorbers inside the chamber, to
maximize the chamber quality factor Q. A higher Q means that the modes have less
overlap, or, in other words, that frequencies close to another will have a larger difference
in their behavior, and exhibit a lower correlation. This enables more effective use of
frequency stirring, in turn potentially decreasing the measurement uncertainty. However,
for other tests (such as fully functional smartphones) the chamber has to be loaded with
absorbers. This decreases the chamber’s Q, thereby increasing the bandwidth over which
frequency samples are similar, i.e. coherent. For the testing of these wireless devices the
chamber’s coherence bandwidth is usually tweaked to be at least as large as the device
under test (DUT) communication channel bandwidth to enable it to operate. Since this
work focuses on antennas, chamber loading will not be discussed any further other than
as a parasitic effect.

It has been shown that the average impedance seen by an antenna should be equal
to the free-space impedance [23]. This enables the testing of antenna efficiency, antenna
input impedance or active device measurements such as TRP or TIS. In each of them, the
angular dependence (i.e. the radiation pattern) will be lost. This can be seen as both an
advantage and a disadvantage: while it makes it very impractical to obtain the radiation
pattern, it also avoids the need for 3-dimensional scanning to obtain efficiency (such as
in anechoic chambers). Since antenna efficiency is an isotropic measure, reverberation
chambers offer an excellent alternative to anechoic chamber measurements. So far, a
number of methods have been proposed [13–22]. In Chapter 5 the two-antenna efficiency
measurement method [20] is used extensively, while the reconfigurable antenna is mea-
sured using the antenna-replacement method [13] given the antenna’s small bandwidth.

As will be explained in more detail in Chapter 5, for the two-antenna method two
antennas are placed in the chamber and connected to a VNA. The efficiency of antenna
I can then be calculated using [20]:

ηtot
I =

√
8πV f2

c30

〈|S11 − 〈S11〉N |2〉
τRC

, (4.1)

ηrad
I =

ηtot
I

1− |〈S11〉|2
, (4.2)

with similar expressions for antenna II. In these expressions, 〈·〉N indicates taking the
ensemble average over the N paddle positions, while using 〈·〉 to indicate the ensemble
average over paddle positions, a frequency band and possibly antenna locations. This
notation will be used throughout this thesis. In addition, V [m3] denotes the chamber
volume, f [Hz] is the measurement frequency, c0 [m/s] is the speed of light in a vacuum,
τRC [s] is the chamber time constant, and eb the enhanced backscattering constant. The
time constant is used to model the empty chamber’s losses, enabling one to calculate
the antenna efficiencies. In the following sections, the chamber time constant, and the
enhanced backscattering constant are studied.
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Figure 4.2: Top view of the approximate antenna locations for Case A, Case B and Case C in the
reverberation chamber. Two antennas are present in the chamber: Antenna I and antenna II, indicated
by dashed lines.

4.2 Reverberation Chamber Time-Domain Behavior

The chamber’s time-constant τRC, and thereby the time-domain behavior, is of crucial
importance for e.g. the two-antenna efficiency measurement method [20]. Therefore,
in this section the time-domain behavior in a reverberation chamber is investigated in
detail, based on Paper E. This investigation aims to show which parts of the power-delay
profile (PDP) can be distinguished, and which part of the system (e.g. antenna, chamber
buildup or chamber decay) dominates their behavior.

In the reverberation chamber at Eindhoven University of Technology, shown in Fig. 4.1a
[24], an experiment with three different antenna locations (cases) is set up using two
double-ridge horn antennas. The approximate locations are shown in Fig. 4.2, where it
can be seen that between case A and B both antenna locations change; between cases B
and C only the orientation of antenna II is changed. In each case, the S-parameters are
obtained using a VNA, with N = 100 stirrer positions. Antenna I is connected to port 1
of the VNA, while antenna II is connected to port 2. A frequency range of 0.75-18 GHz
is chosen with a frequency point spacing of 100 kHz to avoid aliasing in the time-domain.
The PDP can then by calculated using PDP(t) = 〈|ifft[Sijn(f)]|2〉 [3, 11, 20, 25], where
ifft[·] signifies the inverse Fourier transform, and Sijn is S11, S21, S12 or S22 in stirrer
position n. It can be viewed as an average impulse response, or an averaged wave starting
from the antenna interface at t = 0 in the averaged environment.

The PDP’s thus obtained are shown in three different time scales in Fig. 4.3 and 4.4,
focusing on the very-early-time, early-time and late-time behavior observed in the PDP
from S22 and the late-time PDP from S21. In the very-early-time behavior (Fig. 4.3a),
the wave has not yet interacted with its environment. Therefore, the behavior does not
change between cases A, B and C, while the positions are significantly changed. The
small differences that can be observed are most likely due to measurement errors due to
e.g. noise, drift, and cable movement. The estimated distance of antenna II is 1.6 m,
while the first peak in Fig. 4.3a is observed at 1.3 m. This deviation is most likely due to
errors in the measurement of antenna positioning, especially its rotation in the azimuth
plane. The broader peak at 2.4 m is due to the moving wall stirrer, and can be more
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Figure 4.3: (a) Very-early-time and (b) early-time PDP as a function of distance traveled obtained from
S22 measurements. S22 corresponds to a wave originating from antenna II.

easily observed in the early-time PDP of Fig. 4.3b, along with a second broad peak around
3.0 m. The movement of the wall results in a different distance to the first reflection in
each of the VNA sweeps. After averaging this results in a wired peak. The multiple
broad peaks that can be observed are most likely due to the shaping of the stirrer. These
peaks are centered around 2.4 m and 3.0 m for cases B and C in the PDP, approximately
corresponding to estimated stirrer center positions of 2.1 m and 3.4 m, respectively. It
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Figure 4.4: (a) late-time PDP from S22 and (b) late-time PDP from S21 as a function of distance
traveled. S22 corresponds to a wave originating from antenna II.

is during this early-time period that the chamber builds up its fields and, on average,
converges towards a uniform field distribution. This transition can clearly be observed
in Fig. 4.4a and 4.4b: all results converge towards the same exponential decay. This
late-time behavior has the longest duration, starting at the end of the early-time behavior
and extending to the point where it decays into noise floor. This will take longer in a
reverberation chamber with a higher Q.
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Summarizing, the antenna is dominant in the very-early-time, while the early-time
behavior is dominated by the chamber build-up. The late-time decay can be modeled
as an exponential decay with a time-constant τRC [3, 20] to account for the chamber
losses, which is used for the two-antenna efficiency measurement method as explained
earlier. The results presented here demonstrate why it is important to choose a time-
domain window to determine this time-constant carefully, as the very-early-time behavior
is antenna dependent and the distribution has not converged yet during the early-time
period. By choosing the time-domain carefully, it includes only the late-time behavior,
and does not include (most) antenna effects, chamber buildup, or the part where the PDP
has fallen below noise floor.

4.3 Enhanced Backscattering

The enhanced backscattering constant is a metric to model the ratio of the power reflected
back to the source with respect to any other position in the reverberation chamber [20,
23, 26, 27], following similar concepts in acoustic reverberation chambers and quantum
physics. Assuming a completely random medium, i.e. an ideal reverberation chamber, it
can be shown that when a signal is transmitted from a certain location into that medium,
the power subsequently received in that location is different from that received in any other
location. Perhaps somewhat counter-intuitively, for an ideal reverberation chamber it can
be shown that eb = 2 [23, 26], i.e. the power reflected back to the source is twice the power
reflected towards any other direction. This can be thought of as constructive interference
towards the location of the source, as the transmitted and reflected signal have travelled
the same path but in opposite direction. In any other location, destructive interference
will average out any constructive interference. In addition to its role in the two-antenna
efficiency measurement method [20], it has also been used for chamber characterization
[27, 28]. In this section, based on Paper F, the enhanced backscattering constant’s
behavior is investigated in a large chamber, employing a moving wall type of stirrer up to
18 GHz, where the average dimension of this room corresponds to approximately 250λ0,
i.e. approximately 250 free-space wavelengths. The range is extended to 18 GHz in order
to investigate an electrically extremely large room, as may also occur at frequencies up
to 6 GHz in larger chambers.

The experiment is performed using three dual-ridge horn antennas (A, B and C) in
pairs, with all three combinations measured. The antenna positions, indicated in Fig. 4.5,
are kept as constant as possible between measurements. Again N = 100 stirrer positions
are used, in addition to 100 MHz frequency stirring (i.e. 100 MHz frequency averaging),
and the subscript s denotes the stirred components of the S-parameters (i.e. the S-
parameters with their mean subtracted). Conventionally, eb is calculated as [20]:

eb,AC =

√
〈|S11,A-C,s|2〉〈|S22,A-C,s|2〉

〈|S21,A-C,s|2〉
, (4.3)

This expression assumes that eb is uniform within the working volume. However, since
there are three sets (of antenna combinations) available in similar positions/orientations
with similar antennas, a new expression for the eb in position I from antenna combination
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Figure 4.5: The setup in the RC with the hinged moving wall stirrer (top right) in its front-most position.
As indicated, the left antenna in is in position I, while the right antenna is in position II.

A-C can be derived from the equations of the three-antenna method (see [20]) as:

eb,AC,I =
〈|S11,A-C,s|2〉
〈|S21,A-C,s|2〉

〈|S21,B-C,s|2〉
〈|S21,B-A,s|2〉

, (4.4)

with similar expressions for the other position and antenna combinations. This expression,
like the uniform one, compensates for antenna mismatch and efficiency. It allows one
to observe the enhanced backscattering constant at one particular position/orientation,
which is applied here to investigate the influence of the large wall type of stirrer.

The results for both the uniform (4.3) and position dependent (4.4) eb are given in
Fig. 4.6, where it can be observed that the uniform eb’s obtained from the different sets
of antennas and measurements match fairly well, having a mutual difference below 7.5%
up to about 9 GHz (approximately 130λ room size) and below 15% over the entire band.
Up to approximately 6 GHz (approximately 90λ room size) the measurements deviate less
than 15% from the ideal value of 2, and keep below 20% deviation up to 9 GHz. Above 9
GHz some differences and, in general, more variation and deviations up to 40% from the
ideal value can be observed. This implies that the chamber performs less ideal for higher
frequencies in the context of antenna efficiency measurements [27, 28]. The position
dependent results are even more interesting. While there are some mutual deviations
again, these keep below 10% up to 17.5 GHz and 25% over the entire band for positions
I and II, respectively. On the other hand, the deviation from the Uniform eb is up to 33%
for position I, and up to 55% for position II in the bands above 6 GHz (approximately
90λ room size). For some frequencies, the ratio of the eb’s in positions I and II can be as
large as 2.3.

Due to the deviations, which seem very likely related to the moving wall stirrer design
as they are most significant in position II, care should be taken before employing the one-
two-antenna efficiency measurement techniques in this chamber at frequencies above
4 GHz, as they make assumptions on eb or its uniformity [20]. For instance, the estimated
radiation efficiencies of antenna C at 12 GHz are 124%, 108% and 92% for the one-, two-
and three-antenna methods, respectively. This antenna’s location in position II, resulting
in a significant over-estimation of the efficiency by assuming either eb = 2 (one-antenna
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Figure 4.6: The enhanced backscattering constant is seen to deviate up to 40% from its ideal value
of eb = 2, even when it is assumed to be uniform throughout the reverberation chamber. When it is
calculated for the individual positions/orientations it can be seen that it tends to be lower than 2 for
position I, while it is larger than 2 for position II. Position II corresponds to the antenna directed at the
moving wall.

method) or uniform, resulting in eb = 2.6 (two-antenna method). Since the enhanced
backscattering constant is crucial for the one- and two-antenna methods, it should always
be tested before applying a reverberation chamber to either of them. Further tests on
antenna efficiency will therefore be performed in a more conventional chamber using
rotating paddles or using the three-antenna method.

4.4 AUT Free-Space Reflection Coefficient Estimation

In order to enable the design of an antenna matching network, both the antenna’s input
reflection magnitude and phase have to be known. While it has previously been shown that
the magnitude of the reflection coefficient can be estimated from reverberation chamber
measurements, in this section and Paper G, it is studied empirically whether this also can
also be done for the phase.

The experiment consists of a comparison between measurements in an anechoic cham-
ber and a reverberation chamber. Three different double-ridge horn antennas are used
for the comparison. In the reverberation chamber N = 100 moving wall stirrer positions
are taken, with 100 MHz frequency stirring, and the antennas are measured in pairs in all
three combinations. From this dataset, the antenna efficiencies may also be calculated -
therefore this data is already available when the efficiencies are characterized. The phase
is then estimated by φ(〈S11〉). In the anechoic chamber the antennas are measured once
and one by one, at a distance of at least 3 m from any absorber at boresight.

The results of the measurements are shown in Fig. 4.7, with the difference between
each of the curves for a single horn in Fig. 4.7b. Each of the horn antennas shows a
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Figure 4.7: Measured (a) phases and (b) phase differences of input reflection of the horns, each in a
different color. Results from the anechoic chamber are shown in solid lines, while the measurements from
the reverberation chamber are shown in dotted and dashed lines.

distinct behavior, as they are antennas with different designs. In the difference, it can be
observed that, except for inaccuracy peaks for some of the measurements around 1.7 GHz
and 5.6 GHz, the differences remain below 5◦. Comparing this to the phase accuracy of
the open and short standards in the calibration kit of ±2.0◦, and accounting for cable
movements, these deviations are within expectation due to measurement uncertainty.
Therefore the antennas’ free-space complex reflection coefficient can indeed be obtained
in the reverberation chamber, from the information already available from an antenna
efficiency measurement.

4.5 Conclusion

In this chapter, the basic operating principles of reverberation chambers were reviewed
from an antenna efficiency measurement perspective. Next, a number of these principles
were verified. It was shown why it is possible to separate the antennas’ and reverbera-
tion chamber’s losses by employing time-domain techniques. This principle is vital to for
instance the two-antenna efficiency measurement technique, and the results provided a
new insight into a reverberation chamber’s operation. Next, another metric vital to the
two-antenna efficiency measurement method was investigated, the enhanced backscatter-
ing constant. It was observed that in the large moving wall type of stirrer chamber used
for this experiment, the enhanced backscattering constant started deviating significantly
from its ideal value at high frequencies, in particular from above 4 GHz. Therefore it
is good practice to evaluate this metric before using the one- or two-antenna efficiency
measurement methods. The deviations in eb may be related to the stirrer design, but
further investigation is required to make a definite statement about the cause of the
effect. Further tests on antenna efficiency will therefore be performed in a more con-
ventional chamber using rotating paddles or using the three-antenna method. Finally, it
was verified that, indeed, the free-space reflection coefficient phase can be obtained from
reverberation chamber measurements, providing a way to obtain all data needed for the
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design of a matching network from an antenna efficiency measurement.
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Chapter 5

Antenna Efficiency
Measurement Uncertainty and
User Effects

In previous chapters, it has been demonstrated that antenna efficiency is a key parame-
ter for mobile antennas, and can be optimized for in frequency-reconfigurable antennas.
Reverberation chambers provide an attractive way to measure antenna efficiency, mainly
because there is no need for the three-dimensional scan which would be required in an
anechoic environment. Various methods to do this have been proposed [1–10]. Fur-
thermore, methods introduced in [8] do not require a reference antenna, but rely on a
comparison between the quality factors of the chamber including and excluding antenna
effects instead.

In addition, effects of the user on antenna efficiencies can be significant [11–17],
yet they are cumbersome to account for in simulations or traditional anechoic chamber
measurements, as the phantom needs to rotate along with the antenna in two directions.
The RC could offer a viable solution. In this section, based on Paper H, a new study
on the effect of the user on antenna efficiencies and their measurement uncertainties
in an RC is performed. A novel approach to estimate the measurement uncertainty is
introduced, and applied to empirically study the effect of a phantom on the efficiency
and its uncertainty for the first time. This chapter sets out by describing the experiment
and the setup, followed by the proposed uncertainty estimation method in Section 5.2.
Finally, the impact of the phantom is studied in Section 5.3.

5.1 Experiment and Chamber Setup

All measurements were performed in one of NIST’s reverberation chambers, a
4.27 m x 3.65 m x 2.90 m chamber with one horizontally and one vertically rotating
paddle, as shown in Fig. 5.1a, as well as a turntable to perform position stirring. Two
antennas are present in the room for all experiments: a dual-ridge horn antenna (DRHA)
pointed towards the horizontal paddle to minimize the K-factor, and discone AUT. The
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Figure 5.1: Top view of the reverberation chamber showing configurations A to D. In (a), no phantom
is present in the chamber. In (b), the phantom is introduced into the chamber, but is placed away from
both antennas in a fixed location. In (c), the phantom is placed on the turntable, near to the discone
AUT. In (d), the discone AUT touches the phantom.

(a) (b) (c) (d)

Figure 5.2: Photographs of the four configurations shown in Fig. 5.1 with the high-band discone AUT.
The discone AUT is placed off-center on a platform to sample a volume for independent realizations.

latter which was chosen for its omnidirectional-like properties in order to resemble a mo-
bile device’s free-space far-field behavior as closely as possible, while maintaining a large
measurement bandwidth, and placed on the turntable. Four configurations are studied:

(A) No phantom is present in the chamber, as shown in Fig. 5.1(a) and 5.2a.

(B) A phantom is present in the chamber, but far away from both antennas and in a
fixed location, as shown in Fig. 5.1b and 5.2b.

(C) The phantom is placed close to the discone AUT, as illustrated in Fig. 5.1c and 5.2c.
The phantom is sufficiently close (in the discone AUT’s free-space near-field) to
affect the discone AUT’s efficiencies and input match. In this case the position of
the phantom is fixed with respect to the discone AUT, meaning that both move
together on the turntable and/or polarization change for independent realizations.

(D) The discone AUT is placed such that it is actually touching the phantom, as shown
in Fig. 5.1d and 5.2d. This is a very similar configuration to C, but with a stronger
impact of the phantom on the discone AUT performance that we used as compared
to configuration C.

Two different discone antennas are used to cover 0.75-3.5 GHz (referred to as low-
band) and 2.8-6 GHz (referred to as high-band). Since these frequency ranges partly
overlap, they allow a direct comparison of measurements with different discone AUTs in
the same frequency range, testing reproducibility of the results with different antennas. All
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measurements are performed using a VNA with an N-type electronic calibration module
and a frequency point spacing of 100 kHz. The phantom is a SPEAG SAM-V4.5BS
homogeneous anthropomorphically shaped human head phantom. P = 9 independent
realizations were created for all configurations by changing the turntable (and therefore
discone AUT) position and/or changing the discone AUT’s polarization. For each of these,
N = 100 mode-stir samples are acquired by taking 10 steps for each of the paddles.

5.2 Uncertainty Estimation

The uncertainty estimations will show the impact of the phantom on the efficiency mea-
surement uncertainty, and provide insight into configuration requirements for performing
efficiency measurements using the two-antenna method [8]. For the purpose of this work
it will be assumed that the two-antenna method does not make any approximations with
respect to antenna radiation pattern, enhanced backscattering, antenna (mis)match be-
havior or positioning, therefore resulting in a correct best estimate for the efficiencies. The
two-antenna method is based around a comparison of time-domain and frequency-domain
quality factors. Two antennas are placed inside the reverberation chamber and connected
to two ports of a VNA. From the S-parameters (S11, S22 and S21), three equations can
be written for their ratios with the Q of the unloaded chamber (see [8] for details on
the derivation). By assuming the enhanced backscattering constant eb (as investigated
in Section 4.3) is uniform, this can be reduced to two equations with two unknowns. The
efficiencies can then be calculated from the ratios of the quality factor of the unloaded
chamber and those including the antenna using [8]:

eb =

√
〈|S11 − 〈S11〉N |2〉〈|S22 − 〈S22〉N |2〉

〈|S21 − 〈S21〉N |2〉
, (5.1)

ηMEAS
tot =

√
8πV f2

c30τRC

〈|S22 − 〈S22〉N |2〉
eb

, (5.2)

ηMEAS
rad =

ηMEAS
tot

1− |〈S11〉|2
, (5.3)

where S11 should be replaced by S22 and vice versa to obtain the efficiencies for the discone
AUT, ηAUT

tot and ηAUT
rad . V [m3] denotes the chamber volume, f [Hz] is the measurement

frequency, c0 [m/s] is the speed of light in a vacuum, and τRC [s] is the chamber time
constant. The term

√
〈|S11 − 〈S11〉N |2〉 (or this term for any of the other S-parameters)

can be seen as the variance of S11, removing the average in order to remove un-stirred
energy, i.e. the energy that did not interact with the stirrer(s).

Assuming the uncertainty in the measurement of the chamber volume is insignificant
(which we expect to be the case for our large chamber volume), the only uncertainty
contributions are in the S-parameters and the chamber time constant τRC. As in [8], the
contribution of τRC to the uncertainty is found to be insignificant for all configurations
studied, most likely due to the fact that only the slope of the PDP is extracted from a
large amount of data. This leaves only uncertainty components in the magnitudes of the
stirred component of the S-parameters |S21 − 〈S21〉N | and in the mismatch terms to be
incorporated in the uncertainty estimation.
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The approach to obtain the measurement uncertainty on the antenna (radiation and
total) efficiencies is based on splitting the overall uncertainty into two components: Type B
errors derived from the VNA calibration and measurement, with a standard deviation uVNA,
and Type A uncertainty due to statistically determined effects (from the diagonal of the
estimated covariance matrix) with standard deviation uCOV. The Microwave Uncertainty
Framework (MUF) [18] is used to obtain the contribution of the VNA to the uncertainty. It
accounts for the uncertainty in the calibration as a function of frequency. The estimation
of uVNA in the procedure consists of three steps:

1. Obtain calibration coefficients and uncertainties of the electronic calibration unit
[19]. The VNA is used with the same settings as for the actual experiment, and
calibrated with the electronic calibration unit, to measure mechanical standards.
The calibration coefficients and uncertainties for the electronic calibration unit are
then determined using circuit models of the mechanical standards.

2. Apply the calibration to a set of data, correcting the data and adding uncertainties
to each mode-stirring sample. Since it is not expected that the VNA uncertainty
contribution will change between realizations, and due to the time-consuming nature
of this step, this is done for only one realization for each of the configurations in
both bands, for all configurations.

3. Propagate the uncertainties in each mode-stirring sample to the total and radiation
efficiencies. This results in the VNA uncertainty contribution associated with the
VNA calibration standards on the efficiencies.

Due to the mismatch compensation, the radiation efficiency in (5.3) will be higher than
the total efficiency when the antenna mismatch is nonzero. In addition, the uncertainty in
the estimate of ηrad may be more sensitive to nonzero values of S11 than the uncertainty
in the estimate of ηtot.

uCOV accounts for Type A uncertainty contributions (chamber uniformity, limited num-
ber of samples, measurement noise, cable movement between measurements), and is esti-
mated by first determining the best estimate for the efficiency η, taking the average over
the independent realizations. Then, the standard uncertainty can be estimated for each
independent realization as:

uCOV =

√√√√ 1

P − 1

P∑
p=1

(ηp − η)2, (5.4)

where ηp denotes the estimated (either radiation or total) antenna efficiency at indepen-
dent realization p, while η denotes the best estimate for the antenna efficiency.

Now, the overall measurement uncertainty can be estimated by taking the root-sum-
of-squares [20] as:

uC = k
√
u2VNA + u2COV, (5.5)

where k is the coverage factor. The coverage factor is determined from the effective
degrees of freedom, which is in turn obtained using the Welch-Satterthwaite equation
[20, 21]. This uncertainty is calculated for each of the configurations and bands as well
as for total and radiation efficiency separately.
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Table 5.1: Estimated standard uncertainties in percent on the AUT discone efficiencies due to Type A
uncertainties for the four configurations, averaged over the two frequency ranges.

Configuration
In Radiation Efficiency In Total Efficiency

Low-band High-band Low-band High-band

A 0.52 0.55 0.52 0.50

B 0.65 0.61 0.65 0.58

C 0.48 0.63 0.43 0.59

D 0.75 0.54 0.74 0.52

5.3 Efficiency and Uncertainty Results

In order to study which effects are affected by the phantom and how much the Type
A and Type B uncertainties each contribute to the overall uncertainty, the uncertainty
components uCOV and uVNA are studied separately. uCOV, which does not show a clear
trend over frequency, is averaged over each of the two bands, as seen in Table 5.1.
The uncertainty contributions in this table are all between 0.45% and 0.75%, very small
compared to the antenna efficiencies which are always higher than 50% as will be shown
later. Though the difference is small, the estimated uncertainty component due to Type A
effects is always slightly higher for the radiation efficiency than for the corresponding total
efficiency, due to the mismatch compensation applied to the radiation efficiency (5.3).

Next, the VNA uncertainty uVNA is studied, as shown in Fig. 5.3 for the discone
AUTs. The curves between the high-band and the low-band do not connect, since a
different discone AUT is being used. The curves for configurations A and B, the cases in
which the phantom is not present or far away from the discone AUT, are always on top
of one another. Configurations C and D deviate from that set and one another, as the
phantom changes the antenna’s input impedance, which changes the effect of the VNA
uncertainty. Over nearly the entire frequency range, the VNA uncertainty contribution
to the radiation efficiency is larger than that for the total efficiency. This is due to the
addition of another S-parameter component to the calculation, and the radiation efficiency
being (by definition) higher than the total efficiency (5.3)).

As one may expect, the efficiencies obtained for the discone AUTs show large differ-
ences between the four configurations. The total and radiation efficiencies are shown in
Fig. 5.4a and 5.4b, respectively. As expected, configurations A and B (where the phantom
is far away from the discone AUTs) agree within their 95% confidence intervals. Again,
the two bands do not connect for any of the configurations since different discone AUTs
are used, exhibiting a different efficiency. Both efficiencies decrease when the phantom is
moved close to the discone AUTs, and again when the phantom is touching the discone
AUTs. The results for configurations C and D are outside the 95% confidence intervals
of the other cases and one another, demonstrating that the impact of the phantom on
the antenna efficiency is significant compared to the efficiency measurement uncertainty.

Since the radiation efficiency shows a significant decrease when the phantom is close to
the discone AUT, the loss cannot be recovered by the application of an adaptive matching
circuit, as the phantom dissipates part of the energy accepted by the antenna. While the
discone AUTs are of course not completely representative for the use-case scenario of a
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smartphone, it demonstrates that this type of measurement can help antenna designers
to optimize their design in the actual use-case scenario. An earlier study using a phantom
with a mobile phone resulted in losses in the phantom between 1.5 dB (19%) and 5.8 dB
(74%) in the GSM 900 and 1800 bands, respectively [13].

5.4 Conclusion

In this chapter a new method to estimate the uncertainty (as a function of frequency)
of antenna efficiency measurements using the two-antenna method in a reverberation
chamber was introduced. The method was applied to show that the impact of a phantom
head on the measurement uncertainty is small, while it has a significant impact on the
antenna efficiencies. The Type A and Type B uncertainties were studied separately. While
the impact of the VNA uncertainty on the uncertainty in the efficiency can change when a
phantom is introduced, the spatial uniformity (Type A) does not degrade significantly due
to the phantom. It is therefore not necessary to adopt position stirring for the common
configurations presented here. Since the phantom head may have a significant effect on
antenna efficiency, this type of measurement and uncertainty evaluation will be crucial for
future smartphones and body-wearables.
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Figure 5.3: uVNA for (a) the discone AUTs total efficiency and (b) the discone AUTs’ radiation efficiency,
with an inset zooming in on the frequency range where the low-band and high-band results are both
available and not overlapping. Eight curves (four configurations, two bands) can be seen in each inset.
The curves for the radiation efficiency tend to show a higher uncertainty than those for the total efficiency,
as expected.
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Figure 5.4: Total (a) and radiation (b) efficiencies of the discone AUTs for the four configurations over
both frequency ranges with 95% confidence intervals. Configurations A and B are within one another’s
uncertainties, while configurations C and D are significantly different. The bands do not connect since a
different discone AUT is used for them.
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Chapter 6

Conclusion and Future Outlook

Mobile communication systems are evolving rapidly, answering a relentless increase in
demand for mobile data. One of the strategies to increase the data throughput while
maintaining wide coverage is the inclusion of more frequency bands below 6 GHz, with an
increased flexibility within this range. This results in dramatically increased requirements
for mobile device receivers, starting from an already challenging set of requirements for
current systems. From the antenna point of view, one of the key challenges to cover
this range is achieving an acceptable efficiency in a small form factor. This work investi-
gated two efficiency-related areas critical to achieve these antennas: a design method for
frequency reconfigurable antennas, and the characterization of antennas in reverberation
chambers.

The ultimate goal for a frequency reconfigurable receiver could be said to be the elim-
ination of (acoustic) filters, resulting in increased flexibility and reduced cost. However,
this would result in a drastic increase in requirements on the RF front-end, irrespective
of the chosen receiver architecture. Adopting a distributed selectivity approach across
the entire RF front-end, including a frequency reconfigurable antenna, would alleviate
this problem, making this kind of solution viable for future systems. In addition, it was
demonstrated that the efficiencies (both radiation and total) of antennas in a present
day high-end smartphone leave significant room for improvement. Especially from the
point of view of the carefully optimized electronics in a handset, it is of vital importance
to improve the antenna efficiencies to preserve battery life and enhance performance. If
the antenna’s bandwidth requirement could be reduced, the efficiency may be improved.
Again, frequency reconfigurable antennas offer a possible solution, as they cover a rel-
atively narrow instantaneous bandwidth for each frequency setting, covering the total
tuning bandwidth by reconfiguring the antenna.

Frequency reconfigurable antennas pose another challenge: the adoption of a tuning
component, often with a very limited quality factor Q, which can drastically reduce the
efficiency. The adoption of multiple tuning components may alleviate this issue, without
the need for costly high-Q components. Yet the adoption of multiple tuning components
results in a drastically increased design complexity. Therefore a design methodology is
proposed that largely decouples the geometrical design and the choice of setting for the
tuning components. By estimating the antenna efficiencies from the power dissipated in
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the tuning components, the best settings can be selected after only a single full-wave
electromagnetic simulation to obtain the geometry’s S-parameter matrix. The method
can be applied to any geometry with any number of tuning components, opening up
a realm of possible applications. A prototype was developed using this approach using
BST varactors, which was found to achieve measured efficiencies comparable to earlier
designs using RF-MEMS. The antenna was then combined with a reconfigurable LNA
and a reconfigurable downconverter, resulting in a demonstration of a fully-functional
frequency reconfigurable receive front-end.

The new frequency-reconfigurable antenna design method represents a fundamental
change in antenna design philosophy: as opposed to the calculation of the radiation prop-
erties of the antenna, the design is largely performed using circuit-level calculations. This
enables a significant reduction in computational time, and allows for an increased com-
plexity in terms of number of tuning components and their placement. This method was
taken from Technology Readiness Level (TRL) 1, where the key principles were observed,
to TRL 6 when the antenna was demonstrated in a functional frequency-reconfigurable
front-end. It offers a flexible way to design future antenna systems. The antenna design
method is especially suited for applications in consumer devices where the efficiency is
of vital importance, but the available real estate and geometrical design freedom are ex-
tremely limited combined with high time pressure. In addition, in modern smartphones
the geometrical design of an antenna is often dictated by the aesthetics of the phone -
the technique presented here offers the opportunity to get an optimal performance out of
the geometry, while using only economically attractive components. Using the proposed
method, a working design can be achieved in a timely fashion by drastically reducing the
design complexity. While the cost of even economically attractive tuning components
will add to the cost of the antenna, the potential performance gain would compensate
for this - either by saving cost (e.g. filters or parallel paths) elsewhere in the design, or
by enhancing the overall device performance. The measured performance of the antenna
demonstrator is limited by the performance of the tuning components that are used and
the chosen (simple) antenna geometry, and does not form a limit for the design method if
better components are used or a more sophisticated geometrical design is chosen. Criteria
for reject bands (i.e. bands where the efficiency of the antenna should be low) can also be
included, and their rejection estimated in a worst-case scenario. Thus, it presents a step
towards the goal of a flexible handset front-end, with distributed filtering capabilities.

Nonetheless, challenges remain to achieve practical implementation of the frequency-
reconfigurable antenna design method. For practical application, the method would need
to be tested on more antenna geometries. In addition, more research is needed into the
antenna performance in the precense of a user - both from the antenna efficiency point of
view and specific absorption rate (SAR) regulations. One possible way to achieve this may
be the inclusion of a phantom in the single full-wave simulation. It is expected that the
assumption that cases with high currents through the tuning components will coincide
with high reactive near-fields and therefore high dielectric losses (in the phantom) will
still hold, but this needs to be investigated more closely. Furthermore, discontiguous
channel aggregation is gaining popularity and usage in mobile standards. In principle,
these could simply be implemented by changing the optimization criterion within the
design method, i.e. by choosing the best compromise for operation in two bands as
opposed to a single frequency. However, whether this is possible will depend on the
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geometrical design and component placement, requiring more investigation. Additional
future research in this area may include on-the-fly compensation for user effects by re-
optimizing the antenna’s settings, tuning component placement, and on-chip antennas at
millimeter-wave frequencies.

Reverberation chambers properties and techniques are closely investigated from an
antenna characterization point of view. Their behavior is studied in detail in the time
domain, showing which parts of the antenna and reverberation chamber system dominate
sections of the power-delay-profile (PDP). This way of studying a reverberation chamber
showed new interesting insights into the operation of the stirrer, chamber build-up and
its subsequent decay, and demonstrated why the PDP can be used to extract the quality
factor of the chamber itself for antenna efficiency measurements. Another reverbera-
tion chamber parameter critical for some antenna efficiency measurement techniques, the
enhanced backscattering constant, is also studied in an electrically extremely large cham-
ber. It was found that, in the investigated chamber with moving wall type of stirrer and
dual-ridge horn antennas, this constant can deviate significantly from its ideal value at
wavelengths that are extremely large compared to the chamber dimensions. It is currently
unclear why this occurs, and how it could be resolved or otherwise accounted for. This
would be an interesting area for future research, exploring the fundamental properties of
reverberation chambers further. In particular, more emperical data in different chambers is
needed, and a theoretical basis and interpretation for non-ideal backscattering constants.
Nonetheless it can be concluded from the current research that the enhanced backscat-
tering in a reverberation chamber, and a particular location in a reverberation chamber,
should be validated before using the one- or two-antenna methods. It was also shown
that the full free-space reflection coefficient (magnitude and phase) can be estimated from
reverberation chamber measurements, allowing the design of a matching network from
these type of antenna measurements. This makes the use of a reverberation chamber
for the verification of handset antennas even more attractive, as all of their most crucial
characteristics can be obtained from one set of reverberation chamber measurements.
This would also be a very attractive solution for millimeter-wave on-chip or in-package
antennas, where their efficiencies and input impedance may be obtained without the need
for additional measurements or accurate alignment.

Meanwhile, the integration level of (body-wearable) devices in a large variety of use-
case scenarios is increasing. This will require fast and accurate methods to characterize
the effect of a user on the performance of these antennas. While the effect of a user
on the antenna performance in mobile devices can be significant, it is cumbersome to
include in traditional measurements. Therefore, a study on the effect of a user on the
antenna efficiencies and their measurement uncertainties in a reverberation chamber is
performed. This is done by introducing an improved method to estimate the uncertainties
due to the effects of chamber loading by a phantom as well, as the effects of the change in
antenna mismatch introduced by the phantom. The method combines Type A and Type
B uncertainties to arrive at a frequency dependent uncertainty estimate. The approach,
applied here to the two-antenna efficiency measurement method, can easily be applied
to different reverberation chamber efficiency measurement techniques. It is shown that,
while the phantom can have a significant effect on the antenna efficiencies, its impact
on the overall measurement uncertainty is likely to be insignificant. This makes the two-
antenna method used for the study and the new type of uncertainty estimation a valuable
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way of characterizing antenna efficiencies and their uncertainties including user effects.
The presented low measurement uncertainties both with and without a phantom can

be used to push for a better adoption of reverberation chambers for the testing of wireless
devices in both industry and academia. If such a low uncertainty is not required, the
measurement time might be further decreased, making this kind of testing ideal even for
design purposes since an accurate simulation of antenna performance including user effects
is extremely time-consuming. Furthermore, the uncertainty estimation method enables
more research into a wide variety of Over-the-Air tests of wireless devices accounting for
user effects in reverberation chambers. In addition, an interesting direction to study here
may be the effect of the user’s placement of the phone with respect to the head and
hand on the antenna efficiency performance. One could think of a statistical study where
the phone and/or hand positions are changed between measurements in a quasi-random
fashion, enabling a statistical analysis of the results in a similar way to the reverberation
chamber principle. Pushing this concept further, it may even be possible to include this
as a stirring mechanism, saving further measurement time while gathering more complete
and relevant information about the device’s performance in realistic scenarios.

It is vital to make further advances in both design and characterization methods
for antenna efficiency to achieve sustainable growth in mobile communications, and to
approach these commonly separate areas as interlinked challenges like presented in this
work.
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How Tough are the Front-End
Requirements for
4G-and-Beyond Handsets?

L.A. Bronckers, A. Roc’h, and A.B. Smolders

in Proceedings of the 47th European Microwave Conference, Oct. 2017, pp. 711-714.

Abstract
Due to the interrelation of different stages within the handset receiver, it is often desired to
have clear requirements for the RF receiver front-end. However, the LTE standard specifies
only the system-level performance, and extracting the receiver’s front-end requirements is not
straightforward given the complexity of current standards. These front-end requirements are
important to make the right technology choice. In this paper a clear overview of the required
calculations and their results is given, treating the noise figure, selectivity/blocking and cross-
and intermodulation requirements. This avoids the need to perform system-level simulations in
the early design stage and provides the designer with insight on the impact of the RF receiver
front-end on the system-level performance. The results are related to the technology choice,
where it is shown that SiGe and GaAs can achieve both the required sensitivity and linearity.
To the best of the authors’ knowledge this is the first time that such an overview is given and
applied to determine a suitable technology. The requirements for 5G systems are expected to be
more stringent, making the already tough requirements for 4G even tougher for future systems.
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A.1 Introduction

Like most wireless standards, the LTE (4G) requirements for a handset (UE in the stan-
dard) receiver are defined by conditions under which the handset must achieve a minimum
throughput in a reference channel [1]. This makes sense from the standards and testing
points of view, since it defines the handset as a system and leaves the internal design
parameters open to the system architect’s choice. However, it also means that the RF
requirements are not separated from the decoding/digital domain requirements, posing
a problem when defining the design targets at the analog/digital boundary. Therefore
the system architect has to extract the relevant receiver front-end parameters from the
requirements in the standard. Moreover, once the receiver’s front-end requirements are
clear, an IC process choice has to be made. This often concerns the break down volt-
age (BVCEO or BVCBO) and current gain cutoff frequency (Ft) or maximum oscillation
frequency (Fmax). BVCEO and BVCBO determine whether a power amplifier’s (PA) 1-dB
compression point (P1dB) will fit in the break down voltage. Likewise, Ft sets the mini-
mum noise figure (NF) for a transistor, and therefore the lowest achievable NF of an LNA.
In addition, the save operation area (SOA) of a transistor is also a point of concern.

The most accurate approach to tackle this problem would be to perform system-level
simulations. A drawback of this method is that it can be very time consuming at a critical
stage in the design. In addition it requires an estimation of the achievable specifications
of each component in the architecture. Therefore it is very useful to make an initial
estimate of the requirements on the receiver’s RF front-end (RFFE) such as the noise
figure (NF), blocking, intermodulation (IM) and cross-modulation (XMOD) requirements.
In this paper these system requirements are addressed using easily adaptable modeling
approaches, which can also be used for 5G systems. The derived system requirements
are then mapped to individual blocks and reflected upon with respect to process choice.
Margin in these requirements has to be taken into account for process, voltage and
temperature spread (PVT), which depends on the chosen technology. The results are
given for all channels and bandwidths present in the most recent LTE release at the time
of writing and presented in clear figures and summarized in Table A.1. To the best of
the authors’ knowledge this is the first time that such an overview is given and applied to
determine a suitable technology.

All data, unless specified otherwise, are taken from [1], in which the handset require-
ments are defined at the antenna connector. Additional specs for carrier aggregation,
uplink-MIMO, proximity services (ProSE) and CAT 0 (IoT applications) are neglected
to keep the calculations clear and compact. First, the required NF is determined, and
brought down from a system level to the LNA, which is illustrated by a real-world exam-
ple. Next, an overview of the selectivity and blocking tests is presented in Section A.3.
The linearity requirements due to intermodulation and cross-modulation are calculated
and transferred to an LNA requirement in Section A.4. Finally a conclusion is given in
Section A.5.
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Figure A.1: The overall receiver NF’s for LTE Rel. 13’s defined bands and channels.

A.2 Sensitivity

In the LTE standard, the sensitivity is defined as a power level at which a minimum
throughput has to be achieved. This measure is directly related to the receiver’s required
maximum NF. The reference sensitivity as defined in the standard, PREFSENS, can be
calculated by (similar to [2–4]):

PREFSENS [dBm] = −174 [dBm/Hz] + 10 log10 (NRB · 180000 [Hz]) (A.1)

+ NF [dB] + SNR [dB]− 3 [dB],

where the first two terms represent the noise floor in the currently allocated receive
band, NRB is the number of allocated resource blocks (defined in the standard), SNR is
the signal-to-noise ratio in dB required for 95% throughput and the -3 dB corrects for the
second antenna port that is defined in the standard. Note that PREFSENS depends on both
the band and the channel bandwidth. In the past, some simulations have been performed
within 3GPP to determine the required SNR for 95% throughput [5, 6]. The worst-case
(highest SNR) value in [5, 6] is 0.4 dB. Using this value the required NF over all channels
and bandwidths of the entire receiver can be calculated, as shown in Fig. A.1. Overall
the lowest NF is NF = 10 dB. Including an implementation margin of 1 dB, NF = 9 dB
is taken in Table A.1 for the overall receiver.

Accounting for 3 dB baseband noise (including quantization noise), 4 dB transceiver
noise (downconversion, assuming 12 dB to 15 dB LNA power gain), a band select switch
with a 0.4 dB insertion loss and a filter/duplexer with a 1 dB insertion loss, this means
that the LNA’s NF has to be 0.6 dB or lower, as indicated in Table A.1. This sets quite a
demanding NF requirement for the LNA stage. For instance, a 130 nm CMOS LNA has
a NF = 0.78 dB as shown in Table A.2, not meeting the required LNA NF. This requires
an external LNA in either GaAs or SiGe. Both technologies are capable of delivering a
sufficiently low NF. For example, the NXP BGU8052 has a NF = 0.5 dB at its terminals
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at a 3.3 V supply voltage, as shown in Table A.2, and the two GaAs examples that are
shown are also able to fulfill this requirement, although at a higher power consumption.

A.3 Selectivity

Four different interference/blocker requirements are defined in the LTE UE standard: to
test the adjacent channel selectivity (ACS), narrowband blocking, out-of-band blocking
and in-band blocking. Adding selectivity to the receiver (e.g. using a(n) acoustic filter(s))
relieves the electronics’ requirements, making them achievable at low power-consumption
levels.

In order to combine all the ACS and blocking requirements, they are normalized to
the desired signal power. Thus, a spectral mask can be constructed that indicates the
overall required interferer resilience, assuming that the received signal can always be
properly scaled and the NF is sufficiently low (as determined in Section A.2) to receive
the smallest signal. This provides an estimate of the required overall selectivity, though
the required SINR ratio at the demodulator is not visible, i.e. using this spectral mask
directly will result in a signal to interference plus noise (SINR) = 0 dB during the test. As
an example, the spectral masks constructed this way are shown in Fig. A.2 for the 1.4 Mhz
(smallest) and 20 MHz (largest) channel bandwidths, where the frequency offset from the
center of the desired channel of each requirement is indicated. The required ACS and the
required selectivity for the channel next to the adjacent channel (ACS+1, estimated using
out-of-band blocking range 1) are given in Table A.1. From the Figure and the Table it
can be observed that the requirements are quite stringent, i.e. a required attenuation of
approximately 30 dB over only slightly more than 1 MHz frequency shift for the 20 MHz
channel. Therefore these requirements cannot be fully fulfilled by selectivity, resulting in
an increased linearity requirement, which is determined in the next section.
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Figure A.2: Spectral-masks combining ACS and blocking requirements, including the desired signal, for
1.4 MHz (a) and 20 MHz (b) channels.
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A.4 Linearity

For a receiver the required linearity is mainly set by the interference/blocking requirements,
since they are large w.r.t. the maximum desired signal. While the addition of selectivity
helps in most cases (since it attenuates the blocker power if the blocker is in the rejection
band), determining the required linearity without selectivity sets a worst-case requirement.

For the calculation of the required linearity, two modulation requirements are calcu-
lated: one from the intermodulation test, and one based on cross-modulation. In the
intermodulation test, one continuous wave (with power P1) and one modulated signal
(with power P2) are defined, with a frequency offset such that their mixing product falsl
into the desired signal band. While there is no explicit definition for cross-modulation in
the LTE standard, the single-tone tests (Narrow-band blocking and ACS) can be used to
calculate an estimate required IIP3. The calculations are performed assuming there is no
selectivity, SNR = 0.4 dB (Section A.2) and the minimum sensitivity (worst-case).

The required third-order intersection point (IIP3) can be calculated by [3, 7–9]:

IIP3 [dBm] = P1 [dBm] +
P2 [dBm]− PMOD [dBm]

2
, (A.2)

in which PMOD represents the maximum acceptable power due to inter- or cross-
modulation falling into the desired signal’s band.

For the intermodulation test, PMOD is due to the 3rd-order intermodulation product
[3, 7], the maxmimum allowed power of which can be calculated (along the lines of [9])
by:

PMOD [dBm] = PREFSENS [dBm]− SNR [dB] +XREFDEG [dB] (A.3)

+ 10 log10(Bsignal [Hz])− 10 log10(Binterferer [Hz]),

in which all quantities are the same as in Section A.2, XREFDEG is the allowed sensitivity
degradation defined for this test, Bsignal is the desired signal’s bandwidth and Binterferer

is the bandwidth of the modulated interferer. It is necessary to compensate for the
(potential) bandwidth difference of interferer and desired signal (using the last two terms
in (A.3)) since the overall SINR in the desired signal band is of interest. This results in
slightly relaxed requirements for larger signal bandwidths, since the maximum interferer
bandwidth in LTE is 5 MHz. The worst-case result based on (A.3) substituted in (A.2) is
-21.7 dBm, as indicated in Table A.1.

The cross-modulation depends, among other things, on the modulation that is used
and the frequency spacing. Therefore formulations to estimate the required IIP3 contain
empirically determined correction factors, CXMD. Out-of-band blocking is not addressed
since in that case the blocker is far away from the desired signal. In the case of the
cross-modulation, PMOD can be calculated in a similar manner as for the intermodulation,
corrected by CXMD. Assuming that the cross-modulation is uniform in the desired receive
band, this results in:

PMOD [dBm] = PREFSENS [dBm]− SNR [dB] +XREFDEG [dB]− CXMD [dB].(A.4)

For the ACS, CXMD = 1.6 · PAPR− 20.75 (PAPR = 12 dB is taken) is used [4, 8], while
for the NB blocking CXMD = −2.4 dB [4] is taken and a Tx leakage signal of -15 dBm is
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Table A.1: UE Receiver and LNA Requirements

Parameter Minimum Typical Maximum

Frequency [GHz] 0.45 3.8

5.9 (B46)

Channel BW [MHz] 5 20 90 (FDD)

Channel FBW [-] 0.4% 2% 6% (FDD)

Receiver NF [dB] ≤ 9 ≤ 9

LNA NF [dB] ≤ 0.6 ≤ 0.6

Min. input power [dBm] -106.2 -97 -90.5

Max. input power [dBm] -27 -25

Receiver IIP3 [dBm] ≥ +0.9

LNA IIP3 [dBm] ≥ 5.4

ACS [dBc] 27 33 33

ACS+1 [dBc] 46.5 53 62.2

assumed to be present at the Rx input. Now, substituting (A.4) in (A.2) (P1 represents
the power of the distant blocker, P2 the power of the close blocker), the required IIP3
due to cross-modulation is calculated. The worst-case result due to cross-modulation is
+0.9 dB, as indicated in Table A.1. Note that any selectivity presented to the interfering
signal relieves this requirement.

As indicated in Table A.1, the cross-modulation sets the linearity target of the total
receiver. The indicated +0.9 dBm is the system requirement, but can be broken down
over the receiver blocks. Assuming that all passive elements (such as the antenna, in-
terconnects and acoustic filters) do not contribute significantly to nonlinearity, only two
nonlinear blocks have to be accounted for: LNA and downconversion. In addition, assum-
ing that the downconversion (mixer) and LNA contribute equally to the IIP3 of +0.9 dBm,
the IIP3 of the downconversion IC and of the LNA are each required to be approximately
2.4 dBm. Since this is an approximation, a 3 dB implementation margin is taken, resulting
in a required minimum LNA IIP3 of around +5.4 dBm. As shown in Table A.2, the SiGe
and GaAs technologies are able to fulfill this requirement, while the CMOS technology
falls short. This clearly shows the demanding targets for LNA performance, which can be
achieved by using an external LNA in a suitable technology.

For illustration, assume a downconverter IIP3 of 10 dBm, and a total gain of 40 dB.
In this case a SiGe LNA with a 14 dBm IIP3 and 18 dB gain (NXP BGU8052 [10]) results
in a cascaded IIP3 of 5.3 dBm.
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Table A.2: Comparison of LNA’s in various technologies. F, Icc, Vcc and S21 denote operating frequency,
supply current, supply voltage and gain, respectively.

Parameter SiGe GaAs I GaAs II CMOS

[10] [11] [12] [13]

F [GHz] 1.9 1.9 1.95 2.1

Icc [mA] 48 48 70 3.5

Vcc [V] 3.3 5 5 1.2

S21 [dB] 18.4 17.4 20.4 12

OIP3 [dBm] 32.5 36 35.7 9.5

IIP3 [dBm] 14.1 18.6 15.3 -2.5

NF [dB] 0.49 0.44 0.41 0.78

A.5 Conclusion

In this paper a clear overview of the requirements in the latest LTE standard for a receiver
front-end is presented using approximate calculations. The required noise figure per band
is given and broken down to the LNA spec. In addition, the required LNA linearity is
determined, and it is shown that SiGe and GaAs can achieve both required NF and IIP3.
The key LTE handset receiver front-end requirements are summarized. The presented
calculations can be easily modified to other situations and applications, such as WiFi of
5G applications. As it is expected that 5G will integrate LTE-A and WiFi and add a new air
interface [14, 15], the requirements are bound to get more stringent. Especially considering
the expected flexibility requirement, it is safe to say that the front-end requirements for
5G handsets will be very tough indeed.
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Abstract
With 5G posing different requirements to the mobile (handset) receiver than earlier generations,
the receiver architecture needs to be carefully reconsidered. However, an up-to-date and complete
overview is not yet available in literature. In this paper such a review of the currently available
receiver architectures is provided, as well as an overview of current trends. For the first time, a
framework is introduced that allows a systematic classification of architectures. An identification
of unexplored possibilities and system-level trade-offs follows. A more flexible, low-power and
high-performance receiver architecture than currently applied is needed for 5G, for which this
framework becomes a useful tool.
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B.1 Introduction

The choice of wireless receiver (Rx) architecture is a critical step in the mobile (handset)
receiver design process. Among others, it sets the requirements for individual components
such as duplexers, filters, Low Noise Amplifiers (LNAs), Mixers and Analog-to-Digital
(A/D) Converters (ADCs) for a given overall system specification. These requirements
lead indirectly to a certain level of integration, flexibility, power consumption and cost.
With 5G imposing different requirements than earlier generations, an even more careful
consideration is required. In the face of the desired flexibility in 5G the question arises
whether the approaches currently taken in handset receivers remain viable or a new ap-
proach is needed.

In order to make a justified choice of architecture for a 5G handset, a clear overview
of the main architectures that have so far been proposed is needed together with their
advantages and disadvantages. While several papers [1–8] and books [9–14] provide
a partial overview, to the best of the authors’ knowledge no complete and up-to-date
overview is available. In this paper, such an overview is presented, focusing on the sub
6-GHz frequency range, which contains over 50 bands for LTE [15] and WiFi [16], and
will also be of relevance for 5G [17–19]. The particular challenges of receivers for the
millimeter-wave bands (e.g. [20, 21]) are not included, since they would warrant a paper
of their own. While similar concepts apply to transmitter architectures, this paper focuses
on receivers in order to present a clear and insightful story, as different considerations
apply to transmitters. Also for the first time, a systematic framework to classify the
receiver architectures is proposed. It allows useful insights into the interrelations between
different architectural approaches, and the architectural trade-offs that affect system-
level performance. Using this overview and framework of architectures, current trends are
illustrated and discussed in view of the expected requirements of 5G for handset receivers.

This paper is organized as follows: the new framework is presented in Section B.2
including the design trade-offs, and a short overview of the architectures in the frame-
work is given. A more in-depth overview of each architecture, its (dis)advantages and
developments follows in Section B.3. In Section B.4 trends in the development and use
of architectures are identified, and discussed with respect to 5G. Finally, a conclusion is
given in Section B.5.

B.2 Framework

While 5G will definitely bring changes to the physical layer when compared to 4G and
earlier generations, and therefore impact the receiver requirements, there is no doubt
that it will have to receive a high frequency signal and reconstruct the data that was
transmitted. There will be an antenna at the input and data at the output, not changing
the receiver functionality from a system level point of view. Therefore a framework
can be based around the main functionalities that are currently needed for a receiver:
downconversion and analog-to-digital conversion.

In Fig. B.1 the proposed framework is shown. To the authors’ best knowledge, this
is the first time such a framework is attempted. In principle, it represents the design
space of receiver architectures, i.e. it illustrates the degrees of freedom when defining a
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Figure B.1: Proposed framework, where the most commonly discussed receiver architectures are indicated.
2-Dimensional projections of this 3-Dimensional representation are given in Fig. B.2.

receiver architecture. It is constructed to allow a classification of the common receiver
architectures, making their similarities and differences clear on an abstract level, and
allowing one to display developments and trends in a graphical manner. Three dimensions
(as indicated in Fig. B.1) are considered. One key advantage of using this framework is
that each dimension reflects an overall functionality and design freedom of a receiver:

1. Intermediate Frequency (IF), ranging from IF = 0 to IF = RF. In most designs the
signal is downconverted from its carrier frequency fc to an intermediate frequency
(IF, fi) using (a) mixer(s). The IF to which the mixers translate the signal is an
essential parameter, indicated in dimension 1.

2. Location of A/D Conversion, ranging from no A/D (which implies analog decod-
ing), through A/D at a low frequency, to A/D conversion at RF (e.g. directly after
the antenna). In order to transfer the information to the digital domain, an ADC is
always required. The location where the ADC is placed in the cascade, dimension
2 in the framework, defines the boundary between functionalities that have to be
implemented in the analog domain and which can be implemented in the digital
domain.

3. Mixing complexity, ranging from no analog mixers to the use of multiple stages
of analog I/Q mixing. The amount of cascaded mixers and whether I/Q mixing is
used or not is indicated in dimension 3 in our framework.

Moving up in dimension 1 in the framework means an increase in the IF. Therefore
the designer has more freedom in the design if a second down-conversion stage is applied,
or the opportunity for increased bandwidth or additional digital signal processing if the
ADC is placed at the first IF. Both options can increase performance, at the same time
increasing cost and power consumption due to the added components and/or the need for
a higher-performance ADC. In addition, a higher IF results in increased power consumption
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Figure B.2: 2-Dimensional projections of the proposed framework: (a) dimensions 1 and 2, (b) dimensions
2 and 3 and (c) dimensions 1 and 3. The 3-Dimensional view is given in Fig. B.1.

and circuit design challenges due to the increased frequency. An increase in dimension
2 corresponds to increasing the sampling frequency of the ADC and, thus, increases the
flexibility in the digital domain since a larger bandwidth is digitized. This comes at the
cost of increasing A/D conversion power consumption and cost, but relieves the filtering
requirements in the analog domain. It also implies an increased bandwidth for the analog
components, resulting in an increased linearity requirement since not all undesired signals
can be filtered out. Moving up in dimension 3 means either an analog implementation of
the in-phase and quadrature branches, or the use of multiple IF stages. Both possibilities
increase the complexity and number of components in the analog domain, but provide
more freedom in the frequency planning. Note that not all locations in the framework
can be practically achieved, preventing some trade-offs from being made and some of the
extremes from being reached. An example of this is Mitola’s SDR.

Together, the dimensions determine the frequency planning of the receiver. To further
clarify the placement of the architectures in the 3-Dimensional framework, 2-Dimensional
projections are given in Fig. B.2. Looking at the first dimension, the IF, it can be observed
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Figure B.3: Block diagram of (a) dual-conversion quadrature superheterodyne receiver (diagram based
on [2, 7, 9, 10, 12, 13]) and (b) digital-IF receiver (diagram based on [1, 6, 10, 22]). Elements in the
analog domain are outlined in black, while elements in the digital domain are outlined in grey.

that (from left to right in Fig. B.2a and B.2c) the Homodyne receiver has the lowest IF (IF
= 0), followed by the low-IF (low IF), Superheterodyne/Digital-IF (medium/high IF) and
finally Mitola’s SDR (IF = RF). In the second dimension, A/D, no architectures lacking
an A/D are presented in the framework. Thus, going from bottom to top in Fig. B.2a
or left to right in Fig. B.2b the homodyne and superheterodyne are first encountered,
having the A/D conversion after mixing to baseband, followed by the low-IF (at the low
IF) and digital-IF (at a medium/high IF) architectures. Again Mitola’s SDR is an extreme
as it performs A/D conversion at RF. Finally in the third dimension, mixing complexity,
going bottom to top in Fig. B.2b and Fig. B.2c, Mitola’s SDR has no mixers at all,
followed by the digital-IF (one mixer), low-IF and homodyne (two mixers), and finally
superheterodyne (three mixers) architectures for increasing mixing complexity. Note that,
while the dimensions are obviously related to each other, there is no one-to-one connection
between them, as becomes clear from Fig. B.2. Thus, all three dimensions are required
to give a complete classification.

The properties of the common architectures will now be shortly introduced, with a
more in-depth view presented in Section B.3.

The most traditionally used receiver is the superheterodyne receiver (Fig. B.3a and
Section B.3.1). By choosing the IF and filters properly excellent selectivity and sensitivity
can be achieved using the superheterodyne receiver [1–3, 9, 10], and there are no DC-
offset and leakage problems [2, 9, 10]. However, the (external) high-Q (surface acoustic
wave (SAW), bulk acoustic wave (BAW) or film bulk acoustic resonator (FBAR)) filters
that are required for image rejection and channel selection increase the cost, size and
power consumption [2, 4, 9] and limit the flexibility, which becomes even more pressing in
view of the required flexibility in 5G. The digital-IF receiver (Fig. B.3b and Section B.3.1)
is based on the superheterodyne receiver, performing A/D conversion after a single down-

83



B

PAPER B. WIRELESS RECEIVER ARCHITECTURES TOWARDS 5G: WHERE ARE
WE?

conversion.
In contrast to the superheterodyne receiver, the homodyne receiver (Fig. B.4 and

Section B.3.2) directly converts to baseband. The homodyne receiver is the most common
architecture used in low-power applications due to its simplicity and scalability [10], and
can be fully integrated [9, 23]. However, it suffers from DC-offset [1–7, 9, 10, 24–26],
flicker noise[1, 3–5, 8, 10–12] and even-order intermodulation [1, 5, 11–13] issues.

The low-IF receiver (Fig. B.5 and Section B.3.3) combines some of the traits of the
superheterodyne and homodyne receivers, using a low IF. It is particularly attractive for
narrow-channel standards [12]. It does not suffer from the DC-offset problem found in
homodyne receivers [4, 6, 7, 9, 27] or the 1/f noise problem [4, 27]. However, using the
low-IF architecture, the mirror signal can be stronger than the wanted signal, resulting in
more stringent mirror signal suppression requirements [6, 24].

Finally, Mitola’s software-defined radio (SDR, Fig. B.6 and Section B.3.4) consists of
an ADC directly attached to the antenna, placing it far away from the more conventional
architectures in our framework. This avoids the implementation of analog circuits and is
very flexible as most of the functionality is defined in software, even enabling reception of
every incident channel concurrently [28]. However, it poses very stringent requirements on
the ADC which, even if they are achieved, would dissipate a very large amount of power
[2, 28–30]. Nevertheless, the SDR concept has inspired some more realistic approaches,
as discussed in Section B.3.4.

B.3 Architectures

The most important architectures and their derivatives are reviewed in this section. Each
subsection corresponds to an architecture in the framework (Fig. B.1 and Fig. B.2), though
some of the derived architectures might deviate from their indicated location.

B.3.1 Superheterodyne Receiver

Within the framework the superheterodyne receiver is indicated in green, appearing in the
front-top-right octant in Fig. B.1, as also illustrated in Fig. B.2. If offers high perfor-
mance, but has limited flexibility and relatively high cost and power consumption. Since
Armstrong’s publication in 1921 [31], the superheterodyne receiver has gained immense
popularity, and is also known as the heterodyne or IF-receiver. The superheterodyne re-
ceiver usually uses one or two stages of down-conversion [11]. As an example, a block
diagram of a double downconversion superheterodyne receiver is shown in Fig. B.3a,
while a single downconversion, also known as digital-IF, receiver is shown in Fig. B.3b.
In the latter case, the signal is digitized at the IF stage (hence the name digital-IF) and
the quadrature downconversion is performed in the digital domain [6, 7, 10], placing it
on the intersection of the two bottom-right octants of the framework, as shown in in
Fig. B.1 and B.2.

In superheterodyne receivers, the signal coming from the antenna is downconverted
to the (first) IF by the (first) mixer, as shown in Fig. B.3. It can then be digitized at this
IF (Fig. B.3b) or further downconverted after filtering, by quadrature downconversion
if it is downconverted to DC (Fig. B.3a). Its main disadvantage is that not only the
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wanted signal (situated at fc) is downconverted to the IF, but also the mirror frequency
(situated at fc − 2fi). Therefore, the mirror frequency has to be suppressed before
mixing, which is performed by BPF 1 and BPF 2 in Fig. B.3, known as the image-reject
filtering [2, 6, 7, 12]. The requirements for these filters depend on the choice of IF: if the
IF is high, then the wanted signal is far away from the mirror frequency [6, 7, 10, 12].
However, even when the IF is high, this results in stringent filtering requirements, so these
filters cannot be integrated [6, 10]. This also means that it will be very hard to make
flexible filtering to accommodate frequency flexibility for 5G. In addition to filtering, some
amplification is performed before mixing by the LNA to decrease the noise figure (NF)
and thereby increase the receiver’s sensitivity. Therefore, BPF 1 also serves to remove
out-of-band signal energy to avoid desensitization [7]. After downconversion to the IF,
further filtering is applied by BPF 3 to separate the desired signal from other nearby
signals, also known as the channel select filter [6, 7, 10, 12]. Since this operation is
performed at IF, the choice of IF again affects the filter requirements: Choosing a high
IF results in a higher required Q-factor than a lower IF if the channel separation remains
the same. Again, integrating these IF filters is very hard [6]. Thus, the selection of
IF becomes a trade-off between image rejection (before mixing) and channel selection
(after mixing) [5, 7, 12]. BPF 3 is followed by a variable gain amplifier (VGA) to amplify
the signal to the optimal range for the ADC. After the VGA, the signal can be further
downconverted to a lower IF, or shifted to baseband [7]. In the case where the signal
is downconverted to baseband, analog quadrature downconversion has to be performed
(Fig. B.3a) in order to separate the negative from the positive frequencies, similar to
the homodyne receiver (Section B.3.2), also suffering from many of the same issues [12].
This approach is most common in modern heterodyne receivers [12]. Alternatively, the
signal can be downconverted to a lower IF (adding more conversion steps is intended to
alleviate the trade-off between image rejection and channel selection requirements [12]),
or the signal can be sampled at IF (Fig. B.3b). The latter is known as a digital-IF receiver
[7] and has the advantage that there is no I/Q imbalance [7, 10], while it requires AD
conversion at a higher frequency and thus a more expensive and power-hungry ADC [7].

A sliding-IF receiver is a dual-conversion superheterodyne receiver which employs only
one oscillator, mainly because multiple oscillators on the same chip suffer from unwanted
coupling [12]. Instead, the second local oscillator (LO) frequency is derived from the first
by frequency division [12, 32].

To alleviate the filtering requirements, which would be especially useful in the face
of 5G, image rejection techniques have been proposed, the most popular being the Hart-
ley and Weaver architectures [11, 13]. These techniques are based on Weaver’s single-
sideband generator/receiver concept [1, 3, 5, 12, 33] and Hartley’s image rejection receiver
[1, 5, 34]. In both, a quadrature downconversion is applied to the RF signal, followed by
low-pass filtering. In the Hartley architecture, the resulting signals are combined after one
is shifted by 90◦, while in the Weaver architecture the phase shift is performed by a second
pair of mixers [11]. Both the Hartley and Weaver architectures are sensitive to amplitude
and/or phase imbalances, though the Weaver architecture suffers less from amplitude
mismatch due to the absence of a phase-shifter [1, 11, 12]. Calibration techniques can be
used to improve the image rejection in both the Hartley and Weaver architectures [12].
In addition, an automatically tuned PLL-based filtering concept was proposed in order to
obtain more attenuation of the image signal [35]. Alternatively, a tunable image-reject
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Figure B.4: Block diagram of zero-IF/direct-downconversion/homodyne receiver (diagram based on [1–3,
5, 7, 9–12, 37]). Elements in the analog domain are outlined in black, while elements in the digital
domain are outlined in grey.

notch filtering approach was proposed [36].
In an attempt to achieve higher levels of integration, flexibility and performance, the

wide-band IF double conversion receiver, often indicated simply as wideband-IF receiver,
was introduced [2, 7, 9, 24, 25]. In this approach, like the conventional superheterodyne
receiver, the frequency translation is distributed over multiple steps. However, in each
conversion step, I/Q mixing is performed on all potential RF channels [7], and therefore
all information to perform image rejection is available at baseband. This idea is very
similar to the low-IF architecture with real filter (Section B.3.3 and Fig. B.5b), the main
difference being that the A/D conversion is performed after the second downconversion,
and therefore not treated in detail here.

B.3.2 Homodyne Receiver

The homodyne receiver, placed on the intersection of the two front-left octants in the
framework (Fig. B.1 and Fig. B.2), also known as the direct-conversion or zero-IF receiver,
was considered as early as 1924, though the concept lay dormant for a long time until it
was revived in 1980 [3]. A block diagram of the homodyne receiver is shown in Fig. B.4.
The main difference with the superheterodyne receiver is that no IF is used or, in other
words, the IF is chosen to be zero [3, 6, 7]. Therefore it trades off performance to lower
cost and power consumption, since it is lower in dimension 1 than the superheterodyne
receiver. The homodyne receiver is the most common architecture used in low-power
applications due to its simplicity and scalability [10], and can be fully integrated on a chip
[9, 23] since no high-performance BPF is needed. This also increases the feasibility to
develop a tunable filter with sufficient performance for 5G.

In a homodyne receiver, the signal is directly downconverted to baseband, without
using an IF. Thus, since fi = 0, the mirror frequency is equal to the desired signal’s
frequency. Nevertheless, a problem with the mirror frequency still exists: the wanted
signal is mirrored in the negative frequency range, resulting in the top end of the signal
band from the positive frequencies overlapping with the low end of the signal band from
the negative frequencies after downconversion, and vice versa. Therefore, a quadrature
downconversion is needed [3], as illustrated in Fig. B.4. Since, in theory, quadrature
downconversion is equivalent to complex mixing [6, 7], the desired signal can be obtained
by the DSP. As shown in Fig. B.4, in most homodyne receivers the signal from the antenna
is filtered and amplified before mixing. The former serves to prevent desensitization due
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Figure B.5: Block diagram of (a) low-IF receiver which uses a complex BPF (diagram based on [6, 10,
13]) and (b) low-IF receiver which uses real filters (diagram based on [6, 7, 24, 27]). Elements in the
analog domain are outlined in black, while elements in the digital domain are outlined in grey.

to blockers, while the latter serves to decrease the receiver’s NF. After mixing, the desired
signal is at baseband, and thus channel selection can be performed by low-pass filters
(LPF). The signal is then brought in range of the ADC’s by VGA’s and converted to the
digital domain where it is demodulated using a DSP.

Compared to the superheterodyne receiver, the main advantage of the homodyne
receiver is the very high integration level that can be achieved, as in most designs no
high-Q bandpass filters are required [6, 12]: the channel selection is performed by low-
pass filters [12], and there is no need for an image rejection filter [7]. Instead, the
suppression of the mirror signal depends on I/Q (mis)match [5, 6], which arises due to
gain and phase errors: the complex LO output not only contains the negative frequency,
but also a positive frequency component [7]. Both analog and digital I/Q imbalance
compensation techniques have been proposed [38], including techniques non-data-aided
(‘blind’) techniques [39]. In many high-performance systems this requires calibration [12].
However, since the mirror signal is the desired signal itself, the specifications on mirror
suppression are less severe than in a heterodyne receiver, as the signal on the mirror
frequency cannot be bigger than the desired signal [3, 6]. In addition to I/Q imbalance,
flicker noise (also known as 1/f noise) is a drawback of the direct-conversion topology: as
the signal is directly down-converted to baseband, flicker noise is an in-band phenomenon
[1, 3–5, 8, 10–12]. The problem of flicker noise makes it difficult to use homodyne
receivers for narrow-bandwidth standards [12]. Furthermore, homodyne receivers are (in
addition to odd-order intermodulations) also vulnerable to even-order indermodulations
[1, 5, 11–13], though several topologies have been proposed to combat this problem
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[11]. DC-offset is perhaps the worst problem in zero-IF receivers [1–7, 9, 10, 24–26],
desensitizing the receiver by saturating the circuits. Due to finite isolation, the LO signal
can leak to the other mixer input, or even the LNA input or through the antenna [1, 5,
7, 9–12, 25], mixing with itself and resulting in a DC component. The leakage to the
antenna also creates an in-band interferer, since (part of) the power is radiated [1, 3, 7,
10, 12]. Another cause of self-mixing can be an in-band interferer (possibly the receiver’s
own radiated power) leaking to the LO port of the mixer [7, 9, 10]. Thus, the DC offset
can also be time-varying [7]. Self-mixing is the problem that has kept the homodyne
receiver from use in practical applications for a long time [6].

One approach to remove the DC offset is to use ac-coupling in the signal path, e.g.
using a series capacitor. However, since currently used modulation schemes contain signal
energy at DC, this would deteriorate the signal quality [7, 11, 12]. Other approaches
include analog and/or digital offset estimation and cancellation [5, 7, 11].

B.3.3 Low-IF Receiver

In the framework (Fig. B.1 and Fig. B.2) the low-IF receiver is placed on the intersection
of the four left octants and indicated in red. The goal of the low-IF receiver is to combine
the advantages of the superheterodyne and zero-IF receivers [6, 7], and is particularly
attractive for narrow-channel standards [12]. The low-IF receiver is roughly in between the
superheterodyne and the zero-IF receiver in the framework, illustrating that it balances
the system-level trade-off between the two. It uses two downconversion paths like the
homodyne receiver, but still uses an IF. This results in an image rejection topology similar
to the Hartley and Weaver architectures [12]. In Fig. B.5, two types of low-IF receiver
are shown: one which uses a complex bandpass filter (also referred to as a polyphase
bandpass filter, Fig. B.5a), and one which uses a real bandpass filter (Fig. B.5b).

In the low-IF receiver, the wanted and mirror signals are downconverted to the IF,
but are not superimposed due to the use of I/Q mixing: the wanted signal is situated
at negative frequencies, while the mirror image is situated at positive frequencies [6], as
shown in Fig. B.5. The IF can range from half to several times the channel bandwidth [7,
10, 13]. In the complex BPF approach the mirror signal is suppressed by the polyphase
BPF, brought in range of the ADCs by the VGAs, converted to the digital domain, and
then (digitally) downconverted to baseband by multiplication with a sine. Due to the
low IF it is more feasible to sample the signal after the first mixer stage than in e.g. a
superheterodyne receiver [7]. However, it requires a higher resolution than a wideband
IF receiver since both the wanted and image signals are sampled while the image signal
can be much larger than the desired signal [7]. In the approach using real filters, the
BPFs separate both the desired and mirror signals from other nearby signals. The VGAs
amplify the signals to bring them in range for the ADCs. Then, the final downconversion
is performed in the digital domain, using a positive frequency equal to the IF [6].

Since the wanted signal is not situated around DC in this architecture, it does not
suffer from the DC-offset problem found in homodyne receivers [4, 6, 7, 9, 27] or the 1/f
noise problem [4, 27], and the signal path can be AC-coupled. Nevertheless, it features
the same high degree of integration as a homodyne receiver [27] since the filtering after
the LNA is done close to DC. Again, this also increases the possibility of developing a
sufficiently performing filter to accommodate 5G’s flexibility. Furthermore, part of the
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A/D DSP

Figure B.6: Block diagram of the ‘ideal’ SDR receiver as envisioned by Mitola [40] (diagram based on
[28, 30]). Elements in the analog domain are outlined in black, while elements in the digital domain are
outlined in grey.

complex mixing is implemented in the digital domain, without I/Q mismatch. However,
using the low-IF architecture, the mirror signal can be stronger than the wanted signal,
resulting in more stringent mirror signal suppression requirements [6, 24]. Due to the I/Q
mixing in the analog domain the major challenge in a low-IF receiver is the limited image
rejection due to imbalances between the I- and Q-paths, typically limited to approximately
35dB without tuning or calibration [26].

B.3.4 SDR Receivers

For clarity, all architectures that were proposed with the ability to configure the receive
path to different frequencies and/or bandwidths as the main goal are treated in this
section. The ideal SDR receiver, as first envisioned by Mitola [40], is shown in Fig. B.6,
and placed on the far right corner in the framework, as illustrated in Fig. B.1 and Fig. B.2.
Note that this extreme has not (yet) been reached in practice. Sometimes an LNA and
anti-aliasing filter are shown in this architecture preceding the ADC [22], be these are
then assumed to operate in all relevant bands and have sufficiently high linearity. The
antenna is directly followed by the ADC, and thus all other functionalities are implemented
in the digital domain. This avoids the implementation of analog circuits and is very
flexible as most of the functionality is defined in software, even enabling reception of every
incident channel concurrently [28]. Conceptually, this architecture could accommodate
all standards as long as the ADC has sufficient sensitivity, dynamic range, sampling rate,
etc., including 5G. However, it poses very stringent requirements on the ADC which, even
if they are achieved, would dissipate an unacceptably large amount of power [2, 28–30]
for mobile applications. To make matters worse, progress in ADCs is much slower than
Moore’s law [28], which mainly benefits the DSP, since the problem is more complex than
scaling transistor sizes. More generally, SDR can be seen as the expansion of digital signal
processing, and thus ADC, towards the antenna [22]. This expansion means that both
the dynamic range and the input bandwidth of the ADC must improve, at the cost of
increasing power consumption [1]. This also implies that the required linearity increases,
since the increased bandwidth means that more signals (desired and undesired) have to
be processed by the receiver, as opposed to being filtered out early in the receive chain.

An alternative approach to obtain flexibility for 5G is to use switching circuits instead
of a mixer and/or using the switching to obtain a comb-filter-like functionality [41–48].
However, obtaining resilience to out-of-band blockers combined with a good noise figure
and intermodulation performance over a wide frequency range remains challenging [48].
This approach shows much similarity to subsampling architectures. A similar concept
employing bandpass sampling at RF is discussed in [2, 49] though the concept was not
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implemented, and there are several drawbacks such as very stringent requirements on the
ADC, the need of tunable RF filters, noise aliasing, and degradation of the SNR due to
clock jitter. Another interesting development is the introduction of the direct Delta-Sigma
receiver [50–54]. This is also a direct RF to digital conversion approach, but combines
the RF front-end with a feedback-type Delta-Sigma ADC [54]. Advantages include noise
shaping at RF, full integration, and both tunable center frequency and bandwidth. Though
this technique does not yet offer the performance of conventional receiver architectures,
it is a promising candidate for a flexible receiver solution.

In order to avoid having to sample at RF, the IF-sampling (Fig. B.3b and Section B.3.1)
is a popular architecture in modern SDR receivers [10]. The idea is to digitize only the
band that the particular SDR needs to cover [22]. When the sampling frequency is chosen
much lower than the IF, the IF-sampling receiver is referred to as an (IF-)subsampling
receiver [2]. This technique intentionally aliases the incoming signal, and samples one of
the resulting images, reducing the ADC requirements. Problems are noise aliasing and
sensitivity to jitter [2].

On the other extreme from Mitola’s SDR, zero-IF architectures have also been pro-
posed for SDR [28, 37, 55], mainly because there is no need for image reject filters. A
variation of the homodyne receiver is the subsampling receiver, where the mixer is re-
placed with a sampling circuit, which samples the RF signal at the Nyquist rate of the
baseband signal [9]. While the availability of a high-speed switch is critical, the sampling
frequency is much lower than the carrier frequency, making the oscillator simple to design
and less power consuming [9]. Drawbacks are noise aliasing, magnification of jitter on
the sampling clock, clock feedthrough, settling time of amplifiers, and the proportional-
ity of the sampling frequency with the carrier frequency, resulting in high dynamic-range
requirements and high sampling frequency of the ADC[9].

B.4 Trends

B.4.1 Architecture

In the 1990s and the early 2000s, the superheterodyne receiver was the most commonly
used architecture for mobile communications [3, 4, 7, 25, 35], the direct conversion
topology being limited to e.g. pager receivers [5]. Nevertheless, the zero-IF topology was
gaining popularity, due to the need for better portability and lower cost[24], becoming an
active research topic again [5]. They still had not been used for non-constant envelope
modulation schemes in commercial products in 2000 [7] though. This is also illustrated in
Fig. B.7. The superheterodyne receiver was still the most popular around 2005, although
a trend to a higher level of integration, lower cost and power levels was also observed
[2] - and, logically, the appearance of low-IF and homodyne architectures for multiband
solutions [8]. In 2011, Razavi noted that direct-conversion receivers had become popular in
the last decade, when integration and signal processing made it a viable choice [12]. Now,
the zero-IF and sliding-IF are the most commonly used low-power receiver architectures
[56]. Within the framework (Fig. B.1 and Fig. B.2) this can be seen as a trends towards
a lower IF in dimension 1, earlier A/D in dimension 2 and a decreasing number of mixers
in dimension 2.
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Figure B.7: Illustration of the popularity of receiver architectures and complexity/integration level over
time. This figure is based on the trends observed in Section B.4, and is intended to give an indication
only (not drawn to scale).

B.4.2 Integration

While in the 1990s the goal was to integrate one transceiver, current efforts aim for mul-
tiple transceivers, operating in different frequency bands for different wireless standards
[12]. In modern smartphones, often GSM, W-CDMA, (TD-)LTE, WiFi, BT and GPS
capabilities are combined, each in different bands and most of them requiring multiple
bands. For example, LTE (release 13) defines 49 bands [15]. This results in an increase
of both passive and active component count, which is also illustrated in Fig. B.7 by the
increase in complexity. Some manufacturers choose to build a phone that is compati-
ble to nearly all popular standards in every country (‘world phone’), while others build
different models that can be used in particular regions (‘local phone’). This results in
different requirements, but their implementation is similar: the capabilities have not (yet)
been integrated into a single module, and are implemented by duplicating RF paths, lead-
ing to component duplication [57]. In 2009, convergence of standards was achieved by
assembling dedicated ICs on PCBs, though system-on-chip (SoC) solutions (integrating
multiple RF front-ends and modems on the same chip) had also appeared [55]. Now,
in popular modern smartphones, a SoC connected to PAs, SAW/BAW/FBAR duplexers
or filters, LNAs and switches, often in modules (or ‘banks’) are observed. In order to
save space, 3-dimensional packaging and filter banks have emerged [57]. This trend of
increasing integration level is also illustrated in Fig. B.7 with the ‘Complexity and Inte-
gration’ curve. While this leads to a reduced component count, it does not result in a
reduction of parallel receive paths or a real change in architecture, and therefore does
not decrease the complexity. As wireless standards evolved from 2G to 4G, the number
of filters external to the receiver module increased from about 6 (2G) to 45 (4G), the
number of RF ports of the transceiver increased from 10 to 60, and that the number of
switch ports required for signal routing increased from 6 to 30 [58], altogether increasing
the transceiver’s complexity and cost drastically. Electronics remain affordable due to the
integration on a single chip, thanks to scaling of VSLI processes (in particular, CMOS)
and innovations in RF circuits and devices [12].

In research, a trend to use switching circuits instead of a mixer and/or using the
switching to obtain a comb-filter-like functionality can be observed [41–48], sometimes
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completely omitting an LNA. Again, these topologies aim at higher integration and flexi-
bility in operating frequency, targeting to replace the SAW/BAW/FBAR filters currently
used. However, the harmonic responses and noise folding (noise folding back from the
alias bands) present drawbacks. Nevertheless these topologies seem very promising for
5G since they can relieve the filter requirements.

B.4.3 5G

It is expected that 5G will integrate current standards such as LTE-A and WiFi, as well
as add a new ‘5G’ air interface [17–19], e.g. cm-wave, mm-wave, and TV white-space
spectrum, and/or new waveforms for increased spectral efficiency. In addition, a key
goal of 5G is to increase the flexibility dramatically, making the SDR concept currently
a hot research topic. Furthermore, even for current standards, the SDR concept has the
potential to reduce the cost of the receiver dramatically by eliminating (or reducing the
number of) parallel receive paths. For SDR receivers, moving the ADC closer to the
antenna was already a trend in 2007 [49], providing more flexibility and the ability to
receive several channels at different frequencies simultaneously. This comes at the cost of
increased ADC requirements (dynamic range and input bandwidth) and increased linearity
requirements of the receive chain. This becomes especially challenging for multi-mode
operation and high data rates, which are expected for 5G. Nevertheless, the SDR concept
provides very interesting possibilities.

In addition to higher flexibility, there is also a push for higher data rate (> 10X on
average and peak rates and > 100X on cell edge) in 5G when compared to LTE release
12 [18, 19], as well as higher mobility (> 1.5X), spectral efficiency and connection density
(> 100X) [18, 19]. Especially combined with the increased flexibility, this is a hard task
from the handset receiver point of view. Therefore 5G asks for bold innovations on both
component and architectural level.

B.5 Conclusion

An overview of the commonly used receiver architectures is given, each with their
(dis)advantages and variations on them. The proposed framework allows a clear clas-
sification of architectures, as well as identification of unexplored possibilities. A trend
towards integration and adding more standards and bands to the receiver has been ob-
served. Currently this is done by introducing parallel RF paths, an unsustainable method
in the face of 5G’s expected flexibility requirement. While some more flexible receiver so-
lutions have been proposed, modern smartphones still contain fixed filters, adding to their
cost and limiting their flexibility. With 5G around the corner, a more flexible, low-power
and high-performance solution is needed.
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Abstract
In an effort to create a benchmark for antenna designs for mobile applications, the total and
radiation efficiencies of a modern high-end smartphone’s antennas are measured. To this end,
an adapter board is designed that facilitates the connection to a calibrated measurement system.
Its shape is chosen to closely resemble the original phone’s dimensions, while allowing connection
of the antennas via spring fingers to a coaxial measurement system. The characterization of
this mock-up is performed in a reverberation chamber, which offers the advantage of an on-
average isotropic environment, making it ideal for antenna reflection coefficient and efficiency
measurements. The reflection coefficients, total efficiencies and radiation efficiencies of the
mock-up are then measured from 0.75 to 6 GHz. The total antenna efficiencies, not accounting
for a possible improvement due to adaptive matching networks, are found to be below 15% up to
4 GHz and up to 25% below 6 GHz. Meanwhile, the radiation efficiencies are up to 15% below
2.5 GHz, and up to 40% below 6 GHz. Such antenna efficiency measurements are a first and
serve well as a benchmark for future designs and concepts.
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C.1 Introduction

Modern smartphones, especially the high-end models, have shown a clear trend towards
thinner designs and higher integration. At the same time, 5G will make use of even more
available frequency space in the 1 to 6 GHz range than 4G [1–5]. One may wonder in
what position this leaves an antenna designer, confronted with the challenge of creating a
robust and cheaply manufacturable design within very limited available real estate. On the
one hand, the radiation pattern is not of critical concern (though the specific absorption
rate (SAR) is) due to the scattering environment the phone is designed for, and the input
impedance can be improved using adaptive matching circuits. On the other hand the
antenna efficiencies have a direct impact on the link budget and thereby battery life and
maximum bit rate.

Since it is such a critical parameter, the antenna efficiency performance of state-of-the-
art models could very well serve as a benchmark for new concepts and designs. However,
very few characterizations of commercial designs, especially recent high-end models, can
be found in literature [6–10]. The influence of head and hand on the radiation efficiencies
are studied in [6, 7, 9], but these were not smartphones and included relatively large
antennas. A study on the effect of phone-chassis related parameters on, among others,
the antenna efficiency was performed in [8], but this did not include a commercial design
where cost and form-factor are the primary drivers for the antenna topology and geometry.
In 2012, a very thorough analysis of a phone’s antenna performance was performed [10],
presenting challenges on the antenna performance for then-current designs. However, the
antenna efficiencies were not studied separately, and the form factor as well as functional-
ity of smartphones have evolved significantly since then. Most other existing work focuses
on the electronics or the complete phone, where the antenna’s contribution to the over-
all performance cannot be distinguished from the electronics [11–14]. This may in part
be attributed to the difficulty of accurately measuring antenna efficiencies, and practical
issues that prevent the antennas from being directly connected to the measurement sys-
tem. Therefore, the antenna community has focussed on creating and characterizing new
designs, designing for and measuring the antenna efficiencies as well [15–19]. While it has
been shown that these antennas, often frequency-reconfigurable, can perform well, it is
as yet unclear how they compare to the current state-of-the-art in commercially available
smartphones.

Recently, three reverberation chamber (RC) methods were proposed that make the
procedure of measuring antenna efficiency possible without the need for a reference an-
tenna [20]. In this work, we apply the three-antenna method (which makes the smallest
amount of assumptions on the RC) to measure the efficiencies of the antennas in a very
popular high-end smartphone with a screen folding around the edges, first introduced in
2017. Its most crucial properties are the large screen, posing increasing challenges to
the antenna systems, and its support of LTE Cat-16, one of the highest grades in the
3GPP LTE standard [21]. Such a phone is selected for its stringent requirements on a
system level, resulting in extremely challenging form-factor and placement limitations for
the antennas. The practical impact of such requirements has yet to be shown in litera-
ture. To solve the problem of connecting the antenna to the measurement system, we
have designed a special adapter board to adapt the spring-finger connection of the original
phone to an SMA connector interface. We then measure this mock-up’s antennas in a

98



C

C.2. ANTENNAS AND RF FRONT-END

Impedance Tuner 

and/or Tuning Switch
RF Front-End

Figure C.1: Block diagram of common antenna connection to the RF front-end: an impedance tuner is
included at the antenna connection.

reverberation chamber. The results of these measurements are extremely valuable to serve
as a reference (or benchmark) of an industry design that we deem to be representative
due to its large popularity, to compare new antenna designs and concepts.

We start by detailing the way the phone is constructed, where the antennas can
be found and what their most likely purpose is. We then describe the design of the
adapter board to connect the antennas to the measurement systems. This is followed by
descriptions of the measurement setup in Section C.4, where we provide and discuss the
measurement results as well. The work is concluded in Section C.5.

C.2 Antennas and RF Front-End

Before proceeding to the design of the adapter board to allow for antenna testing, we
first take a look at the way the antennas are integrated in the smartphone. A common
configuration is to connect an impedance tuner between the antenna and the RF front-
end [22], as illustrated in Figure C.1. Sometimes this tuner takes the form of a switch
between different filters and/or matching networks. The inclusion of such a network has
several advantages to the overall design: one can compensate for impedance mismatches
introduced by the user, and impedances different from the 50 Ω that is commonly required
for maximum power transfer [23] can be accepted at the antenna port. In other words,
the antenna is no longer required to present 50 Ω. The impedance range that can be
matched varies per (often proprietary or custom designed) adaptive impedance tuner, info
about which proved unfeasible for us to obtain. The tuners are frequently integrated with
other front-end functionalities. Observing the two commonly defined antenna efficiencies,
the total efficiency (ηtot = Pradiated/Pavailable, the ratio of the available and radiated pow-
ers) and the radiation efficiency (ηrad = Pradiated/Paccepted, the ratio of the accepted and
radiated powers), the matching circuit only influences the total efficiency. The radiation
efficiency can be viewed as an upper limit for the total efficiency, representing the hypo-
thetical case where the antenna is perfectly matched. Thus, even if the impedance tuners
are not included in a measurement, the radiation efficiency is still representative for the
antenna performance in the final application.

In modern smartphones, conventional (coaxial) connectors are no longer used for
most antenna connections. Instead, the antenna elements connect to the (main) board
via spring fingers. This smartphone (Figure C.2) is one that uses such an approach: the
antenna layer (Figure C.2(a)) is screwed on top of the phone with main and sub board
(Figure C.2(b)), pressing the antennas to spring fingers on the PCB’s. The only layer that
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(a) (b)

Figure C.2: The smartphone partly disassembled. The antennas (a) consist of metallization on two pieces
of plastic, that are normally mounted in the same orientation to the rest of the phone (b). The phone’s
boards connect to the antennas using spring fingers.

follows on top of that is the phone’s back cover. Five distinctly connected antennas can be
found on the antenna layer. It is challenging to derive any definitive conclusion about their
functionality, especially with a phone that supports many standards and bands such as
the one tested here: it supports bands in the 700-900 MHz range (low LTE bands), 1800-
2100 MHz range (mid LTE bands), 2.3-2.6 GHz range (high LTE bands) and 3.5 GHz
bands, as well as 2.4 GHz and 5 GHz WiFi, Bluetooth and GPS. However, from the
connected electronics we can deduce, following the numbering of Figure C.2(a):

1. GPS antenna, with an unfolded length of approximately 30 mm.

2. Sub antenna; the total unfolded length of this element is approximately 40 mm.

3. Bluetooth/WiFi antenna; the total length of the two arms together is approxi-
mately 20 mm, with an additional arm that is approximately 7 mm long.

4. Bluetooth/WiFi antenna with a total unfolded length of approximately 20 mm.

5. Main antenna; this inverted-L antenna with a stub close to the feed is approximately
21 mm long (unfolded).

The GPS and Bluetooth/WiFi appear to be used exclusively for those purposes. The
‘main’ antenna seems to be used for the mid and high LTE bands, as well as legacy (2G)
mobile communications. The sub antenna appears to be used for the low LTE bands,
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(a) (b)

Figure C.3: Smartphone mock-up, front view (a) and rear view (b). As during all measurements, the
original cover is placed over the adapter board with antennas. If one were to take off the cover of (a),
one would see the antennas exposed as in Fig. C.2a.

(a) (b)

Figure C.4: Detailed view of an original antenna connection (a) and our replacement (b), where we can
see an SMA connector, transitioning to the spring finger using a GCPW on the rear side of the board.

as well as diversity for the mid and high LTE bands. Antennas 3 and 4 are connected
through lines and components on the circuit board, most likely intended to combine them
towards a single feed. As the topology behind this is unknown to us, we will test them
with individual feeds. In the rest of this paper, we will use the above antenna numbering,
as opposed to using their (most likely) functionality. Therefore the validity of the results
does not depend on them. We will now investigate how we can connect the antennas to
a measurement system.

C.3 Adapter Board

Due to the size of the electronics and traces on the board, accessing the transmission lines
coming from the antennas with a measurement system is very challenging. Therefore we
decide to keep only the antennas and back cover, and replace the rest of the phone by
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Figure C.5: Photograph of the GCPW thru-connection board. The dimensions and materials are the
same as used on the designed phone board.

a PCB that provides a transition from the antennas to a measurement system. We will
refer to this PCB as the adapter board. To closely resemble a mass-production situation,
FR-4 PCB material is chosen as substrate. The overall dimensions of the adapter board
are chosen to match those of the phone (approximately 150 x 68 mm), as it is known
that the phone’s chassis can contribute significantly to the overall radiation [24–26], with
a thickness of 1.6 mm. The adapter board, with the antennas and back cover installed,
is shown in Figure C.3(a) and C.3(b) from the front and back, respectively. This will
be referred to as the mock-up. Modifications to the original phone’s parts are kept to
a minimum, only creating additional holes (to allow for plastic bolts required to mount
the parts) well away from the antennas. The copper area on the bottom right of the rear
side is necessitated by a protrusion of the plastic antenna layer, requiring a cutout in the
PCB. The copper is there to ensure that currents can run uninterrupted to the corner of
the original phone. Each of the SMA connectors transitions to a coplanar waveguide with
ground (GCPW) running on the back side with vias to prevent odd modes and radiation,
as well as providing an uninterrupted path for currents on each side of the ground plane.
The GCPW, with a gap width of 0.75 mm and a center conductor width of 2.4 mm, is
created on the back side of the board so that it is not influenced by the dielectric parts
of the phone. As close as possible to the antenna element, the GCPW is fed through
the board using a via, connecting to a spring finger of a similar type as used in the
original phone. Detailed views of the original connection and our replacement are shown
in Figures C.4a and C.4b, respectively.

In order to ensure that the transmission lines, and especially the transitions from coax
to GCPW on the adapter board, does not significantly impact the measurement results,
we verified this part of the system separately. Instead of using simulations and thereby
making assumptions on the material properties of the board (which are not accurately
known for FR-4), we design a board using the exact same GCPW line and transition to
SMA, but with an identical connection on the other side, as shown in Figure C.6. The
total length of the board is 4 cm, so assuming symmetry half the insertion loss of this
board corresponds to one SMA connector with a transition and line of 2 cm. The results
for this half of the test board show a maximum insertion loss of approximately 0.7 dB at
6 GHz. It seems reasonable to assume that the lines and transitions on the original phone

102



C

C.4. MEASUREMENTS

1 2 3 4 5 6
Frequency [GHz]

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

S
21

 [d
B

]
Connector to Connector
Connector to Center

Figure C.6: Measurement of the GCPW thru-connection board. The connector-to-connector insertion loss
dips just below 1.2 dB at 5.5 GHz, translating to an insertion loss just below 0.6 dB from one connector
interface to the center of the board.

boards, with their extremely tight space restrictions, exhibit at least similar losses. Note
that the insertion losses measured on our test board correspond to an efficiency in power
transfer above 93%. Therefore this could introduce a relative error of at most 7% in the
final result, e.g. a 1.4% deviation for an antenna efficiency of 20%. Combined with the
argument of transmission lines being present on the original boards feeding the antennas
as well, we decided to neglect the effects of these transmission lines for the rest of the
study.

C.4 Measurements

C.4.1 Measurement Setup

The antenna efficiencies are measured using the three-antenna method introduced in [20].
This method uses a reverberation chamber, which can be described as a large metal cavity
with a metal stirrer in it to perturb the fields. By changing the stirrer’s position, followed
by averaging in post-processing, an on average uniform field distribution can be obtained.
Traditionally, reverberation chambers have been used mainly for electromagnetic compat-
ibility applications, while anechoic chambers were applied for antenna and communication
measurements. More recently however, antenna efficiency measurements in reverberation
chambers [20, 27–35] have emerged. One of the advantages when compared to anechoic
chambers is that there is no need for device alignment or three-dimensional scans, as the
angular dependence is averaged out. This offers an ideal environment for the testing of
isotropic parameters, such as antenna efficiencies. In addition, the three-antenna method
does not require a reference antenna, but instead uses the reverberation chamber’s time
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Figure C.7: Setup of the antenna measurements in the reverberation chamber. The DRHA measurement
antenna is positioned on the right, with the mock-up on the styrofoam on the left.

constant to model the empty chamber’s losses, enabling one to calculate the antenna
efficiencies. It makes use of three antennas (A, B and C), measured in pairs at a time
in the reverberation chamber. As an example the total efficiency of antenna A can be
calculated using

ηtot,A =

√
CRC

ω

√
MABMAC

MBC
, (C.1)

where

CRC =
16π2V

λ3
(C.2)

Mij =
〈|S21,s|2〉ij

τRC
, (C.3)

where i and j are antenna A, B or C, τRC is the chamber’s time-constant derived from
its’ power-delay profile, the s subscript on the S-parameters indicate the S-parameters
corrected for un-stirred energy, and 〈·〉 indicates averaging over the defined frequency
band and paddle positions. The three-antenna method is the most robust of the different
antenna efficiency measurement methods proposed in [20], since it makes the smallest
amount of assumptions and uses only the transmission S-parameters. For details on the
procedure and the calculation, we refer the reader to [20] as an extended description is
outside the scope of this paper.

The reverberation chamber’s dimensions are 4.05 x 5.70 x 3.15 m3, and it uses a
moving-wall type of stirrer [36], as shown in Figure C.7. The measurement antennas are
dual-ridged horn antennas (DRHAs), an EMCO model 3115 [37] and a Com-power AH-
118 [38], which can both cover the 0.75-18 GHz range. In a reverberation chamber, it is
important to minimize the direct coupling between the antennas in order to maximize the
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Figure C.8: Measurement of the antenna reflection coefficients with the board. Due to the presence of
an adaptive matching network at the antenna connector, the antenna is not required to be self-matched.

amount of energy interacting with the stirrer. Therefore the directional DRHA is pointed
at the moving wall. The antennas are both positioned well-away from any conducting
surface, to avoid disturbing the antenna behaviors. Apart from this these effects, which
we alleviate by using one highly directive DRHA, the radiation patterns do not influence
the measurement results in the reverberation chamber. We take N = 100 mode-stirring
samples, with 100 MHz frequency stirring. Both antennas are connected to a VNA outside
the reverberation chamber using phase-stable cables with a 3.5 mm connector interface.
We use a frequency step of 250 kHz and cover a range of 750 MHz to 6 GHz with a VNA
IF Bandwidth of 1 kHz and 0 dBm output power. Therefore we have 40.000 samples per
center frequency point for the efficiency calculation. The setup is calibrated at a 3.5 mm
interface, avoiding the inclusion of any adaptors in the measurement. A comparison
between the efficiencies obtained using this chamber with a more conventional chamber
showed differences within 2.5% for the total and 6% for the radiation efficiencies between
1 and 6 GHz for all measured antennas.

C.4.2 Measurement Results

The antennas’ measured reflection S-parameter magnitudes (with all other ports termi-
nated in 50 Ω) are shown in Figure C.8. As expected due to the absence of the (adaptive)
matching circuit in our mock-up, the reflections from a 50 Ω system are quite high, mostly
above -5 dB. In practice, the adaptive matching circuit would create a better match than
seen here. In addition, the transmission lines and transitions on the adapter board likely
affect these results. However, the reflections are sufficiently low to enable an energy
transfer from the VNA to the reverberation chamber through the mock-up’s antennas,
allowing us to measure its efficiencies. In addition, we can gain some information from this
graph, as it seems reasonable to assume that the antenna impedance is brought as close

105



C

PAPER C. BENCHMARKING A HIGH-END SMARTPHONE’S ANTENNA
EFFICIENCIES

as possible to 50 Ω due to the impracticality of matching impedances far from the desired
impedance. It may be noted that antenna 1 appears to work best just below 2 GHz,
a frequency which is likely reduced to the GPS bands (around 1.6 and 1.2 GHz) using
the (adaptive) matching network. Antenna 2 appears to target the LTE frequency bands
below 2 GHz. In addition, antennas 3 and 4 seem to be relatively close to 50 Ω around the
WiFi frequency bands (2.4 and 5 GHz). Antenna 5 appears to target wide-band operation,
exhibiting two dips around 2.5 and 4.5 GHz.

The total efficiency, which is not compensated for antenna mismatch, is shown in
Figure C.9a. Antennas 1 and 2 appear to perform best below 2 GHz, peaking at nearly
8%, while the others start to pick up towards the higher frequencies. Antenna 3 performs
best around 3 GHz, while antennas 2 (sub) and 5 (main) work rather well in the at
3.5-4.5 GHz and 4-6 GHz ranges, respectively, peaking up to 15% and 20%. Note that
the total efficiency is a worst-case estimate, since in the actual application an additional
matching circuit is applied.

The radiation efficiencies, shown in Figure C.9b, give a picture of the upper limit for
the maximum achievable antenna efficiency. This efficiency can only truly be achieved
assuming a perfect match, and neglects losses in the matching circuit. It can be seen
that, due to the relatively high reflection coefficients to a 50 Ω system, the radiation
efficiencies are considerably higher than the total efficiencies. In the frequency regime
below 2.5 GHz it is interesting to note that antenna 1 indeed appears to cover GPS
frequencies, peaking to approximately 20%. Nonetheless, the physical size restrictions
combined with non-optimal (from an RF losses point of view) substrate material still
result in mostly low efficiencies. Above 2.5 GHz the performance is significantly better,
with especially antennas 2 and 5 (sub and main, respectively) together covering practically
all frequencies up to 6 GHz with radiation efficiencies above 30%.

Given the extremely limited real estate, separation from the ground plane and pro-
duction cost constraints, it is perhaps not surprising that the efficiencies of the antennas
are not extremely high. Yet they are sufficient to achieve high performance (LTE Cat.
16) of the device. Nonetheless, an advantage in the link budget could be achieved by
further improving the antennas’ performance. In particular, frequency-reconfigurable an-
tenna designs offer an interesting option to improve on the current performance in terms
of efficiency [15–19], where radiation efficiencies above 50% and total efficiencies up to
35% have already been demonstrated using low-cost BST technology, and total efficien-
cies up to 63% using RF-MEMS. It also shows very clearly the challenges that lie ahead for
adding more bands, as well as a key advantage of increasing operating frequency, where
the antenna can be made relatively large compared to wavelength. Again, frequency-
reconfigurable antennas offer an interesting solution.
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Figure C.9: The measured (a) total and (b) radiation efficiencies of the smartphone antennas with the
board. All total efficiencies are below 15% up to 4 GHz, while one of the antennas peaks to 25% up to
6 GHz. Note that this efficiency includes mismatch losses. Since the radiation efficiency does not include
mismatch losses, these efficiencies are all higher than the total efficiencies. The best results in the tested
frequency range peak around 40%. In the range up to 2.5 GHz the highest radiation efficiency measured
is approximately 20%.
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C.5 Conclusion

In this work, the effiencies of a high-end smartphone are measured to serve as a benchmark
for future designs and concepts. To this end, a dedicated board is designed to facilitate
connection of the antennas to the measurement system while emulating the behavior of
the phone’s chassis. Then, the reflection coefficients and efficiencies of the antennas are
measured in a reverberation chamber. The antennas, normally connected to an adaptive
matching circuit, show total efficiencies below 15% up to 4 GHz, increasing up to 25%
around 6 GHz. Meanwhile, the radiation efficiencies are below 20% up to 2.5 GHz, and
up to 40% for the rest of the range to 6 GHz. This type of chatacterization is extremely
valuable to create benchmark data, and it would be of interest to repeat it for more
devices in future research. Nonetheless, the efficiencies obtained here already show an
opportunity to further improve performance of future devices.
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Abstract
Frequency-reconfigurable antennas seem a viable solution to achieve better performance and
increased flexibility for integrated mobile phone antennas. Due to the lossy nature of many
tunable components, the use of multiple combined tuning components in a single design seems
attractive, as it can distribute the current over the components. However, many combinations
of individual tuning component settings can result in an acceptable input match, while they will
vary significantly in terms of radiation efficiency. It is challenging to distinguish between these
radiating and non-radiating tuning component settings during the design procedure. In this
paper, we propose a method to determine the component settings with the highest efficiency at
a desired operating frequency. The method uses a single full-wave simulation, which is combined
with circuit-level calculations. We discuss how to apply the method in detail, and demonstrate
its functionality with an inverted-L antenna sporting three tunable BST capacitors. It is shown
that the method can successfully predict tuning component settings for high antenna efficiency
over a 1.4 to 2.8 GHz tuning band, with total efficiencies up to 35% and radiation efficiencies
up to 50%. The method can easily be applied to any desired antenna geometry.
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D.1 Introduction

5G-and-beyond wireless communication systems promise higher data rates using
millimeter-wave communications, while the sub 6 GHz bands will remain a critical part of
future communication networks as well[1–4]. One of the changes for this frequency range
is the inclusion of many more bands and more flexible frequency allocation. However, in
mobile devices the available real estate for antennas is extremely limited. The 5G case of
the sub 6 GHz bands in a mobile communications scenario implies a scattering environ-
ment, i.e. the radiation pattern of the antenna is not of primary interest. Thus, the main
focus for this application can be placed on the antenna’s efficiency at the frequencies
of interest. According to the fundamental limitations for small antennas [5–9], usually
known as the Chu-Harrington limit, an increasing bandwidth requirement given a fixed
volume and directivity will result in a decreasing maximum achievable antenna efficiency.

The Chu-Harrington limit applies not only to the total efficiency ηtot =
Pradiated/Pavailable, the ratio of the available and radiated powers, but also to the radi-
ation efficiency ηrad = Pradiated/Paccepted, the ratio of the accepted and radiated powers.
If one of these efficiencies is known along with the antenna’s reflection coefficient, the
other can be calculated, and the total efficiency can be brought closer to the radiation
efficiency by improving the antenna’s input match. Nonetheless, the radiation efficiency
serves as an upper limit of the total efficiency that can potentially be reached using (adap-
tive) matching circuits. The Chu-Harrington limit (assuming the antenna it is electrically
small and exhibits only a single mode within the VSWR bandwidth) may be expressed for
the radiation efficiency as [10]:

ηrad ≤
fcenter

fmax − fmin

(ka)3

1 + (ka)2
s− 1√
s
, (D.1)

where fmax denotes the frequency above fcenter where the VSWR is equal to s (arbitrary
value), fmin denotes the frequency below fcenter where the VSWR is equal to s, k = 2π

λ
with λ the free-space wavelength, and a is the smallest sphere containing the antenna’s
current distribution. Note that fcenter

fmax−fmin
is the device’s Q-factor if s is chosen to represent

the half-power threshold, while the term s−1√
s

accounts for the threshold used in deter-

mining the bandwidth. This equation presents an upper bound that depends only on the
fractional (matched) bandwidth with respect to the antenna size. None the less, it should
be noted that the many assumptions made in deriving (D.1), combined with the perfor-
mance limitations of realistic tuning components, make the limit hard to approach: if the
bandwidth is narrow and fixed, the maximum achievable efficiency rises in a quadratic
fashion over frequency, quickly rising above 100%. Yet it gives a useful qualitative view
of the fundamental trade-off that has to be made.

The traditional approach to enable a mobile device to support a large number of
bands has been to apply antennas that cover a large bandwidth. More recently, adaptive
matching networks were added to the mix [11]. While this allows an increase of the
useful operating range of a given antenna in terms of input match, and to compensate
for user-induced mismatch, it does not tackle the more fundamental problem posed by
the Chu-Harrington limit. On the other hand, aperture-tuned frequency-reconfigurable
antennas [12–21] allow us to circumvent the Chu-Harrington limit, by having only a small
usable bandwidth of the antenna itself at a time. If a different operating band is desired,
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the antenna tuning is adapted. In these aperture-tuned antennas the current distribution
on the radiating element itself is changed, resulting in a more fundamental change than
is achieved by adapting the antenna matching.

For these reasons, there has been a lot of interest in the field of aperture-tuned
frequency-reconfigurable antennas recently. Overall, the possible methods to create a
frequency-reconfigurable antenna can be divided in tuning using electrical components,
tunable materials and mechanical tuning. The mechanical tuning methods [15, 22–28]
have several properties in common: they can offer high performance, but since they require
physical displacement they are prone to wear, and they require a relative large volume.
While this does not necessarily pose problems in all applications, it makes the methods
unsuitable for applications in mobile handsets. Considering material tuning [14, 15, 23,
29, 30], integration into a such devices is challenging unless a compact, pre-designed
component is available. This leaves electrical tuning methods as the most viable option
for handset applications. This can be either switching (using MEMS switches [14, 15,
21, 23, 31, 32], p-i-n diodes [14, 15, 21, 23, 33–37], SOI/SOS [11, 20], j-pHEMT [20]
or optical [14, 15, 21, 23]), using switches in banks with fixed components [38–40], or
continuously tunable devices (semiconductor varactor diodes [15, 21, 23, 35, 39–43], BST
tunable capacitors [11, 20, 44, 45] or MEMS [16, 18]). If it is desired to cover a large
range of frequencies while maintaining a relatively small bandwidth, the continuously
tunable devices are most desirable for handset applications. Despite the large interest
in frequency-reconfigurable antennas in research, most papers present designs and are
therefore particular to a single geometry. A versatile and widely applicable design method
is needed for adoption in practical mobile devices.

Aperture-tuned antennas provide the option to increase the radiation efficiency, but
they pose another challenge: the tuning components have parasitic losses, resulting in
a lower radiation efficiency. This can be especially problematic for high-Q antennas [46]
(i.e. small bandwidths), where the antenna structure becomes highly resonant, resulting
in high currents and therefore possibly a low radiation efficiency. This problem can be
partly resolved by avoiding a high antenna Q while using high-Q components, e.g. RF-
MEMS [16, 18], but these are relatively expensive. Therefore, for mobile applications
it would be preferable to find a way in which e.g. semiconductor varactors [15, 21, 23]
or BST capacitors [11, 20, 44, 45] can be used efficiently for antennas. One option
may be to apply multiple tuning components, opening up the possibility to distribute the
current through the tuning components, thereby lowering the effect of their losses. The
circuit-level representation of this could e.g. be a set of capacitors in parallel, where their
capacitance values add towards the total while their parasitic resistances decrease towards
the total. In addition, the tuning range (the frequency range over which the antenna
may be used) could potentially be increased by employing multiple tuning components.
However, the presence of multiple tuning components also increases the risk of having
local resonances with a good input match, that barely radiate if not taken into account
in the design and component settings.

Recently, a generalized method was proposed to use coupled antenna elements with
decoupling and matching networks connecting to their interfaces [47]. The reflections
and couplings of and between the antennas were characterized using the S-parameter
matrix, after which a tunable decoupling and matching network was derived with the goal
to simultaneously achieve decoupling and matching. The antennas were not tuned in
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Figure D.1: Power flow for an aperture tuned antenna. The only parts not taken into account into the
estimation of radiated power are the metallization and dielectric losses.
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Figure D.2: Diagram showing the steps of the proposed design procedure. Steps 1 and 2 involve the
geometry, which does not have to be considered. Step 3 uses circuit-level calculations, while the calcu-
lations in step 4 are simple additions and divisions which can be performed for a large set of cases. The
estimated best case can then be selected in step 5.

their aperture, wherefore only the total efficiency could be influenced while the radiation
efficiency remained fixed. A somewhat similar concept was proposed in [48], where the
transceiver was used to excite or receive the antenna elements with frequency-dependent
weights. Again, since no tuning was performed in the antenna aperture, the radiation
efficiency was not affected. So far, aperture-tuned frequency-reconfigurable antennas
that were proposed have remained dependent on the geometry in their design method.

Thus, a good strategy is needed for the tuning component settings in aperture-
reconfigurable antennas. A reconfigurable slot antenna using one [49] or two [50] varactors
made use of the voltage distributions along the element for a desired mode to select the
capacitor locations. More commonly, the choice of tuning element value and placement
is made in stronger cohesion with the geometrical design [51, 52] or the components
are placed at locations where a high voltage or current would exist when the antenna is
operating without any (capacitive) loading [16, 53–55]. However, these approaches rely
heavily on the geometry, and become increasingly complex as more tuning components
are added. Moreover, they aim for maximum impact of the tuning component in terms
of operating frequency, which does not necessarily result in a high efficiency. Therefore, a
more general approach allowing one to make a distinction between the tuning component
settings that are radiating well and those with a small efficiency is needed.

In this work, we introduce a design method to distinguish the tuning component
settings resulting in high efficiency from those resulting in a low efficiency. Not only does
it simplify the design process, but it provides a way to take advantage of using multiple
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tuning components, while avoiding settings that result in low antenna efficiencies. This will
result in multiple configurations to cover a desired band from the input match perspective.
Some of these will mostly excite non-radiating modes. However, by estimating the losses in
the components we can then select the configuration that provides the highest (radiation
or total) efficiency. We achieve this using just one single full-wave simulation, applying
circuit-level calculations for the rest of the procedure. The method is independent on
the antenna geometry, only requiring that the tuning components are the dominant loss
mechanism in the antenna, in particular for the non-radiating modes.

While the method allows investigation on tuning component positioning as well as
their settings, this work focuses on the tuning component setting aspects, as explained in
the next section. We demonstrate the design method using an inverted-L antenna (ILA)
geometry, as commonly found in mobile applications, and three commercially available
tunable BST capacitors, in Section D.3. We then proceed with a realized design and
present reflection coefficient and efficiency measurements, while explaining the results
and proposing further improvements. The work is concluded in Section D.5.

D.2 Design Method

The key strength of our design method lies in its ability to largely decouple the tuning
components settings from the geometrical design. Once the geometry is fixed, only simple
(and therefore fast) calculations have to be performed. The goal is to find the component
settings that will deliver us with the highest achievable (total or radiation) efficiency
given a certain geometry with possible tuning component locations, using multiple tuning
components.

In order to achieve this, we will first look at the power flow of the antenna, illus-
trated in Fig. D.1. From the available power, part will be reflected at the antenna input.
Since this power will not be radiated by the antenna, we model it as a loss towards the
source. What remains is the accepted power, which can go three ways: it can be radiated
(desired), dissipated in tuning components (not desired) or dissipated in metallization or
dielectric (not desired). The metallization and dielectric losses are time-consuming to
estimate, since they would require an electromagnetic model or an equivalent network
for each excited mode. The tuning components potentially change the current distribu-
tion, wherefore a computationally expensive calculation would have to be performed to
each potential combination of component settings. However, we will assume that for
tunable antennas the metallization/dielectric losses are not independent from the compo-
nent losses: high currents in the metallization or high fields in the dielectric will coincide
with high currents through the tuning components, if the tuning component has a sig-
nificant impact on the antenna performance. In addition, the radiation efficiency can be
expected to be fairly high for most designs not incorporating tuning components, i.e. the
untuned radiating mode has a high radiation efficiency. Under these assumptions, we
can estimate the radiated power by neglecting metallization/dielectric losses and use this
estimate to select the most optimal component settings. From this we can then estimate
ηrad ≈ Pradiated/Paccepted and ηtot ≈ Pradiated/Pavailable. Note that this assumption creates
an upper bound on the efficiencies, so we can identify the badly (or non) radiating modes
with confidence.
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Under these assumptions, we can model the antenna structure using only its S-
parameter matrix. This can be viewed as an equivalent circuit for the antenna, and
contains all relevant information to calculate the voltages and currents if the terminations
on all ports and a source are defined. Note that, since we calculate the full S-parameter
matrix, we also account for the coupling between the ports/components. In principle,
the S-parameter matrix is an exact representation for the structure, limited only by the
accuracy of the full-wave solver. So, if we obtain the S-parameter matrix with ports in the
locations of all (potential) tuning components, we can calculate the voltages and currents
at the ports for any tuning component and/or setting. This calculation does not require
us to make any assumptions on the potentials of the ports with respect to one another, or
their coupling - it only requires that the antenna is linear, i.e. that no harmonic frequency
components are generated. Therefore the voltages and currents at the ports are identical
to those calculated by CST microwave studio. Provided that the losses are included in
the tuning component impedance model, we can also calculate the dissipated power in
each of them. The proposed method is based around this principle, and employs it by
calculating the dissipated power in the tuning components for a large set of possible tun-
ing component settings, e.g. 32 possible settings each for three components (resulting in
323 = 32768 cases).

By combining the S-parameter matrix along with circuit models for the tuning com-
ponents, we can calculate the resulting input reflection coefficient of their combination.
In addition, we can calculate the voltages and currents at each of the tuning component
terminals, and therefore the power dissipated in each of them for a given setting. Since we
know the available and accepted powers, we can then estimate an upper limit for the total
and radiation efficiencies. This upper limit would be the exact (computational) efficiency
if there are no thermal losses in the structure itself (e.g. metallization or dielectric losses).
Thus, the estimate becomes more accurate for low-loss dielectrics and metallizations, as
well as low-Q tuning components. Repeating the estimation for the efficiencies for all
cases, we can then use these estimations to select the ‘best’ cases from the efficiency
point of view.

A high-level view of the proposed design method is given in Fig. D.2. Starting on the
left, it consists of the following steps:

1. Choose a geometrical design and potential tuning component locations. The rest of
the procedure does not adapt the geometry, so it is crucial to carefully consider this
step before proceeding. For instance, if tunable capacitors are used in parallel to the
radiating element, consider that the operating frequency of the un-tuned mode will
only shift down in frequency. In addition, avoid high-Q resonances in the geometry
when no tuning components are placed.

2. Generate the S-parameter matrix over the entire desired frequency range for the
chosen geometry using full-wave simulations. For the excitation and all potential
capacitor locations, ports should be placed. So if we have Ncomp potential capacitor
locations, we have N = Ncomp+1 ports and therefore an N×N×Nfreq S-parameter
matrix for Nfreq frequency points, capturing all the reflections and couplings when
the components are all set to 50 Ω. This is all the information about the geometry
we will use from this point on. The process up to this point is (computationally)
relatively time-consuming, but has to be performed only once for a given geometry
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(and should be repeated if different tuning component locations are desired). All
the steps that follow will use the S-parameter matrix generated in this step.

3. Steps 3 and 4 will be performed for a large set of possible tuning component settings.
First, we discretize the range of tuning component settings in suitable steps (e.g. 32
steps for each capacitance). Each combination (32768 for three capacitors with 32
steps each) of the capacitor settings will be called a case. Knowing this, along with
a circuit model for the tuning components, we can calculate the input reflection
coefficient for each case from the S-parameter matrix (step 3a), as well as the
power that is dissipated in each of the tuning components (step 3b). This is done
by converting the S-parameters to ABCD, calculating the ABCD parameters of the
tuning components, and cascading them. In this way, all the couplings are accounted
for, and the resulting voltages and currents at the ports are identical to those that
would be obtained using a 3D full-wave simulation with these component settings
and models.

4. Knowing the input reflection coefficient, accepted power and power dissipated in
the tuning components, we can now estimate the total and radiation efficiencies
for each case. This is done as a function of frequency, so we end up with matrices
containing estimated radiation and total efficiencies as a function frequency.

5. Now that we know the estimated efficiencies over frequency for each case, we can
select the best setting for each frequency point by finding the maximum estimated
total efficiencies. Note that it would be quite simple to also include bandwidth
requirements in this step, including non-contiguous bands, or a required impedance
range and look for the maximum radiation efficiency.

This procedure allows us to extract the most crucial information about the geometry
and its electromagnetic behavior using a single full-wave simulation. It can be viewed as
extracting a circuit-level model from the geometry using its S-parameter matrix, which is
then used to identify how the tuning components will couple and what their losses will be,
as well as to calculate the complete structure’s input impedance. This is the key step of
the procedure: using the tuning component models to calculate their dissipated powers,
which is then used to estimate the antenna efficiencies. For situations incorporating a large
number of tuning components, an optimization algorithm might be placed instead of steps
3, 4 and 5 to arrive at optimum solutions without calculating all possible cases. However,
for the purpose of better demonstrating the design principle, we chose to calculate all
cases, which could be completed within hours on a laptop for three tuning components
with 32 steps each. Note that the amount of possible cases increases drastically for the
amount of tuning components, so for e.g. six tuning components it would be desirable to
implement an optimization algorithm instead. This does not change the strategy of the
design procedure. The assumptions on which the procedure is based, and the procedure
from an antenna point of view, remain unchanged. If the optimization algorithm works
properly (i.e. it finds the global optimum) the result of step 5 will be unchanged. During
the design process, the results of steps 3a and 4 are of particular interest, as these provide
insight into the antenna’s input match and estimated efficiencies. In the next section we
will follow the procedure for a practical design.
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D.3 Design using BST Capacitors

In order to demonstrate the design method, we have performed the complete procedure
using an ILA geometry, as commonly applied in mobile devices, with six potential capacitor
locations (out of which three will be used). We target a tuning band of 1.4 to 2.8 GHz in
order to cover a large number of LTE [56] and 5G NR [57] bands, GPS, and the 2.4 GHz
WiFi bands.

Micro-electromechanical system (MEMS) devices can be found as continuously tunable
capacitors, or as inter-digital capacitor arrays which are switched arrays that provide a
range of capacitances. While they have a high quality factor, high linearity and low power
consumption, they are relatively costly and have a lower reliability than solid-state devices
[15, 23, 38, 44, 58]. Varactor diodes on the other hand provide fast switching at low cost
with a long lifetime, but have a lower linearity and relatively low quality factor [15, 21, 23].
Barium-Strontium-Titanate (BST, a paraelectric material which changes its permittivity
when a DC electric field is applied) based varactors offer a compromise between these
two options, with a long life time, moderate quality factor and linearity, fast switching
and low cost [11, 20, 44, 45]. Therefore this seems a very promising technology to
use for frequency-reconfigurable antennas. The tuning components we will use are BST
varactors with a tuning range of 0.61 - 3.2 pF. The selected components are ST Parascan
STPTIC-27L2, in a WLCSP 0.4 mm package [45]. These components have four pins of
which three are used: two RF ports (between which the capacitance is seen) and a DC
bias pin, which uses one of the RF ports as a ground reference. We use a simple model for
their behavior: a resistor in series with a capacitor. Lacking more complete information
about the tuning component’s parasitics and behavior, for each capacitor tuning setting
the resistance (kept constant over frequency) is estimated to obtain a Q = 50 at 2 GHz,
corresponding to a decreasing Q over frequency.

The chosen geometry is shown in Fig. D.3. We have chosen an inverted-L antenna
(ILA) design since it is commonly found in smartphones, and allows for multiple tuning
components to be placed in parallel along its length. Simplified views of the intended
DC and RF connections are shown in Fig. D.4. Current is allowed to flow over the
ground plane along the ILA element virtually without interruption due to the presence of
metallization on both front and back, connected using vias. The length of the radiating
element (on the left of the front view in Fig. D.3a) is only 20 mm (≈ λ

10 at 1.4 GHz),
at 3.7 mm distance to the board ground. It is fed by a coplanar waveguide with ground
(GCPW) transmission line to allow for easy mounting of tuning components along the
feed line while avoiding radiation from that area, and an economic isola i-tera substrate is
chosen. The board can accommodate a total of six tuning components (hence there are
seven ports), with four of them on the radiating element and two of them on the GCPW
feedline. The bias feeding lines (seen in the back view of Fig. D.3b), with a gap to place
an 0402 SMD-package inductor in the fabricated antenna, are included in the design, but
the simulation is performed with a continuous ground plane to limit computation time.
Due to the large amount of vias connecting the top and bottom ground planes, this is
deemed a reasonable approximation, that saves simulation time and memory, allowing for
a better meshing. The mounting area of a tuning component, with a bias line running on
the back of the board from the bottom-right pin, can be seen in Fig. D.3d. The spacing
between the BST capacitor’s connections is just 0.4 mm. We now obtain the 7-port
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S-parameter matrix using the frequency-domain solver of CST Microwave Studio, which
is then exported to Matlab, completing steps 1 and 2.

For this work, the possible port locations have been tested alternatively with various
capacitance values in order to make a pre-selection for the best tuning component locations
from an input match point of view. These experiments showed that the best results
could be obtained using the three locations at the end of the radiating element. These
are the locations that are closest to the location of the single tuning component that is
traditionally used, employing the voltage maximum of the fundamental mode at the end of
the radiating element. For the rest of this work, we will use these three locations. Using
an optimization algorithm, this process may be automated as well, while maintaining
reasonable calculation times.

The number of steps taken per component is a trade-off between the resolution
achieved for the component settings and computational time. Here, the settings of
the three components are swept in 32 steps each, resulting in 32768 cases, as shown
in Fig. D.5. The capacitor at the end of the element (C1) is changing fastest, i.e. is
swept completely for the first 32 cases, while the second one is swept completely over the
first 1024 cases, etc. All component values are swept from their smallest to their largest
value for step 3, which can now be performed.

The results of step 3a are shown in Fig. D.6, where we have plotted the frequencies
where a match better than -10 dB is achieved for all cases. As can be seen, there are
a multitude of possibilities to cover the 1.4-2.8 GHz range in terms of input match. It
is interesting to see that, due to the way the capacitors were swept over the cases, the
operating frequency decreases for increasing case number (i.e. more total capacitance).
However, as discussed earlier, a matched antenna does not guarantee a well radiating
antenna, especially with tuning components operating at a fairly low Q. Nonetheless it is
desirable to verify these results at this stage of the procedure, since it may be required
to adapt the geometrical design to achieve a good input match over the entire desired
operating band, even accounting for all possible tuning component combinations, or to
choose a tuning component with a different range. For instance, in this design it would
have been possible to place components on the GCPW feedline as well or to use BST
capacitors with a different capacitance range.

The results of step 3b are not shown separately, as they do not give a useful estimate
by themselves. Instead, we have plotted the estimated radiation and total efficiencies
from step 4 in Fig. D.7. In these figures, a lighter color corresponds to a higher efficiency.
The combination of these figures, especially with Fig. D.6, can provide some interesting
insights. First, the estimated total efficiency never peaks above 25%, while the estimated
radiation efficiency peaks at nearly 100%. The design procedure’s goal here is to find the
cases that are the best compromise on this that can be made in terms of total efficiency.
It is noteworthy that, referring to Fig. D.1, we can only over-estimate the efficiency due
to the approximation we make in neglecting the metallization and dielectric losses. Thus,
we can identify the cases exhibiting low efficiencies with confidence. While Fig. D.7b
mostly shows total efficiencies close to 0, allowing us to discard a large number of cases,
there are some cases with an estimated total efficiency of up to 25%. Given the low
(Q = 50) quality factor of the components, compact dimensions, and the absence of a
matching network, this is considered to be an acceptable result for the purpose of this
demonstration, as these are the cases we are looking for.
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Table D.1: Obtained settings along with their estimated efficiencies for frequencies spaced 100 MHz
apart. V1, V2 and V3 denote the bias voltages for C1, C2 and C3, respectively.

F C1 V1 C2 V2 C3 V3 ηtot ηrad

[GHz] [pF] [V] [pF] [V] [pF] [V] [%] [%]

1.4 3.0 1.5 0.7 19.0 3.0 1.3 19 20

1.5 2.6 2.3 0.7 19.0 2.6 2.1 19 21

1.6 2.2 3.2 0.7 19.0 2.3 3.0 20 22

1.7 1.9 4.1 0.7 19.0 2.1 3.6 21 27

1.8 1.8 4.4 0.7 19.0 1.7 4.8 23 27

1.9 1.6 5.6 0.7 19.0 1.6 5.6 25 32

2.0 1.4 6.7 0.7 19.0 1.4 6.7 25 34

2.1 1.4 6.7 0.7 19.0 1.2 8.7 24 30

2.2 1.3 7.9 0.7 19.0 1.1 9.6 23 29

2.3 1.1 9.6 0.7 19.0 1.0 10.7 22 33

2.4 0.9 12.1 3.2 0.7 0.9 12.1 24 34

2.5 0.9 13.9 3.0 1.3 0.9 13.9 23 35

2.6 0.7 19.0 3.2 0.7 0.7 19.0 26 31

2.7 0.7 19.0 2.6 2.1 0.7 19.0 24 32

2.8 0.7 19.0 2.5 2.5 0.7 19.0 21 26

Using the method, we are able to predict this behavior, and can choose the tuning
component settings accordingly by selecting for maximum estimated total efficiency (step
5). We can then arrive at the voltage settings for the components using their voltage-
capacitance relationship [45]. This is what we did for desired frequencies from 1.4 to
2.8 GHz, as shown for center frequencies spaced 100 MHz apart in Table D.1, along
with their respective estimated efficiencies. Note that settings can be obtained for any
frequency in the range, and are not limited to the center frequencies shown in Table D.1.
It can be observed that for the bands up to 2.3 GHz, C2 (the capacitor in the middle) is
tuned as low as possible, while it is used as the main tuning element above that frequency
(low capacitance values for C1 and C3). It would be hard to arrive at these settings
without the proposed method. Next we verify the method by implementing the design
and measuring its efficiencies using the settings from Table D.1, as discussed in the next
section.
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Figure D.3: Antenna geometry in (a) front view, (b) back view, (c) front view with dimensions and (d)
close-up of BST mounting area (front), with the substrate semi-transparent. Possible capacitor locations
are visible as discrete ports (red cones). In the bias lines on the rear side of the board inductors will be
mounted. The ILA length is 20 mm, and has a 3.7 mm distance to the ground. The BST capacitors at
the end of the radiating element are placed 2.5 mm apart.
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(a) (b)

Figure D.4: Simplified views of the DC (a) and RF (b) connections of the antenna. For DC, the capacitors’
ground connection is shown in black, with the bias voltage lines in red. For RF the ground plane (which
will have potential differences due to the high frequency) is shown in black, with the ILA element indicated
in red.
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Figure D.5: Capacitor values as a function of case. C1 is the component at the end of the radiating
element, counting from that point inwards. The inset shows a detail for cases 2000 to 2200.
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Figure D.6: Matched (|S11| ≤ −10 dB) frequency ranges as a function of case number. Different colors
are used to be able to distinguish the results for neighboring cases (possible tuning component setting
combinations). In terms of input match, the desired 1.4-2.8 GHz can be easily covered.
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Figure D.7: The estimated (a) radiation and (b) total efficiencies of all calculated cases. In these figures,
a lighter color corresponds to a higher efficiency. The worst radiation efficiencies tend to occur around
the best matched frequencies (Fig. D.6). Nonetheless, settings with an acceptable total efficiency can be
found.
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D.4 Realized Design with BST Capacitors

The design is manufactured and the BST capacitors are placed, along with inductors in
the bias feed lines. The realized, fully integrated, board is shown in Fig. D.8. In particular
the BST capacitors require specialized equipment, as the pitch between balls underneath
the BST components is just 0.4 mm. Finally, the SMA connector (for the RF signal) and a
connector for the bias voltages are mounted. By using one cable for the bias connection,
which will run along the coax cable, we ensure a tidy and repeatable connection and
configuration.

D.4.1 Measured Performance

Before proceeding to the measured efficiencies, we have measured the antenna’s reflection
coefficients for the selected settings. Note that these settings were not selected for their
input match, but rather for the estimated total efficiency. Therefore, we don’t expect
simulated and measured |S11|’s to be below e.g. -10 dB. We are simply verifying the
predictive capabilities of the simulations. We have plotted the input reflection magnitude
results in Fig. D.9. There, we can observe that the match between simulations and mea-
surements is nearly perfect around 2 GHz, the frequency where we estimated the model
parameters for the BST components. For settings towards the lower end of the frequency
range the difference in best-match frequency between simulation and measurement in-
creases up to 70 MHz. This could be due to inaccuracies in the capacitor model, or to the
bias voltages or deviations therein: for the lowest frequencies, the highest capacitance val-
ues are used, corresponding to the steepest slope in the voltage-capacitance relationship
of the BST capacitors [45]. At low voltage the slope is approximately -0.4 pF/V, while for
high voltages it decreases to -0.02 pF/V. Therefore the sensitivity of capacitance value to
errors in the voltage is significantly higher for low voltages and high capacitance values.
On the high frequency end the results also start to deviate, which is likely due to the
capacitors being used close to the edge or outside of their recommended 0.7 to 2.7 GHz
operating range. In addition, as seen in the previous section, for the bands above 2.3 GHz
the center capacitor C2 is providing most of the total capacitance, as opposed to the
frequencies below that. This can be observed in the different frequency behavior of the
reflection coefficient, both in the simulations and the measurements. The input reflection
results proved to be repeatable for different boards - therefore these differences are most
likely repeatable within production series and, once known, could easily be compensated
for using the tunability of the antenna.

The radiation and total efficiencies are measured in a reverberation chamber using the
antenna-replacement method [59] with 100 paddle positions, 100 kHz frequency sample
spacing, and 5 MHz frequency stirring. The chamber uses two rotating paddles, each of
which are used in 10 positions, which are verified to have very low mutual correlations. No
antenna position stirring was performed, as earlier experiments showed the chamber to
have excellent spatial uniformity (with a standard deviation of the reference power transfer
function smaller than 0.1 dB). The results for both total and radiation efficiency are shown
in Fig. D.10. The estimated efficiencies, as given in Table D.1, are omitted here to be
able to show the results clearly in a graph. The total efficiencies peak just below 15%,
while the estimated maximum was 25%, and the radiation efficiencies are up to 50% (with
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Figure D.8: The realized antenna (a) front and (b) back view. RF and bias connectors are indicated, as
well as the locations of BST capacitors and inductors in the bias lines.

estimates close to 100%). This is to be expected, as the metallization and dielectric losses
were not included in the estimate, creating an upper bound. As one would expect for a
small antenna [5–9], the efficiency (both radiation and total) of the antenna decreases
for decreasing frequency. The total efficiencies drop around 2.4 GHz and 2.5 GHz, most
likely due to a combination of a different mode being used (Table D.1) and non-ideal
behavior of the capacitors that is unaccounted for in their circuit models. Comparing
Fig. D.9 with Fig. D.10a, we can observe that, as expected, the radiation efficiency tends
to drop close to the frequency where the antenna is matched. The change in the radiation
efficiency for different cases also demonstrates that the radiation efficiency, in addition
to input reflection, is indeed a critical parameter to estimate early in the design cycle.
Nevertheless, our design procedure finds the radiating settings, as shown in Fig. D.10b
and predicted earlier in the maxima of the estimation in Fig. D.7b. Moreover, the settings
that were found show a smooth increase of maximum efficiency over frequency, as one
would expect from the Chu-Harrington limit, suggesting a physical limitation. If cases
were selected based on input matching only, this smooth increase would not be observed,
instead showing large differences in efficiency between neighbouring frequencies. As will
be discussed in the next subsection, the 50 Ω reference impedance is a limiting factor for
the total efficiency in this particular design, and results could be significantly improved
when the antenna is connected to an adaptive impedance matching circuit, as is now
common in most mobile applications [11]. It could also be improved by returning to step
1 and changing the geometrical design to include a matching network.

D.4.2 Performance Connected to Adaptive Matching Network

The challenge of achieving good input match and radiation efficiency at the same fre-
quency is illustrated in Fig. D.11, where we have combined the most crucial estimated
and measured results for a single case. Note the great similarity in the frequency behavior
of the estimated and measured efficiencies. From this figure it can be deduced that the
total efficiency is, in fact, limited by the best input match occurring on the downward
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Figure D.9: Comparison of measured (solid) and simulated (dashed) input reflection magnitudes for
selected cases. Different colors are used to distinguish between cases, and are kept the same for
Fig. D.9,D.10 and D.13. The agreement is best around 2 GHz, where the BST capacitor models were
determined.

slope of the radiation efficiency. If the input match could be achieved at a slightly lower
frequency, the total efficiency could be increased since the mismatch loss would be min-
imal at a frequency where the radiation efficiency is high. This suggests that the total
efficiency may be improved by the addition of an adaptive matching circuit.

If we assume that the device the antenna will be connected to is not bound to 50 Ω,
but has an adaptive matching circuit, the performance can indeed be improved. Such
a network, commonly present in modern smartphones, is connected to the antenna as
shown in Fig. D.12. Even in the simple case of a low-pass-π matching network, using two
of the same BST capacitors for CM1 and CM2 with a fixed 5.6 nH inductor, the antenna’s
performance (as seen from the antenna-matching network interface) transforms to that
shown in Fig. D.13. The settings for the capacitors on the antenna itself are maintained.
Since the adaptive matching network is not on the antenna and can be kept exceedingly
small (it will most likely be integrated in a front-end module for a mobile device), it is
assumed that the adaptive matching network is not radiating, only adapting the input
match. In principle, the tuning possibilities of a traditional adaptive matching network
are added to the tuning capabilities of the aperture-tuned antenna itself, which can be
seen as a conventional antenna for each case from the adaptive matching network’s point
of view. Improving the input match will increase the power flow through the tuning
components in the aperture as well, but since these are operated in their linear region
the increase in power loss in them will be proportional to the increase in the antenna’s
accepted power, thereby not affecting the radiation efficiency as the shapes of the current
distributions in the aperture are not changed. The projected total efficiency is obtained by
using the measured input impedance of the antenna, and then calculating the reflection
coefficient from the adaptive matching circuit. The total efficiency is then calculated
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using this reflection coefficient and the measured radiation efficiency. Since the aperture
of the antenna is not changed, its radiating performance remains constant, only improving
the input match and thus increasing the magnitude of the radiated fields. After repeating
this process for a set of possible settings for the adaptive matching circuit, the best total
efficiency is selected and denoted as projected total efficiency. Note that this procedure
is remarkably similar to the overall design method. Since the matching network itself
is not radiating, and the reference plane is chosen between the matching network and
the antenna, it is considered reasonable to simulate this part of the system. Due to
the choice of matching network the performance above 2.2 GHz is largely lost, but it
demonstrates that, indeed, the performance can be improved by shifting the best input
match and the worst radiation efficiency away from one another. A total efficiency of up
to 35% at 2.2 GHz (≈ λ

7 ) can be achieved this way. Given the similarity of the process
to obtain the projected total efficiency, this result would automatically be obtained if the
additional matching network were included in the design of step 1, or even accounted for
without being part of the simulated layout in step 3. Another way would be to require
the antenna’s input impedance to be within a pre-defined impedance region that can be
matched, before selecting the case with the highest estimated radiation efficiency from
the remaining cases.

Antenna designs incorporating high-Q MEMS tunable capacitors for mobile applica-
tions report total efficiencies between -7 dB (20%) and -2 dB (63%) in the 1.7-2.2 GHz
band [18] with a 10 mm long ILA design (180 mm3), and 55% at 1.85 GHz for a 15 mm
long design (120 mm3) [16]. Our design method, while employing a very simple and easily
manufactured ILA of 20 mm, arrives at similar results using tuning components with a
much lower Q, in a smaller volume (50mm3), while it has a larger tuning range.
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Figure D.10: Measured (a) radiation and (b) total efficiencies for selected cases. Different colors are
used to distinguish between cases, and are kept the same for Fig. D.9,D.10 and D.13. There is a clear
dip in both efficiencies at frequencies a bit above the maximum total efficiency and the minimum input
reflection (Fig. D.9).
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Figure D.11: Combined input reflection, total and radiation efficiencies (all measured) for a selected case.
The input reflection is minimal at a frequency where the radiation efficiency is starting to dip. Therefore
the total efficiency may be improved by shifting the minimum input reflection to a slightly lower frequency.
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Figure D.12: The antenna’s performance is projected (see Fig D.13) with this low-pass pi matching
network at the antenna connector interface.
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Figure D.13: Projected total efficiency from the interface with a low-pass pi adaptive matching network.
Different colors are used to distinguish between cases, and are kept the same for Fig. D.9,D.10 and D.13.
Using this network the performance up to 2.2 GHz can be improved.

131



D

PAPER D. A NEW DESIGN METHOD FOR FREQUENCY-RECONFIGURABLE
ANTENNAS USING MULTIPLE TUNING COMPONENTS

D.5 Conclusion

In this work, a new design method for frequency-reconfigurable antennas using multiple
tuning components was proposed. The method aims to find the best tuning component
settings given a geometrical design with possible locations from a total efficiency point of
view, and could easily be adapted to include input match or radiation efficiency require-
ments. The design procedure was explained in detail, followed by a demonstration using
an inverted-L antenna with three tunable BST capacitors, which showed satisfactory mea-
sured total efficiencies up to 35% when connected to an adaptive matching network, and
radiation efficiencies up to 50%, with a 1.4-2.8 GHz tuning range. It was demonstrated
that the method can avoid cases (combinations of tuning component settings) that exhibit
a good input match but a very low radiation efficiency in both simulations and measure-
ments. This new method offers a time-efficient way to design frequency-reconfigurable
antennas for maximum efficiency.
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Abstract
The power-delay profile is a critical characteristic of a reverberation chamber. In this paper the
power-delay profile is used for the first time to study in high detail how a wave interacts with
its environment in a reverberation chamber. This is done by tracking the wave, starting from
its creation at the antenna reference plane with the antenna in multiple positions. Starting at
the antenna port, three regimes are recognized: very-early-time, early-time and late-time. In the
very-early-time the response is dictated by the antenna’s behavior and placement affects only the
duration of this regime. In the early-time period the wave starts interacting with the environment.
Antenna positioning makes a clear difference during this period, and the moving-wall stirrer can
easily be distinguished from non-moving parts. During late-time the expected exponential decay
is observed. The transition point from early to late behavior is dependent on antenna placement
in the room that was used. After chasing the wave traveling at light speed for a kilometer, it is
finally caught when the chamber losses cause the power delay profile to decay into noise floor.
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E.1 Introduction

Next to their EMC applications, reverberation chambers (RC’s) are often used for wireless
communication, such as the testing of wireless communication (MIMO) devices under a
realistic channel model[1–8]. Among other applications these methods often make use
of loading the chamber, thereby changing the power-delay profile (PDP) of the room
to simulate real-life scattering environments. Since this relies on the RC’s stochastic
behavior, it assumes that randomness (or stochastic field uniformity) is reached within the
chamber’s working volume. Before this is reached, the energy in the chamber has to build-
up [3]. This paper describe experimentally, and for the first time, some very interesting
effects occurring during this process. Three stages in time can be distinguished in an RC.
These are studied by following the wave as it travels, showing the distinct behaviors and
properties of each period. This investigation also allows testing of the antenna positioning
(in)dependence of the PDP in each of the three stages in time. While the PDP has been
studied in various fashions [1, 3, 5, 9, 10], this is, to the best of the authors’ knowledge,
the first paper in which three time-regimes are recognized, and where interaction between
the antennas and the room is studied in this manner.

This paper is set up according to the three phases, and travels along with the wave.
Before the waves are launched, the experiment is set up in Section E.2. Next, the waves
are released from the SMA connector and encounter the antenna followed by air, which
is observed in the very-early-time behavior in Secion E.3. Inevitably in an RC, the waves
will then run into a wall and separate their ways. This period is described in Section E.4,
which treats the early-time behavior. Next, the waves become fully separated and obtain
their desired statistical behavior in the late-time behavior, Section E.5. Finally the waves
decay to the noise floor, leading to the Conclusion in Section E.6.

E.2 The experiment

To obtain the time-domain data, measurements are performed in frequency domain using
a VNA in the maximum range allowed by the antennas (double ridged horns): 0.75-18
GHz. Frequency samples are taken equidistantly spaced over the entire range with 10.000
points/GHz. The VNA is calibrated up to the antenna connectors, defining time t = 0
and distance d = 0 at that plane. The antennas are positioned in the reverberation
chamber at Eindhoven University of Technology (TU/e), which is a 4.05 x 5.7 x 3.15 m3

room that uses a folding wall as stirring mechanism [11]. The center hinge can travel
over approximately 1.0 m back and forth (40 cm from the wall in its backmost position),
and N = 100 linear stirrer positions are used with this mechanism, i.e. a 1 cm step. A
top view of the room and antenna positions is given in Fig. E.1. Three cases are studied,
which are indicated by Case A, Case B and Case C. Between Case A and Case B, both
antennas are moved; between Case B and Case C only antenna II is rotated. The positions
of the antennas are given in Table E.1, and antenna I is connected to port 1 of the VNA
while antenna II is connected to port 2 of the VNA (so S11 corresponds to antenna I while
S22 corresponds to antenna II). The height above the floor of each antenna is indicated
by the Z-component, while their elevation angle (w.r.t. horizontal) is indicated by θ. In
addition, the distance from the antenna to the nearest reflecting surface at boresight is
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Antenna II

X II

Y II

φ II

Antenna I

X I

Y I

φ I

Stirrer

5.7 m

4
.0

5 m

Figure E.1: Top view of the antenna placement in the reverberation chamber.

Table E.1: Approximate locations of antennas

XI [m] YI [m] ZI [m] φI θI RI [m] XII [m] YII [m] ZII [m] φII θII RII [m] DI-II [m]

[Degrees] [Degrees] [Degrees] [Degrees]

Case A 1.1 2.6 0.9 80 25 1.7 3.0 1.1 0.7 200 25 1.6 2.4

Case B 1.5 2.7 0.9 45 25 3.3 1.9 1.2 0.7 200 25 2.9 1.6

Case C 1.5 2.7 0.9 45 25 3.3 1.9 1.2 0.7 300 25 1.5 1.6

given by RI and RII for antennas I and II, respectively. For Case A and Case B RII is
given with respect to the stirrer front plane with the stirrer in its frontmost position. The
distance between the antenna centers is indicated as DI-II. Please note that all dimensions
given are approximate. For convenience, the approximate locations and orientations are
also illustrated in the top view shown in Fig. E.2.

After the measurement, the PDP can be calculated using PDP(t) = 〈|ifft[Sijn(f)]|2〉
[1, 3, 9, 10], where 〈·〉 denotes the ensemble average, ifft[·] signifies the inverse Fourier
transform, and Sijn is the ijth S-parameter in stirrer position n. Before taking the inverse
Fourier transform, a Hamming window is applied to the data to reduce ringing. Then, the
inverse Fourier transform is taken on the complex S-parameter data for each S-parameter
and stirrer position, before taking the ensemble average over n of their magnitudes squared
to obtain the PDP. For reflection parameters the time scale is multiplied by half the speed
of light to obtain distance; for transmission parameters the time scale is multiplied by the
speed of light. This results in a PDP as a function of distance, in which the position of
reflections on the path traveled can be observed. This PDP is referred to as ‘the wave’
throughout this paper. The curve order in the figures is chosen per figure to display the
results most clearly.
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Stirrer
Case A

Case A

Case B 
&

Case C

Case B

Case C

Antenna II

Antenna I

Figure E.2: Top view of the approximate antenna locations for Case A, Case B and Case C in the
reverberation chamber.

(a) (b) (c)

Figure E.3: Photographs of the three situations in the RC; between B and C, only the orientation of
antenna II is changed.
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E.3 Very-Early-Time

In the very-early-time behavior, the wave has not yet interacted with its environment.
It is best observed on a logarithmic scale. S11 and S22 are shown in Fig. E.4 and E.5,
respectively. Since the antennas differ, the very-early-time behavior of the S11’s differs
from that of the S22’s. Nevertheless, the behavior does not change between Cases A, B
and C, while the positions are significantly changed. The small differences that can be
observed are most likely due to measurement errors due to e.g. noise, drift, and cable
movement.

Considering antenna I, the estimated distance to a reflecting surface at boresight is
1.7 m in Case A and 3.3 m in Case B and Case C, as indicated in Table E.1. In Fig. E.4
it can be seen that in Case A the first distinct peak occurs at 1.7 m, and slightly more
spread out for Case B and C at 3.4 m. For antenna II in Case C, 1.6 m is estimated in
Table E.1 while the first peak in Fig. E.5 is observed at 1.3 m. This deviation is most
likely due to errors in the measurement of antenna positioning, especially its rotation in
the azimuth plane. Cases A and B involve the stirrer, and will be studied in more detail
in Section E.4.

Taking into account the possibility of measurement errors of the antenna positioning
(especially rotation), the non-infinitesimal beamwidth of the antennas and the possibility
of a shifting phase center, the estimated transition distance from very-early-time to early-
time is taken as 1 m for both reflection parameters. Note that, strictly speaking, the
duration of very-early-time differs per antenna positioning, and could be extended further
into time for e.g. S11 of Case A.

The very-early-time behavior of S21 is shown in Fig. E.6 for all three cases. It can be
observed that the signal is at noise floor during the entire period of the very-early-time.
The approximate distance between the antennas largely accounts for the time it takes for
the signal to rise above noise floor: reading from the figure approximately 3.1 m for case
A and 1.9 m for Cases B and C, compared to 2.4 m distance in case A and 1.6 m distance
in Cases B and C as indicated in Table E.1. Note that in all cases the distance obtained
in the PDP measurements is higher, probably due to the low back-radiation of the horn
antennas which were not directed at one another.
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Figure E.4: Very-early-time PDP as a function of distance traveled obtained from S11 (antenna I) mea-
surements.
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Figure E.5: Very-early-time PDP as a function of distance traveled obtained from S22 (antenna II)
measurements.
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Figure E.6: Very-early-time PDP as a function of distance traveled obtained from S21 measurements.
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E.4 Early-Time

When the very-early-time ends, the early-time starts. Like the very-early-time behavior
the early-time behavior is best shown on a logarithmic scale, but with a different range.
The early-time behavior has some interesting properties, which will be discussed in this
Section.

Fig. E.7, E.8 and E.9 zoom in to the early-time behavior observed at the end of the
intervals shown in Fig. E.4, E.5 and E.6, respectively. This allows for a much clearer view
of the early-time behavior. It can be observed from Fig. E.7 and E.8 that the behavior
is mostly different when comparing the measurements. This is due to the different direct
environment that is encountered at each of the positions. Case B and Case C match in
the results for S11 for this period, since antenna I was not moved between Case B and
Case C. The same peaks as discussed in Section E.3 (1.7 m for Case A and 3.4 m for Case
B and Case C) can be observed in S11, as well as another clearly distinguishable peak for
Case A at 2.0 m, since in that case antenna I was pointing close to a corner.

For S22 the sharp peak for Case C discussed in Section E.3 can now be observed more
clearly. In addition, two curves show behavior that is clearly distinct from the other curves:
Case A and Case B of S22. These are the cases where the antenna is pointed directly at
the stirrer (Fig. E.2). Since the stirrer is moved, this results in a different first-reflection
distance for each of the samples before averaging. In turn, after averaging, this results in
a broad bump. Due to the stirrer shaping this bump can have several peaks, as a different
part of the stirrer shape starts acting as a point of first reflection. The bumps are centered
in the PDP around 2.4 m and 3.0 m for Case B and Case C, respectively, corresponding
to approximate distance to stirrer center positions of 2.1 m and 3.4 m (adding half the
stirrer travel to RII). Considering the shaping of the stirrer and measurement uncertainty
of antenna positioning, these numbers are according to expectation.

In the transmission parameter, shown in Fig. E.9, the direct coupling between the
antennas is observed at the earliest point in time, as discussed previously in Section E.3.
After that point in time, some distinct peaks can be observed, each indicating a path
through which the antennas couple significantly. However, as all these paths include
multiple reflections, it is hard to say which path each peak originates from.

The early-time behavior ends when the chamber-buildup is finished, and the signals
converge to their desired stochastic behavior. This transition is studied in the next Section.
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Figure E.7: Early-time PDP as a function of distance traveled obtained from S11 (antenna I) measure-
ments.
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E.5 Late-Time

Finally, after the very-early-time and early-time periods, the wave travels into the period
known as the late-time [3]. In an ideal chamber the deterministic behavior has completely
disappeared in this period, providing a fully stochastic environment. The late time is by
far the longest period in the RC, ranging from the end of the early-time to that point in
time at which the signal drops below the VNA’s dynamic range (which will take longer in
a high-Q RC since the losses are lower). Due to this relatively long duration, it is usually
most convenient to observe the late-time behavior on a semilogarithmic scale. However,
since for this paper the earliest part of the late behavior is most interesting, it is shown
on a logarithmic scale like the earlier results.

In Fig. E.10, E.11 and E.12 the results for the late-time behavior are shown for S11,
S22 and S21, respectively. In Case A the signal converge towards the exponential decay
[1, 3, 9, 10, 12] after approximately 50 m of total distance traveled. In cases B and C this
happens significantly earlier: after approximately 25 m. For the present room, the mean-
free path [13] is approximately lc = 2.7 m, so 25 m corresponds to approximately 9lc
while 50 m corresponds to approximately 18lc. Earlier, it was proposed that reverberation
occurs after 8lc to 10lc [13]. Here, Case A is the ‘odd one’ in that it converges later
than the other two cases and earlier proposals. Therefore it can be seen that the time
it takes to reach this condition depends on antenna positioning within this RC. The
frequency-domain analogue of this would be a larger unstirred contribution, resulting in
less remaining dynamic range for the stirred contributions.

147



E

PAPER E. CHASING THE WAVE IN A REVERBERATION CHAMBER

101 102 103

Distance [m]

10-12

10-11

10-10

10-9

10-8

10-7

10-6
P

D
P

(m
)

Late PDP from S11

Early Time Late Time

S11 Case A

S11 Case B

S11 Case C

Transition early to late

Figure E.10: Late-time PDP as a function of distance traveled obtained from S11 (antenna I) measure-
ments.
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Figure E.12: Late-time PDP as a function of distance traveled obtained from S21 measurements.
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E.6 Conclusion

In this paper the ensemble-average wave is followed starting from its creation at the
antenna reference plane, leading to the novel observation of three regimes: very-early-time,
early-time and late-time. In the very-early-time the response is dictated by the antenna’s
behavior, the duration of which is dependent on antenna positioning and, mainly, the
distance from its radiating aperture to a reflecting surface at boresight. In the early-time
period the wave starts interacting with the environment. A very interesting effect is that,
due to the taking of the ensemble average, the linear stirrer movement can be observed
as clearly distinct bumps in the PDP during early-time behavior. In the late period the
expected exponential decay is observed, and it is shown that the transition point from
early to late behavior is dependent on antenna placement in the room that was used.
After chasing the wave traveling at lightspeed for a kilometer, it is finally caught when
the chamber losses cause the PDP to decay into noise floor.
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Abstract
The need for accurate efficiency measurements at high frequencies of large form-factor devices
is ever increasing. In this work, the potential of performing antenna efficiency measurements in
an electrically extremely large (up to 250λ) reverberation chamber is investigated and compared
to its use at lower frequencies. It is found that there are large deviations in the enhanced
backscattering constant at high frequencies. Closer investigation, by introducing a position-
dependent enhanced backscattering constant calculation, shows that the deviation mostly occurs
at the horn antenna directed at the stirrer. This could be aggravated by the use of a moving wall
type of stirrer. The work concludes by demonstrating the potential impact of these deviations on
the antenna efficiency. The deviations clearly show the need for more research into these effects.
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F.1 Introduction

In the face of 5G’s desired flexibility [1–3] the need automated measurement systems and
techniques increases. In addition, wireless capability is added to more and more devices,
such as trash compactors [4]. In the future, no doubt large devices will also include the use
of high frequencies. This increases the need for fast and accurate methods for antenna
efficiency measurements, including those for large-form-factor devices. The efficiency
is a critical parameter for, in particular, mass-production and compact antennas, but
traditional radiation efficiency measurements are challenging and time-consuming. The
radiation efficiency ηrad is one of two antenna efficiency definitions: it is the ratio of the
total radiated power to the accepted power, as opposed to the total efficiency ηtot, which
is the ratio of the total radiated power to the available power. Several methods to measure
antenna efficiency have been traditionally applied [5–11], but they all require a reference
antenna (or two identical antennas), or are frequency-dependent in their setup such as
the Wheeler-cap method [5].

Recently, three reverberation chamber (RC) methods to measure antenna efficiency
that avoid these problems were proposed [12]. They do not require any reference antennas,
accurate alignment, polarization, specific antenna holders or highly-directive antennas.
Instead they rely on knowledge of the RC (the chamber time constant τRC [12–15]) that
is used to calculate the efficiency of one, two or three antennas. The one- and two-antenna
methods apply assumptions on the enhanced backscattering constant eb [12, 16], while
the three-antenna method does not. Accurate results were shown in the 1 to 6 GHz
band for all three methods [12]. Considering the trend of harvesting all possible frequency
bands, it is key to push this approach to a wider frequency range and verify it for more
chamber types, such as chambers with a moving wall [17] or VIRCs [18]. In addition,
measuring large-form-factor devices at high frequencies dictates the use of an electrically
extremely large reverberation chamber. While, in principle, the method should remain
valid for this frequency range and has been demonstrated at millimeter-wave frequencies
[19], some results indicate that this is not necessarily the case in all situations - especially
when the RC becomes electrically extremely large [20, 21].

In this paper, a 4.05 x 5.7 x 3.15 m3 RC with moving wall is characterized from 750
MHz up to 18 GHz and used for efficiency measurements of antennas using the methods
proposed in [12]. The average dimension of this room corresponds to approximately 250λ
at 18 GHz. In particular, the enhanced backscattering constant over frequency and its
impact on the three methods is studied. To this end, an expression is introduced to derive
the backscattering constant at an individual antenna position and orientation.

In Section F.2 the setup is described, which is followed by some of the basic properties
of the configuration, the chamber’s time constant τRC and Rician K-factor K, where the
former is needed to calculate efficiency and the latter serves to determine if the room is
well stirred. The enhanced backscattering constant eb, a critical parameter in the two-
antenna method and ideally equal to 2, is then studied and discussed in detail. Next to the
conventional approach, a position/orientation dependent variation is introduced to study
local effects in the room. Next, the impact of these result on efficiency measurements is
shown in Section F.3. This will give a clear view on what the impact of a deviating eb on
an efficiency measurement can be. Finally the work is concluded in Section F.4.
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Figure F.1: The setup in the RC with the hinged moving wall stirrer (top right) in its frontmost position.
As indicated, the left antenna in is in position I, while the right antenna is in position II.

(a) (b) (c)

Figure F.2: Photographs of Horn A (a), Horn B (b) and Horn C (c), including their SMA adaptors.

F.2 Chamber Configuration and Properties

The reverberation chamber used in this work performs mode stirring by a moving/folding
irregularly-shaped wall, as shown in Fig. F.1. The measurements are performed in tuning
mode, i.e. the stirrer is moved and a pause is build in to allow all surfaces to stop
vibrating before starting a new sweep on the VNA. N = 100 mode-stirring samples are
taken this way, in addition to the use of 100 MHz frequency stirring. All measurements
are performed in antenna pairs, and the positions and orientations of the antennas are
kept as constant as possible when switching antennas. In Fig. F.1 the left antenna is
in position I, while the right antenna is in position II. Three dual-ridged horn antennas
(DRHAs) are used for the experiments: a Com-power AH-118 (referred to as horn A),
an EMCO 3115 (referred to as horn B) and a Schwarzbeck BBHA-9120-D (referred to
as horn C). Combinations between these horns are referred to as configuration A-C, B-A
and B-C for horn A with C, B with A and B with C, respectively. These abbreviations are
also used in subscripts to indicate to which configuration a parameter belongs. The three
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Figure F.3: Time constants for the three antenna combinations. The three configurations deviate very
little from one another. The small glitches observable at 9, 12 and 15 GHz occur at the frequencies where
a switch between calibration sets has to be made.

antennas, shown in Fig. F.2, are chosen since they cover similar frequency ranges. Their
similarity will also result in comparable behavior in terms of their radiation patterns and
polarization. Nonetheless they are clearly different, resulting in different input reflection
coefficients and efficiencies. All measurements are performed in the maximum range
allowed by the antennas, 0.75-18 GHz, with a 100 kHz sample spacing.

The efficiency measurement methods introduced in [12] are all based on a comparison
of the quality factor of the chamber including antennas and the quality factor of the empty
chamber. The latter is estimated by the slope of the (exponential) decay in the power-
delay profile (PDP), captured in the chamber’s time constant τRC [12–15]. Ideally, τRC is
independent of the antenna type that is used, and is a function of frequency as the losses
in the chamber are frequency-dependent. The time constant is shown in Fig. F.3, where
it can be seen that the three antenna combinations deviate very little from one another.
Furthermore, the time constant varies much less for frequencies above approximately
8 GHz than it does for frequencies below that - it starts to level off, corresponding to a
nearly linear increase in the room’s quality factor. This means that there are no significant
leaks developing at the higher frequency end, which would result in losses and a decreasing
τRC. The time constant gives no reason to doubt the chamber’s performance at the high-
frequency end when compared to lower frequencies.

To verify that there is no strong direct coupling between the antenna pairs, the Rician
K-factor (the ratio of unstirred energy to stirred energy) is determined. The K-factor can
be estimated from S-parameters using [22]:

K ≈ |〈S21〉|2

〈|S21 − 〈S21〉|2〉
. (F.1)

In Figure F.4 the Rician K-factor obtained for the three measurement sets is shown. It can
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Figure F.4: Rician K-factor obtained from the three sets of two-antenna measurements. The K-factor
decreases (i.e. gets better) for increasing frequency.

be seen that the K-factor decreases for increasing frequency, ranging from below -35 dB
at 1 GHz to below -45 dB at 18 GHz. This is a low K-factor [19, 23], indicating that the
unstirred contribution to the average fields is small for the antennas, antenna placements
and room that are used. This can be attributed to the use of highly directional antennas,
oriented away from one another. The K-factor gets better for increasing frequency (likely
due to increasing gain of the antennas), again giving no indication that something might
be problematic for antenna efficiency measurements at the higher frequency end.

The quantity eb, an enhanced backscatter constant [12, 16, 24, 25], is used and
assumed constant within the working volume in the calculations for the efficiency in the
2-antenna method [12], while in the one-antenna method the assumption is made that
eb = 2. This will be further explained in Section F.3. It has also been used for chamber
characterization [20, 25]. Since the assumptions on eb are the main differences between
the different efficiency measurement methods, it is useful to verify for each particular
chamber and frequency range how well these assumptions hold.

The frequency-dependent (but spatially uniform) value of eb used in the two-antenna
method can be calculated for measurement A-C by [12]:

eb,AC =

√
〈|S11,A-C,s|2〉〈|S22,A-C,s|2〉

〈|S21,A-C,s|2〉
, (F.2)

with similar expressions for each of the other antenna combinations. 〈·〉 is used to indicate
averaging over paddle positions and a 100 MHz bandwidth of frequency stirring, and the
subscript s denotes the stirred components of the S-parameters (i.e. the S-parameters
with their mean subtracted). Since only information from a single antenna pair is used
for this eb, only one eb can be obtained for each measurement, leading to the implicit
assumption that eb can be frequency-dependent but has to be spatially uniform. These
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Figure F.5: The enhanced backscattering constant is seen to deviate significantly from its ideal value
of eb = 2, even when it is assumed to be uniform throughout the reverberation chamber. When it is
calculated for the individual positions/orientations it can be seen that it tends to be lower than 2 for
position I, while it is larger than 2 for position II. Position II corresponds to the antenna directed at the
moving wall.

eb’s obtained from the measurements are shown in Fig. F.5 as indicated by ‘Uniform’. In
this figure it can be observed that the eb’s obtained from the different sets of antennas
and measurements match fairly well, having a mutual difference below 7.5% up to about
9 GHz (approximately 130λ room size) and below 15% over the entire band. Up to
approximately 6 GHz (approximately 90λ room size) the measurements deviate less than
15% from the ideal value of 2, and keep below 20% deviation up to 9 GHz. Above 9
GHz some differences and, in general, more variation and deviations up to 40% from the
ideal value can be observed. This implies that the chamber performs less ideal for higher
frequencies in the context of antenna efficiency measurements [20, 25]. In addition, as
will be shown in Section F.3, the one-antenna method (which assumes eb = 2) becomes
less suitable for increasing frequencies here, as any deviation in eb from its ideal value
will directly impact the efficiency that is obtained. Note that the similarity in eb between
the different measurements does not imply that it is constant within the working volume
since the antenna positions and orientations were not changed.

By combining the results of the three measurement sets and taking into account
the position and orientation of the antennas in each of the measurement sets, eb can be
calculated directly for each position. This is referred to as ‘position-dependent’ eb. Solving
the equations for the three-antenna method in a different manner, in position/orientation I
the position-dependent eb using the antenna combination A-C as a base can be calculated:

eb,AC,I =
〈|S11,A-C,s|2〉
〈|S21,A-C,s|2〉

〈|S21,B-C,s|2〉
〈|S21,B-A,s|2〉

, (F.3)

with similar expressions for the other position and antenna combinations. Note that this
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Table F.1: Manufacturer specified antenna gains

Frequency Horn A Gain Horn B Gain Horn C Gain

[GHz] [dBi] [dBi] [dBi]

2 6.1 8.4 10.4

4 12.3 9.1 12.6

6 12.8 10.6 13.0

8 11.5 10.5 11.3

10 12.2 11.3 12.1

12 14.0 12.0 13.2

14 10.8 11.5 11.7

16 15.8 16.3 17.2

18 12.8 7.2 8.9

assumes that the antennas used are sufficiently similar in terms of their radiation pattern
and polarization. If they are not, this will be seen as a difference between the three eb’s
for that position. However, these calculations do compensate for the contributions of
each of the antennas’ total efficiency (and thereby also their input match).

The results for the position-dependent eb are compared to the conventional eb in
Fig. F.5. While there are some mutual deviations again (possibly due to a small misplace-
ment, orientation or antenna behavior), especially visible in position II, these keep below
10% up to 17.5 GHz and 25% over the entire band for positions I and II, respectively. On
the other hand, the deviation from the Uniform eb is up to 33% for position I, and up to
55% for position II in the bands above 6 GHz (approximately 90λ room size). For some
frequencies, the ratio of the eb’s in positions I and II can be as large as 2.3. As will be
shown in Section F.3, when this occurs it will have a significant impact on the efficiencies
obtained with the two-antenna method.

An increase in eb has been shown previously for a high-gain horn directed at a paddle
[20], around 3.75 in a chamber used around 45 GHz and dimensions of approximately 100λ.
A similar effect is observed here, with the antenna pointed at the moving wall experiencing
a higher eb than the other antenna, peaking around 4 and staying mostly above 3. The
average dimension of the room in this work (4.3 m) corresponds to approximately 60λ
at 4 GHz, where the deviations seem to start, and close to 90λ at 6 GHz, where the
deviations become very clear. They remain very clear over the entire band upwards of
6 GHz, right up to the maximum frequency used of 18 GHz (approximately 250λ). The
effect becomes more pronounced in the conventional (‘assuming uniform’) eb as well.

In order to provide insight into the effect of antenna gains, the manufacturer spec-
ified antenna gains are given in Table F.1. Given the more pronounced effect on the
backscattering constant for the antenna aimed at the stirrer, it seems likely that antenna
gain will have some influence on the observed backscattering constant. However, there
does not appear to be a direct relationship between the effect and antenna gain: the
gains of all three horn antennas peak at 16 GHz, with a significantly higher gain than at
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other frequencies, while the observed deviations in the backscattering constant are most
pronounced between 12 GHz and 14 GHz.

High backscattering constants were also observed in another chamber at frequencies
around 250λ [21]. The root cause of this effect remains unclear, but it appears that
the stirrer and its coupling with the antenna have an impact on it. One could interpret
the backscattering constant as the ratio of the number of unique paths in S11 to the
number of unique paths in S21 [24], with the ideal being 2. From this point of view,
the results presented in this section may be interpreted as the presence of more unique
paths for position II than for position I. It seems quite possible that the use of a large
wall instead of a more conventional rotating paddle aggravates this effect by providing
an entirely changing surface to one of the antennas, in particular when combined with
high-gain antennas pointed at it. Note that the latter is usually done in order to achieve
a low K-factor. As demonstrated in the next Section, these deviations pose a problem for
the one- and two-antenna efficiency measurement techniques when they occur.

F.3 Impact on Antenna Efficiencies

In this section the antenna radiation efficiencies obtained from the one-, two- and three-
antenna methods are compared, focusing on the impact of the earlier observed behavior
in eb. Total efficiencies are omitted for brevity - the radiation efficiencies pose more
stringent requirements on the setup, since they include compensation for the antenna
input mismatch. As the antenna positions/orientations are the same and the radiation
patterns of the antennas are similar, it is assumed that the change in eb does not impact
the three-antenna method, which is used as the reference value for this comparison. The
reader is referred to [12] for a detailed description of the calculations and procedures. The
key difference between the three methods is in the assumptions that need to be made on
the enhanced backscatter constant eb:

• One-antenna method: eb = 2;

• Two-antenna method: eb is uniform;

• Three-antenna method: no assumption on eb.

The radiation efficiencies are given in Fig. F.6 (Horn A), Fig. F.7 (Horn B) and
Fig. F.8 (Horn C). For Horn A the radiation efficiencies computed using the one- or
two-antenna method deviate less than 15% from the three-antenna method up to 6 GHz
(90λ, but can increase up to 35% for the one-antenna method (set B-A between 12 and
14 GHz). This is the range where the position-dependent eb obtained in Section F.2
deviates most, and this effect results in an over-estimated efficiency (unphysical, above
100%) for the one- and two-antenna methods when the antenna is in position II. The
deviation of the two-antenna method remains below 17.5% over the entire band. For
Horn B the deviations of the two-antenna method are larger than that of the one-antenna
method: below 6 GHz (90λ) the one-antenna method deviates less than 5%, while the
two-antenna method deviates up to 10%. Over the entire band the one-antenna method
deviates 7% at most, while the two-antenna method shows deviations up to almost 17%.
This can be explained by the measured eb’s in Fig. F.5: since Horn B was always in
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Figure F.6: Resulting radiation effiencies for Horn A. The one- and two-antenna method results for
antenna combination B-A are clearly unphysical for the higher frequencies, while the two-antenna method
for combination A-C also deviates significantly from the three-antenna method.

position II, the eb obtained in the two-antenna method is over-estimated, while the ideal
value of 2 would have been more accurate. The radiation efficiency of Horn B using the
three-antenna method is close to the 91% obtained for a similar antenna in [12]. For Horn
C the deviation of the one-antenna method remains below 19% up to 6 GHz (90λ), while
the two-antenna method remains below 11%. Over the entire range the deviation of the
one-antenna method peaks at 36%, while the deviation of the two-antenna method peaks
at 19%. Again, this happens in the range between 12 to 14 GHz, where large deviations
were observed in the position-dependent eb. Since Horn C is always in position II, all one-
and two-antenna methods over-estimate the efficiency for Horn C, resulting in unphysical
estimates greater than 100%. While not explicitly shown, the total efficiency results are
very similar in fashion, since they are only scaled with the antennas’ reflection coefficients.
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Figure F.7: Resulting radiation effiencies of Horn B. Especially the two-antenna method results deviate
from the three-antenna method.
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Figure F.8: Resulting radiation effiencies of Horn C. All results except for the three-antenna method are
unphysical for the higher frequencies.
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F.4 Conclusion

In this work, the behavior of the enhanced backscatter constant in an electrically very large
(up to 250λ) was investigated. Despite good results in the antennas’ S-parameters, the
chamber time-constant and Rician K-factor, it was found that the enhanced backscat-
tering constant deviates significantly from its ideal value for high frequencies, starting
around 60λ room size. By introducing a position-dependent calculation for the enhanced
backscattering constant, it was shown that the deviation mostly originates from the an-
tenna directed at the moving-wall stirrer. Finally, the potential impact of the deviations
in the backscattering constant on the efficiency were shown, illustrating that the effect is
problematic for the one- and two-antenna methods if it occurs. These interesting results
show the need for more research to find the underlying cause of the effect.
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Abstract
A reverberation chamber is a very useful tool to obtain the radiation efficiency of an antenna.
While it has been shown that the magnitude of the reflection coefficient can be obtained from
these measurements as well, this has not yet been shown for the phase of the reflection coefficient.
This would allow for a full characterization of the antenna’s behavior as seen from its input port.
In this paper it is shown that the phase of the free-space reflection coefficient can be obtained
from measurements in a reverberation chamber by taking the angle of the ensemble average of
the individual reflection coefficients. This has been empirically verified by comparing several sets
of measurement data from the reverberation chamber to their anechoic chamber equivalents for
several antennas.
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A REVERBERATION CHAMBER

G.1 Introduction

An important characteristic of measured S-parameters in a reverberation chamber (RC)
is that the absolute value of the ensemble average should match the absolute value of a
single measurement in an anechoic chamber (AC), if a sufficient amount of independent
samples is taken in the RC [1, 2]. This allows one to obtain all required data for antenna
efficiency measurements in the RC, without requiring one to perform a separate test in an
anechoic environment. This principle has been verified up to 6 GHz [1]. For the design
of a matching circuit for the antenna under test, it would be very useful to also obtain
the phase of the reflection coefficient. However, to the best of the authors’ knowledge,
no comparison has yet been made with respect to the phase of the reflection coefficient.
In this paper an expression to obtain the free-space reflection coefficient phase from
reverberation chamber measurements is given and verified. In Section G.2 the theory
is discussed and the experiment is described, followed by the results and discussion in
Section G.3 and a conclusion in Section G.4.

G.2 Theory and Experiment

In most applications, the antenna will radiate into free-space, which has an impedance
derived from Maxwell’s equations given by η0 = E

H ≈ 377Ω. Therefore it is desirable
to perform measurements under this condition. Meanwhile, for an ideal reverberation
chamber, it has been shown that [2]:

η20 =
〈| ~E(~r1)|2〉
〈| ~H(~r2)|2〉

, (G.1)

where 〈·〉 denotes the ensemble average, ~E and ~H are electric and magnetic field and ~r1
and ~r2 are arbitrary locations within the working volume. Equation G.1 was also verified
in the 200-500 MHz region using field probes [3]. As ~r1 and ~r2 are arbitrary locations,
they can also to be the same. Thus, if the ensemble average is taken, the ratio of the
electric and magnetic fields is equal to the free-space impedance in an ideal RC. Therefore,
the antenna should, on average, ‘see’ the free-space impedance. Since the antenna can
be assumed to be linear and reciprocal, this means that its reflection coefficient should
converge towards the free-space reflection coefficient. Defining S11,RC as a single complex
reflection coefficient obtained in the reverberation chamber, and S11,AC as a complex
reflection coefficient obtained in an anechoic chamber, it has already been demonstrated
that [1, 2]:

|〈S11,RC〉| = |S11,AC |, (G.2)

which confirms that at least the absolute value of the reflection coefficient in the RC
converges towards the absolute value of the free-space reflection coefficient, allowing one
to compensate for impedance mismatch in antenna efficiency measurements. From (G.1)
and the reasoning above, the following should also hold:

φ(〈S11,RC〉) = φ(S11,AC), (G.3)
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G.2. THEORY AND EXPERIMENT

where φ(·) signifies taking the phase. In words, that the phase of the ensemble average of
the measured reflection coefficients in the RC converges towards the free-space reflection
phase of the antenna. The equality introduced in (G.3) will be verified experimentally by
comparing measurement results from the RC to those from the AC.

The antennas used for the experimental verification are three double-ridged horns,
namely a Com-power AH-118, referred to as horn A [4]), an EMCO 3115, referred to
as horn B [5]) and a Schwarzbeck BBHA-9120-D, referred to as horn C [6]). They are
shown in Fig. G.1a, G.1b and G.1c, respectively. All antennas have return loss higher than
7 dB across the 1-6 GHz band that is used, except for Horn A which peaks to 5.8 dB at
1.9 GHz.

The VNA is calibrated up to the antenna connectors for both measurements in RC and
AC. The antennas are positioned in the reverberation chamber at Eindhoven University
of Technology. This is a 4.05 x 5.7 x 3.15 m3 room that uses a folding wall as stirring
mechanism [7], as shown in Fig. G.1d, with N = 100 different positions in a linear fashion.
The measurements are performed in tuning mode. In addition, frequency-stirring over a
100 MHz bandwidth is performed. In the AC the horns are placed one at a time, facing at
least 3 m of free space before encountering an absorber. Each of the antennas is measured
twice in the RC and once in the AC.
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(a) (b) (c)

(d)

Figure G.1: Horn A (a), Horn B (b) and Horn C (c), including their SMA adaptors, and the setup in the
RC (d).

G.3 Results and Discussion

The results of the measurements are shown in Fig. G.2 for all three horns. Each of the
horns exhibits a distinct behavior, which is to be expected as they are only conceptually
similar, being quite different in their execution. In the figures it can be seen that the curves
for all measurements overlap; it is quite difficult to distinguish the dashed and dotted lines
of the RC measurements from the solid lines of the AC measurements. Therefore, the
phase differences between the measurements are shown in Fig. G.3. In this figure it
can be observed that, except for inaccuracy peaks for some of the measurements around
1.7 GHz and 5.6 GHz, the differences remain below 5%. As the phase accuracy of the
open and short standards in the calibration kit used are guaranteed within ±2.0 deg [8]
and some cables were moved between calibration and measurement, it seems likely that
the differences are due to measurement inaccuracies.
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Figure G.2: Measured phases of input reflection of Horn A (blue), B (red) and C (yellow). Results from
the anechoic chamber are shown in solid lines, while the measurements from the reverberation chamber
are shown in dotted and dashed lines.
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Figure G.3: Differences between all measured phases.
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G.4 Conclusion

In this paper it is shown that the phase of the free-space reflection coefficient can be
obtained from measurements in a reverberation chamber. This can be done by taking
the angle of the ensemble average of the indidivual reflection coefficients, which has been
empirically verified by comparing several sets of measurement data from the reverberation
chamber to their anechoic chamber equivalents for several antennas. The difference
between the measurements is found to be sufficiently small to conclude that the phase
of the free-space reflection coefficient can indeed be derived from reverberation chamber
measurements. This means that the antenna’s behavior at its input port can be fully
characterized in a reverberation chamber, allowing for instance the design of a matching
network.
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Abstract
The effect of a user’s proximity on wireless device performance is critical to test the device under
realistic conditions. In this work, we propose and demonstrate an improved uncertainty estima-
tion method for antenna efficiency measurements in a reverberation chamber. The improved
method separately computes uncertainties due to the effects of chamber loading by a phantom
and the effects of antenna mismatch introduced by this phantom, illustrating the sensitivity of
uncertainty to close-proximity user effects. We demonstrate that, while the impact of the phan-
tom may be significant on antenna efficiency, and, it has some influence on the uncertainty in
the measurement, its impact on overall uncertainty may be insignificant. This is demonstrated
using the two-antenna method in the presence of a phantom close to the antenna under test. We
illustrate the method by summarizing the antenna efficiencies with their uncertainties and the
impact of the phantom for important communication bands. Due to the large effect of the user
on antenna performance, this type of measurement and its uncertainty evaluation is a valuable
way to characterize antenna efficiency including user effects.
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ANTENNA-EFFICIENCY MEASUREMENTS IN THE PRESENCE OF A PHANTOM

H.1 Introduction

With next-generation systems such as 5G, its versatile application scenarios [1–4], and
expansion of frequency bands [5, 6], the need for fast and accurate characterization meth-
ods for mobile devices and their sub-systems is continuously increasing. Reverberation
chambers are an effective solution to measurements of wireless device metrics such as
total radiated power (TRP) [7, 8] and total isotropic sensitivity (TIS) [8–10], as they
provide a way to obtain these metrics without the need for three-dimensional scans. In
addition to antenna efficiency being a critical metric by itself, for these TRP and TIS
measurements antenna efficiency must be known [7–12], for which various methods have
been proposed [13–22].

One of the areas that will become even more relevant, for example for smartphones
and body-wearables, is the effect of the user’s proximity to the device under test (DUT)
performance, which we refer to here as the “user effect.” Including these effects in the
measurement can help antenna designers to optimize their design in the actual use-case
scenario. Some studies on the effect of the user on the antenna performance have been
performed [23–29], but a detailed reverberation chamber study with uncertainty analysis
has yet to be performed. The effect of an antenna placed close to an absorbing material
is discussed in [30], where it is shown that the absorbing material prevents part of the
radiation from interacting with the chamber walls and stirrer(s). In addition to the actual
late-time [20, 31] loading of the chamber by the absorbers, thereby changing the chamber’s
Q or time constant, they prevent energy from coupling from one antenna into the other
antenna during chamber build-up [30], an effect that is also known as the Proximity
Effect[6]. From an antenna efficiency measurement viewpoint, the absorbing material
acts as an additional antenna load and, thus, results in a different antenna efficiency and
input impedance than its free-space behavior. We could view this as a new antenna under
test (AUT). On the surface, it may seem like the efficiency measurement uncertainty
should not depend on the AUT. However, we can identify two distinct mechanisms that
could impact the uncertainty. First, the inclusion of a phantom will load the chamber,
which may increase the measurement uncertainty due to an increased lack of spatial
uniformity[8, 12, 30, 32]. Second, the uncertainty in the efficiency due to the VNA and
calibration will depend on the DUT’s impedance, in this case the impedance of the AUT
with or without the phantom.

In this work, we will investigate how the loading of a reverberation chamber with a
phantom influences the uncertainty of antenna efficiency measurements, accounting for
both mechanisms, using the two-antenna method introduced in [20, 33]. We will focus on
5G’s sub-6 GHz range [5], covering 750 MHz to 6 GHz. Results are presented for both the
radiation efficiency ηrad and the total efficiency ηtot, which are the efficiencies excluding
and including mismatch losses, respectively. To this end, we introduce a new method
to estimate the efficiency measurement uncertainty. This combines the NIST Microwave
Uncertainty Framework (MUF) [34] with uncertainty due to measurement reproducibility
based on the use of independent realizations. The MUF allows us to account for the impact
of the VNA’s uncertainties on the antenna efficiency uncertainties, which will be shown to
depend on the AUT’s impedance. The method accounts for these Type B (deterministic)
VNA uncertainties as well as Type A (determined using statistical methods) effects such
as spatial uniformity, limited number of samples, and cable movement between antenna
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Figure H.1: Top view of the reverberation chamber showing configurations A to D. In (a), no phantom
is present in the chamber. In (b), the phantom is introduced into the chamber, but is placed away from
both antennas in a fixed location. In (c), the phantom is placed on the turntable, near to the discone
AUT. In (d), the discone AUT touches the phantom.

(a) (b) (c) (d)

Figure H.2: Photographs of the four configurations shown in Fig. H.1 with the high-band discone AUT.
The discone AUT is placed off-center on a platform to sample a volume for independent realizations.

positions. Previous methods did not account for VNA (calibration) uncertainty [20, 35] or
demanded low-Rician-K-factor environments [22, 36] for validity. We show that the former
has a significant contribution to the uncertainty, while the latter will become problematic
when the chamber is loaded, which is required for example when determining the efficiency
of an antenna in the presence of a phantom. In addition, the frequency-dependence of the
uncertainty has yet to be shown. Our new uncertainty estimation method does not make
assumptions on the chamber configuration, while still accounting for VNA uncertainties,
and will be demonstrated over a wide frequency band.

The new uncertainty estimation method allows us to compare several reverberation-
chamber configurations and study the resulting uncertainty as a function of frequency.
We will introduce a phantom into the chamber, first far away from both the measurement
antenna and the AUT, and then move it stepwise closer to the AUT. This will be compared
to the conventional case, without a phantom present in the reverberation chamber. From
the results, we can conclude that the effect of loading by the phantom on the measurement
uncertainty of the two-antenna efficiency method is very small, even when the antenna
efficiency is significantly affected by the phantom. We show that the two-antenna method
can be used to determine the efficiencies of an AUT including user effects, provided that
the change in chamber time constant τRC is accounted for in the calculations.

This paper starts by describing the experiments that we have performed and their
setup. Then, we introduce our proposed uncertainty estimation method in Section H.3.
In Section H.4 we study the impact of the phantom, while the work is concluded in
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Section H.5.

H.2 Experiment and Chamber Setup

All measurements were performed in one of NIST’s reverberation chambers. This is a
4.27 m x 3.65 m x 2.90 m chamber with one horizontally and one vertically rotating
paddle, as shown in Fig. H.1a. The chamber also includes a turntable to perform position
stirring, which is necessary for wireless tests in loaded chambers [8, 12]. There were always
two antennas in the reverberation chamber. The measurement antenna was a dual-ridge
horn antenna (DRHA) pointed towards the horizontal paddle to minimize the K-factor,
which will be referred to as the DRHA measurement antenna. The second antenna
was a discone AUT, which was chosen for its omnidirectional-like properties in order to
resemble a mobile device’s far-field behavior as closely as possible, while maintaining a
large measurement bandwidth. It was placed on the reverberation chamber’s turntable,
into which a rotary joint was installed to minimize the effect of cable movement. In
order to study the impact of the phantom on both the estimate of antenna efficiency and
corresponding measurement uncertainty, we will look at four different configurations:

(A) No phantom is present in the chamber, as shown in Fig. H.1(a) and H.2(a). This
is the ideal case, which one would normally use to measure antenna efficiency.

(B) A phantom is present in the chamber, but far away from both antennas and in a
fixed location, as shown in Fig. H.1(b) and H.2(b). This case is introduced to study
the effect of loading the chamber lightly using the phantom, with the phantom far
away from the discone AUT and DRHA measurement antenna.

(C) The phantom is placed close to the discone AUT, as illustrated in
Fig. H.1(c) and H.2(c). The phantom is sufficiently close (in the discone AUT’s
free-space near-field) to affect the discone AUT’s efficiencies and input match. In
this case the position of the phantom is fixed with respect to the discone AUT,
meaning that both move together on the turntable and/or polarization change for
independent realizations, as will be explained later in this section. The center rod
of the discone AUT is located approximately 7.5 cm from the phantom’s shell.

(D) The discone AUT is placed such that it is actually touching the phantom. This
is shown in Fig. H.1(d), and more detailed for the high-band and low-band in
Fig. H.2(d) and H.3, respectively. This is a very similar configuration to C, but with
a stronger impact of the phantom on the discone AUT performance that we used
as compared to configuration C.

Since the discone AUTs have a smaller frequency range than our desired 0.75-6 GHz
5G range, we used two different discone antennas to cover 0.75-3.5 GHz (referred to as
low-band) and 2.8-6 GHz (referred to as high-band). Note that these bands overlap,
allowing us to directly compare measurements with different discone AUTs in the same
frequency range. All measurements were performed using a VNA with an N-type electronic
calibration module. We chose a frequency point spacing of 100 kHz, an IF bandwidth
of 1 kHz, a dwell time of 10 µs. The calibrations were performed at the antenna N-
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(a) (b)

Figure H.3: Configuration D with the low-band discone AUT.

type connector interfaces. The phantom used was a SPEAG SAM-V4.5BS1 homogeneous
anthropomorphically shaped human head phantom. Please refer to [6, 37, 38] for details
on the phantom’s shape and filling material properties.

Throughout this paper we will make references to independent realizations and/or
mode-stirring samples. This is meant to refer to approximate independence, which is
verified by measuring the coherence angles of the turntable and paddles. The half-width
coherence angles, found using the autocorrelations of the platform [39], horizontal paddle
and vertical paddle are below a 0.3 threshold at 9, 7 and 9 degrees, respectively. These
are the worst-case angles at the low end of our frequency range, which rapidly decrease for
increasing frequency. Since the steps chosen for the measurements are significantly larger
(and therefore their correlation lower), as indicated below, approximate independence is
assumed and referred to as ‘independent’.

For all configurations, we created P = 9 independent realizations by changing the
turntable (and therefore discone AUT) position and/or changing the discone AUT’s po-
larization. Each independent realization consisted of 10 positions for each of the paddles,
resulting in a total of N = 100 independent stepped mode-stirring samples at each fre-
quency point for each independent realization, configuration and band. All parameters
(the efficiencies, chamber time constant, and power reference transfer function) can be
calculated for each independent realization. The best estimate is then either the aver-
age of the P realizations, or obtained by also averaging across the turntable positions at
an earlier stage in the calculations. The calculation methods for each of the results are
described in the next sections.

1The use or illustration of specific products is for clarification only and does not imply endorsement
by NIST. Other products may work as well or better.
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H.3 Uncertainty in Antenna Efficiency

H.3.1 Antenna Efficiency Calculation

The uncertainty estimations will show the impact of the phantom on the efficiency mea-
surement uncertainty, and provide insight into configuration requirements for performing
efficiency measurements using the two-antenna method [20]. For the purpose of this
work we will assume that the two-antenna method does not make any approximations
with respect to antenna radiation pattern, ideality of enhanced backscattering, antenna
(mis)match behavior, or positioning. These effects will be the topic of future research.
In addition we assume that the positioning in configurations C and D of the discone
AUT with respect to the phantom is fully representative of the desired positioning, i.e.
the effect of deviations in the antenna positioning with respect to the phantom are not
taken into account in the uncertainty. For the reader’s convenience, we briefly summarize
the two-antenna efficiency measurement method. It is based around a comparison of
time-domain and frequency-domain quality factors. Two antennas are placed inside the
reverberation chamber and connected to two ports of a VNA. Then, the efficiencies can
be calculated using [20]:

ηMEAS
tot =

√√√√8πV f2

τRCc30
〈|S21 − 〈S21〉N |2〉

√
〈|S11 − 〈S11〉N |2〉
〈|S22 − 〈S22〉N |2〉

, (H.1)

ηMEAS
rad =

ηMEAS
tot

1− |〈S11〉|2
, (H.2)

where S11 should be replaced by S22 and vice versa to obtain the efficiencies for the discone
AUT, ηAUT

tot and ηAUT
rad . V [m3] denotes the chamber volume, f [Hz] is the measurement

frequency, c0 [m/s] is the speed of light in a vacuum, and τRC [s] is the chamber time
constant. Note that, though the dependence is not shown explicitly for readability, the
chamber time constant, the S-parameters and the efficiencies are all functions of frequency.
For convenience, we have used 〈·〉N to indicate taking the ensemble average over the N
paddle positions, while using 〈·〉 to indicate the ensemble average over paddle positions
and an F = 100 MHz band. This is possible due to the wide-band characteristics of the
antennas that are applied, as well as the chamber characteristics. A study of the effect of
this averaging band showed that its smoothing has very little effect on the results since it
is still a small bandwidth compared to our measurement frequency range, while the use of
a wider bandwidth offers more independent samples to improve the estimate. For the best
estimate, 〈·〉 also indicates averaging over turntable positions. We will use this notation
(indicating which average is taken if it is not indicative of all dimensions) throughout this
paper.

It is noteworthy that this two-antenna efficiency measurement method was developed
for unloaded RC’s. Nonetheless the two-antenna efficiency measurement method should
remain valid for a (lightly) loaded chamber, as is the case with our phantom. A comparison
between the results obtained in configurations A and B will serve to validate its applica-
bility. For configurations C and D, we can view the antenna including the phantom as
one single DUT [30]. However, in its derivation, the two-antenna efficiency measurement
method implicitly assumes that the two antennas that are measured do not introduce
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surplus losses (introduced by e.g. antenna carriers or modes in the antenna materials
other than the normal antenna modes) into the chamber. Therefore a distinction should
be made between the losses introduced by the antenna’s operating modes (i.e. the user
effect), and the losses introduced by the loading of the chamber.

We can distinguish these loss mechanisms using the time constant, as it is an estimate
of the chamber’s losses [20, 30, 40, 41], in this case including the slight loading of the
chamber introduced by the phantom, as opposed to the user effect. Any deviation from
this would be visible as a difference between the time constants in configurations B, C
and D, which will be shown to be indistinguishable from one another in Section H.4.1.
Stated another way, the losses in the chamber introduced by the phantom are accounted
for within the time constant, and the efficiency obtained using the two-antenna method
includes the additional losses introduced by the discone AUT’s vicinity to the phantom.
Thus, we can extract the desired antenna efficiencies accounting for the user-effect from
configurations C and D.

Referring to (H.1) and (H.2), if we assume the uncertainty in the measurement of the
chamber volume is insignificant (which we expect to be the case for our large chamber
volume), the only uncertainty contributions are in the S-parameters and the chamber time
constant τRC. As we show in Section H.3.2, the uncertainty in the radiation efficiency
is sensitive to the antenna mismatch, resulting in a significant difference in uncertainty
for configurations A and B versus C and D. The chamber time constant is determined by
calculating the power-delay-profile (PDP) from S21 as PDP(t) = 〈|IFFT[S21n(f)]|2〉N for
n = 1 . . . N mode-stirring samples and then fitting an exponential decay on an 0.4-8 µs
interval. As will be shown in Section H.4.1, the contribution of τRC to the uncertainty
is insignificant for all configurations that we studied. This leaves only uncertainty com-
ponents in the magnitudes of the stirred component of the S-parameters |S21 − 〈S21〉N |
and in the mismatch terms to be incorporated in the uncertainty estimation, as discussed
in Section H.3.2.

H.3.2 Uncertainty Estimation

Our approach to obtain the measurement uncertainty on the antenna (radiation and total)
efficiencies is based on splitting the overall uncertainty into two components: Type B errors
derived from the VNA calibration and measurement, with a standard deviation uVNA,
and Type A uncertainty due to statistically determined effects (from the diagonal of the
estimated covariance matrix) with standard deviation uCOV. The frequency dependence
of both, though not explicitly shown, is carefully maintained throughout the process in
both components. In order to estimate uVNA, we utilize the MUF.

We use the MUF to obtain the contribution of the VNA to the uncertainty. It de-
termines uncertainties with their distributions for the electronic calibration unit we used,
and then propagates these uncertainties to the antenna efficiency results using sensitivity
and Monte Carlo analysis methods in parallel. Using our approach with the MUF, we
can account for the uncertainty in the calibration as a function of frequency, as opposed
to earlier estimations, where an empirically obtained change in 〈|S21|2〉 over time is used
[20], or the frequency-dependence is averaged out [22]. The estimation of uVNA in our
procedure consists of three steps:

1. Obtain calibration coefficients and uncertainties of the electronic calibration unit
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using the MUF [42]. To this end, the VNA is used with the same settings as for the
actual experiment, and calibrated with the electronic calibration unit. Next, me-
chanical standards are measured. Using circuit models of the mechanical standards,
the calibration coefficients and uncertainties for the electronic calibration unit are
determined.

2. Apply the calibration to a set of data, correcting the data and adding uncertainties
to each mode-stirring sample. Because of the time-consuming nature of this step,
and because we do not expect the VNA uncertainty to change from realization to
realization, this was done for only one realization for each of the configurations in
both bands, for all configurations.

3. Propagate the uncertainties in each mode-stirring sample to the resulting total
and radiation efficiencies. This provides us with the VNA uncertainty contribution
associated with the VNA calibration standards on the efficiencies.

Note that the radiation efficiency in (H.2) will be higher than the total efficiency when
the antenna mismatch is nonzero. In addition, the uncertainty in the estimate of ηrad may
be more sensitive to nonzero values of S11 than the uncertainty in the estimate of ηtot.
This is explained as follows. According to [43] (see equation (10)), the variance in the
estimate of a function f with input x may be given by:

σ2
f =

(
∂f

∂x

)2

σ2
x, (H.3)

where the first term on the right side of the equation is the square of the “sensitivity co-
efficient” and the second term corresponds to the square of the measurement uncertainty.
To find the sensitivity coefficient for ηrad, we denote:

f =
ηtot

1− |〈S11〉|2
. (H.4)

Taking the partial derivative with respect to |〈S11〉| and assuming |〈S11〉| � 1, we apply
a Taylor expansion to obtain

∂f

∂|〈S11〉|
≈ ηtot

∂

∂|〈S11〉|
(1 + |〈S11〉|)2 = 2ηtot|〈S11〉|. (H.5)

This equation shows that the sensitivity of the uncertainty in ηrad is a linear function of
the value of |〈S11〉|. Note that when the nonlinearity of f is significant, higher-order
terms in the Taylor series expansion must be included. Combining this term with the
VNA measurement uncertainty on ηtot, we have:

σ2
VNA,ηrad

≈ (2ηtot|〈S11〉|)2σ2
VNA,ηtot

, (H.6)

showing that the VNA measurement uncertainty on ηrad will depend on the antenna’s
input reflection. The NIST MUF will account for both terms in its representation of
uncertainty in ηrad. The measured input reflection coefficients of the discone AUTs are
shown in Fig. H.4. As one would expect, we observe a change in input reflection coefficient
between configurations C and D with respect to A and B, but not between A and B. Thus,
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Figure H.4: Magnitude of the measured input reflection coefficients for the discone AUTs in the four
different configurations. There is no noticeable change between configurations A and B, while configura-
tions C and D can vary significantly. Note that in the high-band result the input match of configuration
D is actually improved between 3 and 4.5 GHz.

we can expect the VNA measurement uncertainty to change between configurations A
and B with respect to configuration C or D.

To account for Type A uncertainty contributions (chamber uniformity, limited num-
ber of samples, measurement noise, cable movement between measurements), uCOV is
estimated by first determining the best estimate for the efficiency η as described in
Section H.3.1. Next, we can estimate the standard uncertainty for each independent
realization as:

uCOV =

√√√√ 1

P − 1

P∑
p=1

(ηp − η)2, (H.7)

where ηp denotes the estimated antenna efficiency at independent realization p, while η
denotes the best estimate for the antenna efficiency. This provides us with one uncertainty
component that accounts for Type A errors, such as spatial uniformity in the chamber,
uncorrelated measurement noise, and finite number of mode-stirring samples (assuming
their effect uncorrelated between the realizations). Earlier estimates were based on an
estimated deviation of enhanced backscattering constant eb [20], or a good chamber
uniformity had to be assumed [22, 36].

Now we can estimate the overall measurement uncertainty by taking the root-sum-of-
squares [44] as:

uC = k ·
√
u2VNA + u2COV, (H.8)

where k is the coverage factor. We obtain the coverage factor from the effective degrees
of freedom, which is in turn obtained using the Welch-Satterthwaite equation [43, 44].
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Table H.1: σGref
and στRC for the four configurations, averaged over each of the two frequency bands.

Configuration
σGref

[dB] στRC [ns] (in mean [%])

Low-band High-band Low-band High-band

A 0.005 0.005 7.3 (0.20) 7.1 (0.18)

B 0.008 0.006 4.2 (0.15) 3.9 (0.13)

C 0.009 0.007 4.1 (0.15) 3.9 (0.13)

D 0.012 0.009 3.9 (0.14) 4.0 (0.13)

Note that, though the indices are omitted for brevity, this is still a function of frequency,
and is calculated for each of the configurations and bands as well as for total and radiation
efficiency separately. In the next section, we will use this uncertainty estimation to study
the effect of including a phantom in the efficiency measurement, and whether extra care
has to be taken when performing those measurements. In particular, we will show whether
the uncertainty due to lack of spatial uniformity in the chamber increases significantly
when introducing a phantom, and whether that effect is significant when compared to the
VNA uncertainty.

H.4 Impact of Phantom on Antenna Efficiency and its
Measurement Uncertainty

H.4.1 Chamber Characteristics

Before proceeding to the antenna efficiency measurements, we first perform a chamber
characterization for the four configurations to identify the effect of the phantom on cham-
ber uniformity and loss. This includes an evaluation of the chamber’s reference power
transfer function Gref, calculated as [8, 12, 45]:

Gref,p =
〈|S21|2〉N,F
ηMEAS

tot ηAUT
tot

, (H.9)

Gref = 〈Gref,p〉, (H.10)

where ηtot
MEAS and ηtot

AUT are taken from the best estimate efficiencies determined in Sec-
tion H.4.3. The standard deviation of Gref can be used as a metric for the spatial uniformity
of the averaged field in the reverberation chamber [8, 12]. We show the results for Gref

in Fig. H.5, and give its estimated standard deviation in Table H.1. We can observe that
the results for Gref for configurations B, C and D overlap, while configuration A is higher.
This is due to the energy loss in the phantom. As expected, the phantom (slightly) loads
the RC, causing a decrease in Gref. Furthermore, all results connect in the frequency
range that is covered by both high and low bands. As expected, Table H.1 shows an
increase in σGref

for increasing configuration letter in both the low and high bands, indi-
cating a decreasing spatial uniformity when the phantom is introduced or moved closer to
the discone AUT. Note however that all standard deviations of Gref are 0.012 dB or less,
indicating a very good spatial uniformity for all configurations. A previous study found
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Figure H.5: Reference power transfer function Gref for the four configurations over both frequency ranges.
Configurations B, C and D (with the phantom in the chamber) are overlapping, while Configuration A
(unloaded chamber) deviates. The low-band and high-band match in their common ranges.

estimated σGref
results between 0.04 dB and 0.21 dB in the PCS band (1.8-1.95 GHz) for

an unloaded RC [45], but used only a single paddle with 72 positions (in a different RC).
For the frequency range above 400 MHz, the IEC standard only requires the standard
deviation to be below 3 dB [13]. The use of multiple paddles, in addition to frequency
stirring, allows us to obtain more independent samples and thereby to improve uniformity.
While not explicitly shown for conciseness, our estimated σGref

over frequency peaks at a
worst-case for all bands and configurations at nearly 0.035 dB. The use of a rotary joint
also improves our σGref

, as it minimizes variations due to cable movement.
The results for the time constant τRC are shown in Fig. H.6. Again, the bands connect

very well for all configurations, and again configurations B, C and D are overlapping and
lower than configuration A, as expected. The estimated standard deviation is given in
Table H.1, where the standard deviation of the time constant for a single position is
shown in nanoseconds. Since we use the mean (best estimate) of τRC of all positions
for later measurements, this reduces the standard deviation to the relative uncertainties
(standard deviation divided by the best estimate) given in the table between brackets. We
choose to show the relative uncertainty here, as it is the deviation in τRC that impacts
the antenna efficiency as opposed to its absolute value. As in [20], the resulting relative
errors in the mean of τRC are deemed insignificant, and not taken into account any further.
However, note that the phantom has a significant impact on the reverberation chamber’s
time constant, so a time constant obtained with the phantom present must be used when
testing with the phantom to obtain the correct efficiency. As one would expect, the
location of the phantom does not appear to have a significant effect on the obtained time
constant, yet for all configurations the corresponding time constant is used in this work
to be completely consistent.

183



H

PAPER H. UNCERTAINTY IN REVERBERATION-CHAMBER
ANTENNA-EFFICIENCY MEASUREMENTS IN THE PRESENCE OF A PHANTOM

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
Frequency [GHz]

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

R
C

 [
s] low-band

high-band

Configuration A
Configuration B
Configuration C
Configuration D

Figure H.6: Chamber time constant τRC for the four configurations over both frequency ranges. Though
shorter than shown earlier [20] due to the presence of more cables, components and feed-throughs, the
frequency behavior matches very well with the earlier result. Configurations B, C and D (with the phantom
in the chamber) are overlapping, while Configuration A (unloaded chamber) deviates. The low-band and
high-band match in their common ranges.

Table H.2: Estimated standard uncertainties due to Type A uncertainties for the four configurations,
averaged over the two frequency ranges.

Configuration

uCOV [%]

In Radiation Efficiency In Total Efficiency

DRHA AUT DRHA AUT

Low-band High-band Low-band High-band Low-band High-band Low-band High-band

A 0.50 0.52 0.52 0.55 0.46 0.50 0.52 0.50

B 0.45 0.46 0.65 0.61 0.42 0.45 0.65 0.58

C 0.70 0.56 0.48 0.63 0.68 0.53 0.43 0.59

D 0.48 0.48 0.75 0.54 0.44 0.46 0.74 0.52

H.4.2 Uncertainty Components

In order to study which effects are affected by the phantom and how much the Type A
and Type B uncertainties each contribute to the overall uncertainty, we will show the two
uncertainty components uCOV and uVNA separately. Since the behavior of uCOV does not
show a clear trend over frequency, we have chosen to present its results averaged over
each of the two bands, as seen in Table H.2 where we are representing the uncertainties
on the antenna efficiencies in percent. The uncertainty contributions in this table are all
between 0.45% and 0.75%, which is very small compared to the antenna efficiencies, which
are always higher than 50%. There are no clear trends to be observed when comparing
the four configurations or comparing the DRHA measurement antenna with the discone
AUTs. Though the difference is small, it should be noted that the estimated uncertainty
component due to Type A effects is always slightly higher for the radiation efficiency than
for the corresponding total efficiency. This is due to the mismatch compensation applied
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Figure H.7: uVNA for the DRHA measurement antenna. The result for the total efficiency is displayed in
solid lines, while the results for the radiation efficiency results are shown using dashed lines. The curves
for the radiation efficiency tend to show a higher uncertainty than those for the total efficiency.

to the radiation efficiency (H.2), introducing an additional parameter into the equation,
as well as ηrad being higher than ηtot by definition: the power accepted by the antenna
can never be larger than the available power at the antenna interface.

Next, we study the VNA uncertainty uVNA. Since this is a Type B uncertainty, it does
show clear and reproducible frequency dependence and is therefore presented in graphs.
The results are shown in Fig. H.7 and H.8 for the DRHA measurement antenna and the
discone AUTs, respectively. In both cases the dashed curves represent radiation efficiency,
while the solid curves indicate the result for total efficiency.

For the DRHA measurement antenna, shown in Fig. H.7, there are two clear sets:
one for the radiation efficiency, and one for the total efficiency. Note that the two bands
also match in their overlapping frequency range. The VNA uncertainty contribution is
a function of the antenna’s impedance - the impact on the efficiency of an error in the
calibration will vary depending on the actual impedance at the reference plane. Since
the phantom is never placed near the DRHA measurement antenna, it does not have
a noticeable impact on the VNA uncertainty for that antenna. Over nearly the entire
frequency range, the VNA uncertainty contribution to the radiation efficiency is larger than
that for the total efficiency. Again, this is due to the addition of another S-parameter
component to (H.2), and the radiation efficiency being (by definition) higher than the
total efficiency.

For the discone AUTs we can observe similar effects in Fig. H.8. The curves between
the high-band and the low-band do not connect, since a different discone AUT is being
used (resulting in a different impedance). However, the curves for configurations A and
B, the cases in which the phantom is not present or far away from the discone AUT, are
always on top of one another. Configurations C and D deviate from that set and one
another, as the phantom changes the antenna’s input impedance, which, in turn, changes
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the VNA uncertainty. It is noteworthy that, as expected from our discussion on the
sensitivity of uVNA in Section H.3.2, uVNA tends to be lower for better matched antennas.
This can be quite clearly observed by comparing the high-band results for configuration
D, with those for configurations A, B and C. As shown in Fig. H.4, the high-band discone
AUT happens to be better matched between 3 and 3.5 GHz in configuration D, resulting
in a lower uVNA for configuration D in this band.

H.4.3 Antenna Efficiencies

Now that we understand the individual uncertainty components, we will present the mea-
sured efficiencies for the configurations along with their expanded uncertainties (H.8). We
show the best estimate (i.e. the result calculated using all discone AUT positions), and
error bars represent the 95% confidence interval.

The total efficiency and the radiation efficiency obtained for the DRHA measurement
antenna are shown in Fig. H.9(a) and H.9(b), respectively. Since no change was introduced
into the DRHA measurement antenna, and the phantom was always off its main axis, all
results and bands should overlap. The results for both efficiencies demonstrate that
all configurations and bands are indeed within the respective 95% confidence bounds.
This validates that the two-antenna method works in the presence of a small phantom
in the reverberation chamber, provided that the additional losses are accounted for in
τRC. Especially at the high frequency end, it may seem like the uncertainties are over-
estimated, since the different configurations are within a far smaller margin than the
error bars. However, the error bars indicate the overall uncertainty, including Type B
contributions, as opposed to the Type A contributions (and impact of the phantom) that
are tested between the different configurations.

As one may expect, the efficiencies obtained for the discone AUTs show more dif-
ference between the four configurations. The total and radiation efficiencies are shown
in Fig. H.10(a) and H.10(b), respectively. Configurations A and B, where the phantom
is far away from the discone AUTs, agree within their 95% confidence intervals. The
two bands do not connect for any of the configurations since different discone AUTs are
used, exhibiting a different efficiency. Both the total and radiation efficiencies decrease
when the phantom is moved close to the discone AUTs, and again when the phantom is
touching the discone AUTs. The results for configurations C and D are outside the 95%
confidence intervals of the other cases and one another, demonstrating that the impact of
the phantom on the antenna efficiency is significant compared to the efficiency measure-
ment uncertainty. We can conclude that the change in both radiation and total efficiency
may indeed be measured in the reverberation chamber using the two-antenna method.

In order to clearly show the impact of the phantom on the antenna efficiencies, we
have also summarized the efficiency results for several important bands in Table H.3.
Since the radiation efficiency also shows a significant decrease when the phantom is close
to the discone AUT, the loss cannot be recovered by the application of an adaptive
matching circuit (i.e. recovering the mismatch loss). The phantom dissipates part of the
energy accepted by the antenna. While the discone AUTs are of course not completely
representative for the use-case scenario of a smartphone, it demonstrates the general
principle that this type of measurement can help antenna designers to optimize their
design in the actual use-case scenario. While usually the user effects are only analyzed
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Table H.3: Efficiency measurement results with 95% confidence intervals for some popular communication
bands.

Band
GSM-900 GPS L1 DCS-1800 PCS-1900 LTE B1 WiFi 2.4 LTE B7 5G NR Wifi 5.2

LTE B8 LTE B3 LTE B2 DL DL 3.5

Fmin [MHz] 880 1575.42 1710 1850 2110 2400 2620 3450 5200

Fmax [MHz] 915 1575.42 1785 1990 2170 2500 2690 3550 5300

ηtot [%]

DRHA
80.5 91.0 79.3 80.0 90.3 83.7 82.9 90.8 89.3

± 1.4 ± 1.4 ± 0.9 ± 1.3 ± 0.7 ± 1.1 ± 1.2 ± 1.9 ± 1.9

AUT
88.6 86.6 88.0 89.8 88.6 83.8 80.8 86.7 85.7

± 1.7 ± 1.0 ± 1.1 ± 1.2 ± 1.1 ± 1.0 ± 1.0 ± 1.3 ± 2.1

AUT Conf. C
72.7 74.5 76.5 78.0 76.0 73.3 70.9 76.4 76.5

± 1.1 ± 1.3 ± 0.9 ± 1.1 ± 0.9 ± 0.9 ± 1.3 ± 1.6 ± 2.0

AUT Conf. D
56.9 66.2 70.9 75.5 72.4 67.7 64.2 72.2 68.7

± 1.9 ± 1.6 ± 2.1 ± 1.9 ± 1.6 ± 2.1 ± 1.6 ± 1.6 ± 2.1

ηrad [%]

DRHA
90.7 92.8 87.5 91.0 92.8 90.2 89.1 93.6 93.1

± 1.7 ± 1.5 ± 1.6 ± 1.8 ± 0.7 ± 1.2 ± 1.9 ± 2.2 ± 3.1

AUT
89.2 89.3 89.2 90.1 89.4 87.5 85.3 91.1 90.4

± 1.7 ± 1.0 ± 1.1 ± 1.2 ± 1.1 ± 1.2 ± 1.1 ± 1.7 ± 2.1

AUT Conf. C
74.8 77.1 77.5 78.4 76.5 75.4 73.9 81.1 81.6

± 1.2 ± 1.3 ± 1.0 ± 1.2 ± 1.0 ± 1.1 ± 1.5 ± 1.9 ± 2.1

AUT Conf. D
59.5 67.8 71.2 75.5 73.8 71.1 68.0 73.9 75.0

± 1.9 ± 1.6 ± 2.2 ± 1.9 ± 1.6 ± 2.2 ± 1.7 ± 0.9 ± 1.8

for the specific absorption rate (SAR), an earlier study using a phantom with a mobile
phone resulted in losses in the phantom between 1.5 dB (19%) and 5.8 dB (74%) derived
from TRP measurements in the EGSM 900 and 1800 bands, respectively [25]. These
effects are even more pronounced than they are with our discone AUTs, which are never
as close to the phantom as a mobile phone antenna due to their shape, again showing
that the user not only influences matching but also dissipates power. While this effect is
qualitatively implied by the SAR, it is useful to show quantitative antenna effects. Not
only does the user effect present issues for SAR, it also results in a reduced TIS and TRP
when a smartphone is used in its intended application, unless taken into account in the
design.
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Figure H.8: uVNA for (a) the discone AUTs total efficiency and (b) the discone AUTs’ radiation efficiency,
with an inset zooming in on the frequency range where the low-band and high-band results are both
available and not overlapping. Eight curves (four configurations, two bands) can be seen in each inset.
The curves for the radiation efficiency tend to show a higher uncertainty than those for the total efficiency,
as expected.
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H.4. IMPACT OF PHANTOM ON ANTENNA EFFICIENCY AND ITS
MEASUREMENT UNCERTAINTY
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Figure H.9: (a) Total and (b) radiation efficiencies of the DRHA measurement antenna for the four
configurations over both frequency ranges with 95% confidence intervals. As expected, all configurations
as well as the two bands agree to within their computed uncertainties.
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Figure H.10: Total (a) and radiation (b) efficiencies of the discone AUTs for the four configurations over
both frequency ranges with 95% confidence intervals. Configurations A and B are within one another’s
uncertainties, while configurations C and D are significantly different.
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H.5. CONCLUSION

H.5 Conclusion

In this work, we have introduced a new method to estimate the uncertainty (as a function
of frequency) of antenna efficiency measurements using the two-antenna method in a
reverberation chamber. We have applied the method to demonstrate that the impact
of a phantom head on the measurement uncertainty is negligible. In addition, we have
shown the contributions of the Type B VNA uncertainty and Type A effects separately,
demonstrating that, for the cases we studied, the impact of the VNA’s uncertainty on
the estimated antenna efficiency uncertainty changes when introducing a phantom. We
then verified that the two-antenna method can be applied in the presence of a phantom,
provided the additional losses are accounted for in the chamber time constant. It is not
necessary to adopt position stirring for the common configurations we presented. The
results allowed us to demonstrate the impact of a phantom head on both the total and
radiation efficiencies for a set of antennas. Since the phantom head may have a significant
effect on antenna efficiency indeed, this type of measurement and uncertainty evaluation
will be crucial for future smartphones and body-wearables. Future work will assess the
impact of more heavily loading a chamber on antenna efficiency measurement uncertainty,
relevant to the testing of large form factor devices.
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