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1. Introduction

1.1 Background and motivation

Wireless communications have enabled us to live in a global village, aim-
ing to connect each and every aspect of our lives. As humankind moves
steadily towards the era of beyond 5G and Internet of Things (IoT), it
is anticipated that more than 50 billion devices will be connected to the
internet by 2030 [1]. In fact, this extensive boost will encompass numerous
wireless applications operating across a wide radio frequency (RF) spec-
trum. For instance, the RF devices consisting of RF transceivers have seen
significant research and development in Frequency range 1 (FR1) where
multiple radio standards are still evolving which has resulted in spectrum
congestion. In addition, this boost has opened doors to high frequency
ranges such as the milimeter-wave range (30 GHz–300 GHz) where one
can reap the benefits of higher data rates and vast availability of frequency
spectrum. Utimately, an RF transceiver has to operate across a wide range
of frequencies while trying to minimize the power consumption required to
do so, the form factor and also being energy efficient.

An RF device usually consists of a multiple system-on-chip (SoC) inter-
facing several antennas for band-specific data transmission and reception.
It is expected that a radio device may contain more than 10 different ra-
dios and 20 antennas operating across a wideband, and also comply with
certain radio standards [2]. With the continuous demand for additional
frequency band coverage and higher data rates, its becoming an arduous
task to accommodate the increasing number of antennas, and the design of
the SoC driving those antenna elements in a limited volume space. These
requirements bifurcate to several challenges to radio systems designers,
i.e., the antenna design and the integrated circuit (IC) designers.

From the antenna design perspective, it adheres to two basic features.
Firstly, the operation of an antenna needs to expand significantly in or-
der to provide wideband operation over a variety of frequency ranges.

19



Introduction

This is usually made possible with frequency tunable or reconfigurable
techniques [3]. Secondly, the data capacity enhancement property comes
with the multiantenna system technique such as multiple-input-multiple-
output (MIMO) [4], at an additional cost with more antenna elements and
necessary decoupling networks to reduce the effect of mutual couplings
among the antenna elements. In the antenna regime, the target ultimately
pours down to a wideband multiantenna system.

From the IC design point-of-view, the SoC must realize a wideband
integrated transmitter or receiver in order to provide wideband functional-
ity. Although, technology scaling has significantly enhanced integration
densities where an RF IC can accommodate multiple transmitters and
receivers in a small die area [5]. In particular, the current wideband
transceiver implementations require several passive networks, consisting
of large on-chip or off-chip passive components especially for the sub-6 GHz
spectrum [6–8]. The situation will further deteriorate in the case of mul-
tiantenna systems where the IC needs to interface with several antenna
elements [9, 10]. Moreover, the antenna location and placement inside
the limited space available to house it becomes more problematic while
piling up additional challenges. Therefore, the research to design a radio
transmitter or receiver for a wideband multiantenna system still remains
a design challenge.

The work presented in this thesis actually started when the author be-
came acquainted with the aforementioned challenges for the first time
during his educational learning and enlightenment. It actually originated
while studying the multiantenna technique named the antenna cluster-
tuning concept [11]. The technique fulfills the requirement of an efficient
wideband antenna, and eliminates the need for the traditional matching
blocks. From the product-level design, it has two main limitations: Firstly,
the current solutions are traditional and based on discrete electronics,
making them non-scalable and non-feasible for a radio device in terms of a
limited volume or form factor. Secondly, the technique has to incorporate
a corresponding transmitter or receiver to fulfill the wideband operation.
As mentioned previously, the current wideband transmitter and receivers
deteriorate area, power and form factor specifications. In the author’s opin-
ion, we can partially blame the independent design methodology adopted
so far across the 50Ω interface which actually gives freedom only to one
community, i.e., the antenna designer community at the expense of the
community of IC designers who have to shoulder the burden of the un-
derlying load condition which complicates their work. Therefore, we need
to motivate both domains to go for co-design methodologies in order to
emphasize system-level perspectives, and look for impedance interfaces
which are optimal rather than traditional.

To sum it up,
this encourages and motivates, in particular, the RF IC designers to do
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further research, design and implement integrated transmitter solutions
in relation to wideband antennas, especially, the integrated transmitters
for multiantenna systems operating across a wideband spectrum. The
primary motivation behind the research presented in this thesis is so that
the interface across the IC and antenna results in an optimal trail for the
efficient radio systems of the future.

1.2 Objectives of this work

This dissertation present the design and implementation of the integrated
transmitter front-ends operating in the 5G NR FR1 (0.4 GHz–7 GHz) and
5G NR FR2 (24 GHz–54 GHz) GHz ranges. The research conducted in this
work is divided into two categories. The first one, and major contribution
of the thesis concerns the following questions:

• What kind of integrated transmitter front-end is needed for a wide-
band multiantenna based on the antenna cluster-tuning concept?

• Is it possible to realize an integrated transmitter for MIMO antenna
clusters operating across a wideband?

Hence, this work strive to utilize the integrated circuit technology, lever-
ages the design of next generation integrated radio transmitters consisting
of multiple antennas. Especially, the required transmitter front-end is
studied, designed and implemented as an integral part while efficiently
tuning the antenna clusters across a wide range of spectrum.

The later part constitutes a minor contribution to the thesis which covers
the feasibility analysis of a transmitter front-end consisting of switch-mode
power amplifiers (SMPA), for the Ka-band (24.5 GHz-40 GHz), a subset of
FR2. In particular, what are the challenges in designing and realizing an
SMPA-based transmitter front-end at 5G NR FR2?

1.3 Contents organization

This thesis consists of two main parts. The first one includes the reasons
and motivation behind the research for integrated transmitters for wide-
band antennas. In addition, the first part also provides a brief overview of
background and the current state of the art in the antenna domain. The
second part presents the detailed summaries of the original contributions,
consisting of 5 publications [I-V] by the writer.

Chapter 2 starts with an introduction of the RF transceiver system from
the wireless application perspective where the prominent desired feature
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of a wideband RF system is highlighted. Then, the current state-of-the-art
frequency-reconfigurable antennas are presented for scrutiny. Also, the
RF transmitter and antenna interface is addressed from a system-level
perspective in order to comply with the design of future RF transmitters
driving multiple antennas. Finally, a compact and realistic SoC-based RF
transmitter alternative is proposed for wideband spectrum coverage based
on the antenna cluster-tuning method.

Chapter 3 brings the weighty research conducted related to the RF trans-
mitter IC driving antenna clusters, which are detailed in Publications
I-IV. The focus is on providing an integrated solution to a recently pub-
lished antenna cluster-tuning concept. Initially, section 3.1 shows the dire
need to move away from static discrete electronics towards more dynamic
integrated solutions. Section 3.2 describes the proposed RF transmitter
IC design, covered in Publication I, which has the potential to tune the
antenna cluster frequency response across a 3.5 GHz wideband. In fact,
it is experimentally verified that the transmitter IC fabricated in a 28nm
CMOS, provides antenna cluster-tuning without using any traditional
on-chip or off-chip matching components. The idea is expanded and experi-
mentally investigated further with a modulated signal transmission aspect
in Publication II, and the summary in section 3.3. Section 3.4 highlights
improvements for the on-chip amplitude and phase-scaling blocks with
details in Publication III. With the aforementioned transmitter IC, another
aspect of the approach based on antenna cluster-tuning based approach
is unveiled which accommodates MIMO operation. The antenna cluster-
tuning and MIMO operations have been experimentally demonstrated with
the transmitter IC detailed in Publication IV and summarized in section
3.5.

Chapter 4 directs the research focus towards transmitter front-end design
for high frequency bands, in particular, to designs intended for Ka-band
applications. Specifically, the idea is to check the feasibility of configura-
tion based on the switch-mode power amplifier (SMPA) [12], such as the
switched-capacitor power amplifier (SCPA) [13]. An SCPA configuration
has been designed and simulated in 28nm CMOS along with the feasibility
study detailed in Publication V.

Finally, Chapter 5 concludes the thesis with future directions and re-
maining unsolved challenges.

1.4 Main scientific merits

The main scientific content of the dissertation is organized in Publications
I-V, with the digest in chapters 3 and 4 of this thesis. The main scientific
merits are (in order of publication):

1. First experimental verification for the antenna cluster-tuning concept

22



Introduction

with an integrated transmitter front-end across multiple frequency
bands.

2. Expanded the antenna cluster-tuning with the transmitter IC along
with a real-time modulated signal transmission.

3. Proposed an improvement for on-chip scaling circuits incorporated
into the transmitter, reduced impedance variation at the transmitter
IC outputs along with a power-optimized phase-scaling circuit design.

4. Confirmed experimentally that the proposed implemented transmit-
ter IC enables both the wideband frequency tunability and MIMO
operation for multiple antenna clusters operating in the sub-6 GHz
spectrum.

5. Discussed the high-frequency design challenges for a switched-capacitor
power amplifier topology at 30 GHz.
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2. Antennas and RF transmitters

This chapter provides the relevant background knowledge to the disserta-
tion. It starts from a system-level description of a radio device in section 2.1
along with few antenna-sharing techniques. Then, the wideband tuning
objective of the thesis is revisited here in order to narrow down the focus.
For this purpose, various antenna tuning methods are first discussed and
assessed in section 2.2. Finally, the wideband antenna tuning requirement
is hinged to the antenna cluster-tuning method [14], and the uniqueness
of the method is addressed in detail while proposing an SoC-based trans-
mitter as an alternative solution.

2.1 Radio system

A radio system simply consists of RF electronics and antennas which
altogether enable wireless data transmission and reception. The RF elec-
tronics process the baseband and RF signals whereas the antennas act as
a transducer between the electronics and space as illustrated in Fig. 2.1.
Several decades of research and development has provided us with inte-
gration capabilities to perform the RF signal processing in a very small die
area [5]. Therefore, the integrated transmitter (TX) and the receiver (RX)
are ubiquitous in almost every radio device. Similarly, the antennas have
also seen an evolution in order to fit complex designs into a limited-volume
handheld device. Further, there is continuous demand from the device user
to cover each possible communication aspect, if possible.This requirement
leads to inclusion of multiple radios and respective antennas to operate
efficiently in a limited-volume device. As discussed in chapter 1, a mod-
ern wireless device may have to accommodate multiple radios and radio
standards [2, 3] which can include TX/RX as the technology scaling and
digitization have successfully achieved minimal die areas and efficient
circuit synthesis methods [15–17]. On the other side, antennas these
days are also expanding their operating efficiency across a wider set of
frequencies [14, 18]. One can integrate TX and RX in one RFIC with a
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Figure 2.1. A simple block diagram of an RF TX and RX forming a wireless link through
the antenna.

single antenna for the wireless link as shown in Fig. 2.2(a). Such a system
follows time-domain duplexing and allows the TX and RX to share one
antenna for both transmit and receive operation. The device commonly
known as RF switch enables transmission and reception over the same
frequency band [19]. However, the RX suffer from desensitization in pres-
ence of strong interfering signals. This issue can be resolved with an
alternative solution where TX and RX operates over different frequency
bands. With a device known as duplexer [19], it allows frequency-domain
duplexing where the RFIC incorporates TX and RX operation over disjoint
frequency bands with the essential filtering capabilities in order to avoid
desensitization as described in Fig. 2.2(b). However, the typical isolation
of more than 40 dB can be achieved at the expense of insertion loss and
additional off-chip components [20]. Moreover, the duplexer and antenna
frequency operation has to expand slightly in order to cover an additional
frequency range for the transmission or reception of two signals of different
frequencies.

Ramping up to equate to real-time situation, a device incorporating
multiple multiband integrated radios (TX, RX), antennas and auxiliary
components such as on-chip or off-chip matching networks, filters and
switches. The recent trend is towards a multifeed approach where the data
capacity enhancement and other possible techniques such as beamforming
act as an add-ons to devices that require additional overhead [21]. Such
cases intuitively fulfill the user demands of wideband spectrum coverage
and higher data rates at the expense of additional overhead in terms of
component count. For instance, the important consideration for a user is
the device size as there is a physical limit within which we can bound a
finite number of such components.

Adhering to our wideband tuning target discussed in chapter 1 and
revisiting here in short, ideally requires an adaptive TX and a broadband
antenna as illustrated in Fig. 2.3. The RFIC accommodates TX which
drives a wideband antenna or antennas (similar study can be done for
the RX as well) for which one has to analyze the current state-of-the art
solutions for the antenna and respective TX while aligning with the user
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(a) Time-domain duplexing (b) Frequency-domain duplexing

Figure 2.2. An RFIC interfacing single-feed antenna for wireless data communication.

Figure 2.3. Wideband spectrum coverage with an indispensable adaptive TX and wide-
band antenna.

demands of reduced form factor, die area and power consumption.

2.2 Antenna regime

In the antenna domain, an antenna frequency response differentiates
antenna type as narrowband and wideband. Typically, a fractional band-
width1 of at least 20% is considered as wideband [22]. The antenna fre-
quency operation can be adapted to a certain type with typical matching
components and certain antenna-tuning methods [23]. In fact, the follow-
ing tuning methods adapt several antenna types with desired wideband
features. To clarify, the subsequent subsections mainly focus on design
aspects essential to SoC/IC designers whereas the detailed antenna design
issues can be found from [14].

2.2.1 Multiband antennas

Multiband antennas comprise of multiple antenna segments of specific
dimensions in order to achieve multiband operation.These antennas can
cover several frequency bands at a time along with multiple radio stan-
dards [24–26]. For mobile devices, microstrip line-based antennas are
considered the preferred option mainly due to planar geometry and fab-
rication ease [27,28]. Fig. 2.4 illustrates a multiband antenna design for
miniaturized devices such as mobile terminals [29]. The design presents a
viable solution for multiband operation at frequencies of 1.6 GHz, 2 GHz

1Fractional bandwidth is the ratio of absoluted bandwidth dividied by the center
frequency.
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and 3.3 GHz respectively. However, the demands resulting from the adop-
tion of new radio standards have negatively impacted design complexity
along with issues of isolation, whereas the bandwidth and efficiency are
affected as a consequence of the small form factor [30]. Hence, devices re-
quire higher order filters in particular at the front-end for better isolation
while affecting the power consumption and form factor.

Figure 2.4. Multiband patch antenna with specific dimensions (Wp : W1 − W3, Lp :
L1−L3) enabling coverage of three frequency ranges: 1.6 GHz, 2 GHz, 3.3 GHz.

2.2.2 Reconfigurable antennas

The frequency tunable or reconfigurable antennas build upon multiband
antennas and add a dynamic feature of switchable antenna segments.
These segments are controlled, and turned on/off with dc-bias switches to
achieve reconfigurable operation over specific frequency bands with better
isolation. Several type of switches can be used for this purpose such as
PIN diodes [31–36], varactor diodes [37–40], RF MEMS [41–47], and RF
switches [48–52].

For example, a planar inverted-F antenna (PIFA) has been tuned to six
non-contagious frequency bands via PIN diodes as shown in Fig. 2.5. The
diodes D1-D3 enable the selection of different antenna elements, and one
can realize a multiband tunability by turning on/off these diodes. In com-
parison, this approach provides sufficient tuning for finite frequency points
with relaxed filter requirements. One important point to ponder is that
the increase in the number of antennas per band (or service) is inevitable
for higher data rates and and reliability. And one should also consider the
required number of switches, segments and biasing for wideband cover-
age. This implies that there are two main limitations: Firstly, plenty of
switches are required to tune the frequency response of an antenna, and
these switches have to be accommodated in a limited space along with
the complex routing which makes it a non-trivial task. Secondly, the type
of switch also dictates the overall cost, power and critical performance
parameters [3]. For instance, PIN diodes has significant power consump-
tion in on-state, and multiple diodes are required to cover a wide range of
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frequencies at the expense of complex biasing. Similarly, varactor diodes
face non-linearity challenges and increased power consumption. Although,
RF MEMS provide good linearity, however, the reliability, packaging and
fairly high control voltage still remains a design challenge. RF switches
offer good linearity and reliability but it still suffer from insertion loss and
increased die area. To sum up, the rising number of tuning components
with a demanding compact solution require careful considerations as the
routing and soldering can result in possible design failures [22].

Figure 2.5. A PIFA supporting frequency-reconfigurable operation with 3 PIN
diodes for frequency bands encompassing radio standards such as
GSM 1800 / WCDMA / WiMax, WLAN [53].

2.2.3 Multifeed antenna tuning

So far, our discussion has mainly focused on antennas with one single
feed along with the aforementioned tuning techniques. An alternative to
frequency-reconfigurable methods is multifeed antenna tuning where a
single antenna is fed from multiple points for frequency-reconfigurable
operation [54]. The concept is based on antenna feed amplitude and phase
manipulation with a multifeed transmitter as illustrated in Fig. 2.6. The
signal amplitude and phase can be manipulated with a vector modulator
or transmission line-based attenuators and phase shifters.

The transmitter consists of a signal generator, splitter, control and mea-
surement blocks. The transmission signal Stran is first divided into multiple
identical signals S1 . . . Sn. For reconfigurability, the control block applies an
initial guess of the amplitudes and phases which results in scaled signals
S

′
1 . . . S

′
n. These scaled signals drive the multifeed antenna for information

transmission. Besides that, the measurement element periodically senses
the transmitted signal as Smeas. And the control block executes a recursive
algorithm that scales the feed signal amplitudes and phases until the mea-
surement element detects Smeas with the desired frequency of operation. A
two-feed approach is demonstrated in [54] to cover the GSM and WiFi fre-
quency bands with a reflection coefficient below -10 dB at three frequency
points as illustrated in Fig. 2.6. This is a brute-force frequency tunability
technique with limited range, and lacks proper design methodology. Lastly,
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Figure 2.6. A multifeed approach accompanying a multifeed transmitter for antenna
tuning in order to support three frequencies, e.g., GSM (0.8 GHz/ 1.8 GHz) and
WiFi frequency bands.

continuous on-the-go antenna measurements are necessary to determine
the multifeed antenna amplitude and phase characteristics.

2.2.4 Antenna cluster tuning

Unlike multifeed antenna tuning, one can look for possible methods where
multiple antenna elements can be utilized for frequency-reconfigurable op-
eration. Recently, a novel tuning method known as antenna cluster-tuning
has been proposed where several antenna elements assist in achieving
wideband antenna tuning. The antenna cluster contains self-resonant
elements exisiting in the close proximity. When these elements are excited
with optimal signals a1 . . . aN , the reflections b1 . . . bN are minimized as
depicted in Fig. 2.7. As a result, the maximum power is delivered to the
antenna elements, or equivalently the antenna cluster is tuned at the
desired operation frequency. The method has been developed at Aalto Uni-
versity, and is thoroughly discussed in [14]. In addition, similar optimal
signal excitations have been adopted in digital beamforming applications
with possible applications such as beamsteering and polarization adjust-
ment [55]. The difference here being that the method alters the frequency
characteristics of the antenna cluster. In contrast to port decoupling in
a multiantenna system [56, 57], the mutual couplings (M) are used as a
benefit. The level of mutual coupling is also studied in relation to antenna
cluster-tuning for verification, and is reported in [58].

In comparison to multifeed antenna tuning, this method provides the
optimal signal calculation framework based on the antenna scattering
matrix (S) and incident excitations (a) presented in Eqs. (2.1)-(2.2). To
tune the antenna cluster at the desired operation frequency, the weighted
excitations a results in reduced reflections so that maximum power is de-
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Figure 2.7. An N-element antenna cluster with weighted excitations a1 . . . aN contains
mutual couplings (M) such that the reflected waves b1 . . . bN are minimized.
Thus, the maximum power is delivered with farfield modes of antenna cluster
bN+1 . . . bM .

livered to the antenna feeds. In other words, the term Rayleigh’s quotient
is maximized with certain excitations a across a frequency range, thus, the
antenna cluster is tuned for these particular weighted inputs. The match-
ing efficiency ηmatch is maximized, and equivalently described in terms of
performance metric known as the total active reflection coefficient (TARC)
in Eq. (2.3). In general, the TARC describes the antenna cluster-tuning
benchmark for an antenna cluster.

b =

⎡
⎢⎢⎣
b1
...

bN

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣
S11 . . . S1N

... . . . ...

SN1 . . . SNN

⎤
⎥⎥⎦
⎡
⎢⎢⎣
a1
...

aN

⎤
⎥⎥⎦ = Sa (2.1)

ηmatch =
Pdelivered

Pincident
=

aHa− bHb

aHa
=

aHa− aHSHSa

aHa
=

Rayleigh′s quotient︷ ︸︸ ︷
aH(I− SHS)a

aHa
(2.2)

TARC =
√

1− ηmatch (2.3)

For the purpose of analysis, an N -element antenna cluster is consid-
ered where all elements attain certain lengths {L1 . . . LN} in order to
have different resonance frequencies as shown in Fig. 2.8. As a result,
these different lengths assist in extending the antenna cluster frequency
of operation. The beauty of the concept also lies in its simplicity as the
feeding signal amplitude and phase manipulation offers the required wide-
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(a) An N-element antenna cluster on a PCB substrate containing
monopoles of different lengths {L1 . . . LN} where Li �= Lj ∀ i, j ∈
{1 . . . N}.

(b) Equivalent circuit description for weighted amplitudes and phases
(Ai, Pi) applied to an N-element antenna cluster where i = 1 . . . N .

Figure 2.8. Illustration of the antenna cluster-tuning concept with N-elements requiring
specific amplitudes and phases while eliminating the need for traditional
tuning and matching components. The non-identical elements constitute
an antenna cluster which separates them from the typical antenna arrays
consisting of identical antenna elements.

band coverage features. Clearly, the traditional filtering with matching
components is entirely eliminated with this method. In order to illus-
trate the potential of this method, the antenna cluster is driven with
ideal sources with frequency (f ) dependent optimal weighted excitation:
a(f) = {A1(f)e

jP1(f), . . . , AN (f)ejPN (f)} with amplitudes Ai and phases Pi

for each element where i = 1...N .
The cluster utilized is reported in [11,59], and the author has used the

same antenna cluster for analysis with ideal weighted sources so that the
effect of optimal excitations on the antenna cluster-tuning performance
can be visualized across the frequency spectrum of interest, such as the
sub-6 GHz region. The optimal excitation a is extracted from Eq. (2.2)
for each frequency point residing in the spectrum of interest. In order to
tune the antenna cluster at a certain operation frequency, the correspond-
ing amplitudes Ai and phases Pi are applied to the cluster feeds. When
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(a) Antenna cluster matching efficiency profiles ηmatch(i) for frequency-
dependent optimal excitations.

(b) Equivalent description of antenna cluster-tuning with TARC(i) curves.

Figure 2.9. Description of antenna cluster-tuning benchmark in terms of matching effi-
ciency (ηmatch) and total active reflection coefficient (TARC).

the frequency of the sources with optimal excitation is swept, the power
delivered to the cluster can be determined. It is represented in terms of
matching efficiency curves ηmatch(i) for various optimal excitation sweeps
as shown in Fig. 2.9(a). The frequency dependence of the weighted excita-
tion leads to multiple curves which are characterized with the matching
efficiency profile ηmatch. The ηmatch curve reveals that the antenna cluster
is roughly more than 90% efficient from 1.8 GHz to 5 GHz. In other words,
we can also equivalently describe the antenna matching efficiency profiles
in terms of tuning profiles TARC(i). Similar to ηmatch, the cluster tuning
performance can be described with the total active reflection coefficient
TARC as illustrated in Fig. 2.9 (b). The TARC value is significantly lower
across certain frequency bands which is quite excellent from the tuning
perspective. Nevertheless, a criterion must be decided so that the antenna
cluster interfacing hardware can be accordingly designed. Therefore, a
TARC value of -10 dB, i.e., TARC−10 dB represents a 10% reflection loss
with 90% transmission of the signal, seems reasonable from the matching
perspective.
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A) Discrete implementation
The antenna cluster-tuning method has significantly extended the frequency-
reconfigurable operation solely with weighted signals. Currently, the state-
of-the art solution uses transmission-line power dividers and phase shifters
to achieve specific amplitude and phase at each antenna element. Similar
to the previous tuning methods, its implementation is limiting the scope
of the concept to cover a few frequency points coverage. For instance,
verification of the method is demonstrated at two frequencies 2 GHz and
4.3 GHz with a discrete electronics approach as shown in Fig. 2.10. The
efficiency curves show that the antenna cluster is roughly 80 to 85% at
these frequencies. In these prototypes, the printed circuit board (PCB) so-
lution provides weighted excitation for the antenna cluster feeds. However,
a separate design for each frequency point coverage is non-feasible from
the device size perspective. Hence, the implementation limits the scope of
the concept and requires alternative implementations to fully utilize the
antenna cluster-tuning as a preferred frequency-reconfigurable concept.

Figure 2.10. Frequency-reconfigurable operation of a 4-element antenna cluster driven
with PCB-based weighted excitations for 2 GHz and 4.3 GHz frequen-
cies. [60] IEEE ©.

B) Integration proposal
The technology advancement has prompted miniaturized solutions to come
into play for efficient and compact radio devices. Similar to RF switches,
RF MEMS and varactors, it is also possible to realize the required ampli-
tude and phase-scaling with a system-on-chip approach such as shown in
Fig. 2.11. In contrast to discrete implementation, this proposal is aligned
with the user demand perspective as well as from the implementation side.
The weighted excitations A1 . . . AN and P1 . . . PN can be implemented on an
integrated circuit. The SoC solution enables the designer to accomodate the
SoC and the antenna cluster in a limited-volume mobile terminal. Thus,
the integration aspect stands out as a prominent candidate that fullfils the
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wideband antenna cluster-tuning target with the antenna cluster-tuning
method.

Figure 2.11. The system-on-chip (SoC) approach to realize integrated amplitude and
phase-scaling functionality for the antenna cluster-tuning method.

2.2.5 Summary

The desired features of wideband antenna tuning have been encompassed
with several types of antennas employing various tuning methods. The
brief review given here of such methods has enabled us to analyze the
pros and cons in tabular form as described in Table. 2.1. The criterion
are the possible spectrum coverage, implementation form factor, power
consumption and linearity respectively. Typically, the frequency tunability
is achieved over some limited contagious frequency band, and in some
cases the non-contagious frequency points. Moreover, one method named
multifeed antenna tuning alters the frequency response of the antenna
with a brute-force procedure and an unreported procedure. The brief
review of such classes also contains the antenna cluster-tuning method
which offers wideband spectrum coverage with weighted excitations and
entirely eradicates the trivial matching and filtering component. However,
its implementation limits the approach to be feasible for devices such as
mobile terminals where the device form factor is one of the most desirable
features. Therefore, we can advance our discussion further with that
method and look for solutions that are scalable and feasible while providing
us with the wideband tunability feature.
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Table 2.1. Comparison table: Frequency tunable methods with pros (↑) and cons (↓)

Technique Spectrum Implementation Linearity Power consumption Size Reliability

Multiband antennas MB Discrete ↑ ↑ ↑ ↑
PIN diodes WB Discrete ↑ ↑ ↓ ↑

varactor diodes WB Integrated ↓ ↑ ↓ ↑
RF MEMS MB Integrated ↑ ↑ ↑ ↓

RF switches MB Integrated ↑ ↑ ↑ ↑
Multifeed antenna tuning MB Integrated ↑ ↑ ↑ ↑

antenna cluster-tuning WB Discrete/Integrated∗ ↑+ ↑ / ↓ ↑ / ↓ ↑

MB=Multiband coverage (few frequency points)
WB=Wideband coverage
* Realizing integrated amplitude and phase scaling

+ Depend on the driving interface
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3. Transmitter IC for antenna
cluster-tuning

This chapter provides the core knowledge of the dissertation where the
new ideas are proposed, developed and verified with real-time demonstra-
tions. This chapter begins with a brief review of the basic requirements in
section 3.1. Then, the key research findings from the original work detailed
in Publications I-IV span from section 3.2 to section 3.5 along with the
summary in section 3.6.

3.1 Overview

The integrated circuit paradigm has evolved as a result of technology
scaling and possible high integration densities. In other words, the TX
realization can accommodate complex circuits performing the required
operations for a variety of applications. Prior arts have separately handled
the antenna tuning and transmission aspect as discussed in chapter 2.
Here, we are considering that the TX performs the task of the wideband
antenna tuning and transmission altogether. Although the antenna design
is beyond the scope of this dissertation, we have utilized the measured
scattering parameters of the antenna cluster during the TX IC design
procedure so that the required wideband antenna tuning features can be
incorporated into the TX.

As explained thoroughly in chapter 2, recent trends for antenna tuning
methods have focused especially on the following areas:

• Expanding the antenna operation across several frequency bands for
wideband coverage.

• Reducing the antenna tuning components count which are typically
required either on-chip or off-chip.

• Incorporating multiantenna system for frequency-reconfigurable op-
eration.

• Adopting an integration approach to simplify the implementation of
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Figure 3.1. System-level diagram of the proposed integrated approach for antenna cluster-
tuning across a wideband spectrum, where the author’s scientific contribution
are emphasized through highlighting.

the current wideband antenna tuning implementations.

The trends are in alignment with the user requirements for a low form
factor and efficient wideband spectrum coverage with the integrated ap-
proach. Fig. 3.1 depicts the block diagram of an integrated transmitter
circuit driving the antenna cluster. The author’s contributions, which
are highlighted in Fig. 3.1 and summarized in this chapter, focus on the
implementation of an integrated transmitter and demonstration of an-
tenna cluster-tuning through that transmitter. Especially, section 3.2
presents the transmitter circuit to actively tune the antenna cluster in
the sub-6 GHz spectrum using the antenna cluster method which entirely
eliminates traditional matching or tuning components. The measurement
results confirmed that the transmitter prototype driving the antenna clus-
ter has successfully demonstrated a wideband coverage from 1.5 GHz to
5 GHz. Then, the transmitter main functionality along with the antenna
cluster-tuning is demonstrated in section 3.3, through real-time informa-
tion or modulated signals to verify the simultaneous tuning and modulated
signal transmission. In order to show the versatility and robustness of
the designed transmitter IC, the same transmitter prototype with a differ-
ent antenna cluster is utilized in section 3.4, to substantiate the antenna
cluster-tuning and the multiple-input-multiple output (MIMO) techniques
altogether across a wideband of roughly 4 GHz. Hence, the transmitter IC
can accordingly adjust itself to cover a wide range antenna configurations.
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Finally, section 3.5 presents the design of the transmitter on-chip circuits
from the optimization aspect while addressing the challenges present at
the transmitter and antenna cluster interface. Finally, the summary is
presented to conclude the chapter.

3.2 Active tuning of antenna cluster

In the context of antenna matching or tuning, several antenna tuning
methods are available at our disposal. As the frequency bands and number
of antennas are continuously increasing, the implementations are becom-
ing non-scalable and require non-trivial design, assuming a limited-volume
space. Hence, different tuning methods are needed for wideband frequency
spectrum coverage.

To address these challenges, one such method is overviewed in chapter 2
where an antenna cluster frequency operation is altered with only weighted
antenna feeds. A solution with discrete components has already been
proposed which results in a static design, which is highly undesirable.
To the author’s best knowledge, no integrated solution to the antenna
cluster-tuning concept has been published prior to this dissertation. The
integrated solution presented in this section is the first generated weighted
signal excitations on-chip by reaping the benefits of technology scaling, in
particular, the CMOS technology [5,61]. In addition, the solution allows
to cover a wideband target for the antenna cluster under investigation,
and entirely eliminates the typically needed discrete or integrated tuning
components either on-chip or off-chip as per the concept.

The original work on active matching of a frequency-reconfigurable an-
tenna cluster can be found in Publication I. The remainder of this section
summarizes the analysis, design considerations and procedure with impor-
tant measurement results.

3.2.1 Antenna cluster profiles

In order to effectively tune the antenna cluster, we must first extract the
required weighted excitations. These optimal weights are determined
from the incident incident excitations (a) and antenna cluster scattering
matrix (S). The weighted excitation a minimize the reflections, and results
int a tuned antenna cluster. The tuning performance is assessed with the
TARC by employing Eq. (3.1).

TARC =

√
aH(SHS)a

aHa
(3.1)

The antenna cluster used in this work has been designed by the radio
group at the Aalto University, reported in [59] and shown in Fig. 3.2.
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It is mainly intended for mobile terminals and consists of a 4-element
antenna cluster. The elements are, in fact, four monopoles placed on a
1.5 mm thick printed circuit board with dimensions of 136mm x 68mm
resembling a smart phone device. The measured scattering parameters
of the antenna, in particular, the input reflection coefficients S11 − S44

are plotted in Fig. 3.3 . The key observation is that each element exhibit
self resonance between 1.5 GHz and 5 GHz, the spectrum of interest. In
contrast to antenna arrays, the antenna cluster comprises of elements with
different lengths. This design aspect leads to self resonance and distinct
behavior for each of the input reflection coefficients S11 − S44. The antenna
design is thoroughly presented in [59]. When the scattering parameters of
this antenna cluster are imported into a computational software program
such as Matlab, Eq. (3.1) assist in calculating the required optimal weights.

Figure 3.2. Antenna cluster used in this work consists of 4-elements [59].
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Figure 3.3. Scattering parameters (Sii) and the total active reflection coefficient (TARC).

(a) Amplitude profile: Optimal amplitudes corresponding to dominant contribution is
particular frequency bands across the spectrum.

(b) Phase profile: Optimal phases required for antenna cluster-tuning encompassing 360◦

phase coverage.

Figure 3.4. Antenna cluster profiles of a 4-element antenna cluster.
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Then, the optimal weights are extracted, and turn out to be complex
in nature a = ai∠ϕi where i = 1 . . . 4. The optimal amplitude ai and
phase ϕi scales the i-th element amplitude and phase. These weights
are plotted in Fig. 3.4 (a)-(b) and described as the amplitude profile and
phase profile the antenna cluster. The varying amplitude a1 − a4 curves
rely on the frequency-dependent nature of the elements, and ultimately
dictates the dominance of each feed amplitude and the corresponding
phase into a particular frequency band. Similarly, the phases ϕ1 − ϕ4

follow the trend while setting the fourth antenna feed as a reference with
the phase variations residing between ±180◦. Applying these weighted
amplitudes and phases, the antenna cluster frequency response can be
adjusted accordingly as described by the TARC in Fig. 3.3.

Importing the antenna cluster and driving it with ideal sources hav-
ing such optimal weights, similar tuning performance is achieved from a
circuit-level design software program named Eldo. With this cross veri-
fication of antenna cluster-tuning in both computational and simulation
domains, we have extracted the antenna cluster profiles at our disposal.

3.2.2 Resolution Analysis

The accuracy in weighted amplitude and phase affects antenna tuning, and
consequently the integrated transmitter circuit complexity. The resolution
analysis provide a systematic framework to analyze the contribution, vari-
ations in weighted excitations and their subsequent effect on the antenna
tuning. The main rationale behind this analysis is threefold: Firstly, each
weighted amplitude and phase contribution towards the TARC in a partic-
ular frequency band can be separately studied in the presence of controlled
deviations. This allow us to relax the requirements of certain feed weights.
Secondly, the effect of variations across the designated spectrum is also at
our disposal and one can determine the sufficient range and resolution of
the weights. Finally, the simultaneous variation in both amplitude and
phase give us an bounding estimate for the antenna tuning performance
across the wideband spectrum. As a result, we can determine the required
amplitude and phase scaling resolution. In addition, the accuracy gives
an indication of the design sensitivity. If the design is very sensitive,
it requires rigorous calibration which may be problematic especially in
the transmitter since the feedback from transmitter output is difficult to
implement in practice.

Nevertheless, to conduct the resolution analysis, the pseudo code given
below has been quite useful in analyzing the required variations. This
study has been carried out with the circuit simulation software tool Eldo
where ideal sources with optimal weights are driving the antenna cluster.
To mimic the variations, a controlled amount of deviation is compensated
in a1 − a4 and ϕ1 − ϕ4. Initially, the amplitude and phase variations are
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studied independently so that each feed behavior can be analyzed, and the
details are presented in Publication I. Furthermore, the most important
analysis is to consider the scenario resembling real-time environment
where both amplitude and phase simultaneously deviate from the exact
weights. These deviations will affect both the TARC and also shows the
extent of degradation. Fig. 3.5 shows the result of antenna tuning across
the spectrum with 10% − 20% amplitude variation and phase distortion
of ± 20◦. The simultaneous perturbations leads to distorted TARC curves
and act as the TARC performance bound in terms of variations. Based on
the tuning target TARC<-10 dB, the criteria for sufficient amplitude and
phase resolutions pours down to amplitude and phase resolution less than
2 dB and 20◦ respectively. Regarding amplitude range, a feed may have an
insignificant contribution in particular frequency bands. As the majority
of the feeding amplitude values lies above 0.2, therefore, a 13.5 dB range is
sufficient for our purpose.

For an n-element antenna cluster with optimal profiles:
a = {a1, . . . , an} ϕ = {ϕ1, . . . , ϕn}

Simultaneous amplitude and phase variations:

• ���ai : ai �=j , ϕj=1...n are intact.

• ai ← ai ±Δa ϕi ← ϕi ±Δϕ

• Δa, Δϕ are controlled amount of deviation.

• TARC−10 dB ← TARC±Δ

Figure 3.5. Resolutions analysis: Effect of simultaneous amplitude and phase variations
on antenna TARC.
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3.2.3 Integrated Transmitter in 28nm CMOS

The main idea behind the integrated transmitter approach is to accommo-
date the required optimal signal generation on chip. The specifications
obtained from the resolution analysis enable us to design the on-chip blocks
accordingly. Fig. 3.6 shows the detailed diagram of the proposed integrated
transmitter circuit which consist of an input buffer and N-tuning slices
for an N-element antenna cluster. The input buffer first transforms the
RF sinusoidal signal ranging between 1.5 GHz to 5 GHz to an RF pulse of
0.9 V, and then these pulses are distributed to all tuning slices. The i-th
tuning slice comprises of a phase tuning-block Pi followed by an amplitude
tuning-block Ai. In this work (N=4), the phase tuning-block P1 − P4 and
amplitude tuning-block A1 −A4 have certain resolutions controlled with
settings (m1 − m4, n1 − n4). To tune the antenna cluster to the desired
operation frequency, the optimal settings are loaded into the serial-to-
peripheral (SPI) block which scales the antenna cluster feed as a result. In
order to design these tuning blocks, the following text provides detailed
design considerations of each tuning block and the corresponding circuit
topology used in the transmitter implementation.

Figure 3.6. Detailed diagram of an RFIC driving an N-element antenan cluster with on-
chip N-tuning slices. Each tuning slice consisting of a phase tuning-block (Pi)
followed by an amplitude tuning-block (Ai) where i = 1 . . . 4. The input RF
signal VRF (t) is distributed to each tuning slice in order to provide phase
scaling in blocks P1 − PN and amplitude scaling in blocks A1 − AN . The
output of amplitude block or transmitter outputs O1 −ON are wirebonded to
a printed circuit board where 50Ω transmission lines connect the IC outputs
O1 −ON to corresponding ports of the N-element antenna cluster.

A) Phase tuning-block
The phase or delay tuning is usually implemented on-chip with delay
tuning-circuits. Such circuits can generate accurate delays, and can be clas-
sified as digital or analog depending on their generation phenomenon [62].
The delays can be adapted to the needs of the phase tuning-block P1 − PN

in Fig. 3.6. In the implementation, a tapped-delay line structure similar
to [63] is chosen for delay generation while a multiplexer selects a specific
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delay through control parameter n. The SPI block on chip provides these
control to properly select one delay from several delayed versions available
at the phase tuning-block output.

A delay tuning-circuit has two main parameters of interest: delay resolu-
tion and delay range. As discussed earlier, the phase resolution of less than
20 degree can fulfill the target TARC < −10dB. In other words, a delay
resolution (d) can be equivalently described in terms of phase resolution,
i.e., d = ϕ/(360 × f). For a given frequency range between 1.5 GHz and
5 GHz, we have two choices for delay resolution which are 38 ps and 11 ps
respectively. Since a 10 ps delay element is equivalent to a phase step of
5.4◦ and 18◦ at the spectrum boundaries. Thus, using a 10–15 ps delay
element for the entire range seems sufficient, and the phase profile in
3.4 (b) can be described in terms of required delay tuning elements as illus-
trated in Fig. 3.7 (a). This description present the required number of delay
tuning elements DE1 − DE4 across the spectrum. In order to cover the
designated frequency range between 1.5 GHz to 5 GHz, a total of 2ni = 64

delay elements are incorporated into each phase tuning-block P1−P4. This
implies that a ni = 6-bit delay line is implemented with a resolution of
10-15 ps are sufficient for our design needs. To assess the performance
of the delay tuning-circuit, the delay line characteristics are plotted in
Fig. 3.7 (b). A straight line trend depicts a linear accurate delay stepping
procedure with a delay range of roughly 830 ps which is actually an ample
amount of delay range for RF signals ranging between 1.5 GHz (1 cycle≈
666 ps) and 5 GHz (1 cycle≈ 200 ps). In addition, each phase tuning-block
is identical in terms of design and specifications to cover a 360 degree
phase coverage, in general, while enabling design reusability.

Figure 3.7. phase tuning-block design specifications and measurements: (a) Required
number of delay elements with delay resolution of 10 ps across 1-5 GHz spec-
trum (b) Measured delay tuning performance of all four phase tuning-blocks.

B) Amplitude tuning-block
The next stage in the transmitter following the phase tuning-block, is an
amplitude tuning-block. It serves two main tasks: the amplitude scal-
ing and driving the antenna ports. Especially, it takes the phase tuned
signals as an input and employs the amplitude scaling at the output de-
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scribed in Fig. 3.6. The outputs O1 −ON are connected to printed circuit
board (PCB) based 50Ω transmission lines driving the antenna cluster
ports. The weighted antenna feeds are shown as signals with certain
delays d1 . . . dN and amplitudes a1 . . . aN . Similar to phase tuning, the
required amplitude scaling specifications are extracted from the resolution
analysis. According to resolution analysis, an amplitude step of less than
2 dB is required from the on-chip circuits which satisfy the TARC objective,
i.e., TARC < −10 dB while also providing the amplitude range of 13.5 dB.
For a generic design, all amplitude tuning-blocks are designed to be identi-
cal so that the IC outputs O1 −ON can be connected to an arbitrary port of
the antenna cluster.

In essence, the antenna cluster-tuning demands static amplitude scaling
in all amplitude tuning-blocks A1 −AN . For this purpose, we have adopted
a supply scaling method which incorporates supply tuning of a switch-
mode power amplifier (PA), i.e., class-D as depicted in Fig. 3.6. The scaling
of the PA supply leads to scaled output voltage or power for the associated
antenna port. Nevertheless, this scaling feature could also be replicated
on an actual transmitter such as polar [64–66] and multilevel outphasing
architectures [67]. This is because these architectures support wideband
phase modulation [8] and also provide means for amplitude control [63,68].

The amplitude tuning-block consists of three sub-blocks: a digital-to-
analog converter (DAC), low-dropout regulator (LDO) and a class-D driver
stage. The desired amplitude scaling specifications are transformed to
mi = 4-bit control of the amplitude tuning-block. In other words, a 4-bit
resistive DAC is used to generate 2mi = 16 reference voltages (Vref ) which
are applied to the error amplifier (EA) of the LDO. With sufficient gain of
the EA, we are able to drive the pass-transistor device of the LDO which
in fact makes a feedback loop with a resistive divider. In short, the LDO
output or PA supply can be related to the reference voltage as VLDO ≈
(1 + R1/R2)Vref . Having 500mV ≤ Vref ≤ 800mV with R1 = R2 = 10 kΩ,
we have the PA supply residing in this range: 0.8V ≤ Vref ≤ 1.8V . Besides
that, it also demands a rail-to-rail input signal at the PA input which is
achieved with a level-shifter [69] transforming the phase-tuned output
from 0.9 V to a 1.8 V signal. As a result, the output of the amplitude
tuning-block can be scaled with control logic m provided by the SPI block,
across the spectrum as depicted in Fig. 3.8 (a). It shows the simulated and
measured sweep of one TX output power from 1 GHz to 5 GHz. In order
to demonstrate the concept with reasonable chip size, we have selected
moderate output power of roughly 7 dBm maximum from A1 . . . A4. To
assess each feed amplitude scaling, all four feeds ranges are also plotted in
Fig. 3.8 (b) which conincides with the specifications presented in Table 3.1.
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Table 3.1. Relative weighted amplitudes (dB) and delay specifications (ps)

Freq. (GHz) a1 a2 a3 a4 d1 d2 d3 d4

1.5 0 -28* -5.3 -14.8 405 580* 297 338

2 -1.3 -22* 0 -6 256 27 135 175

2.5 -7.8 -16 0 -2 189 54 27 54

3 -15.2 -11.7 -3.1 0 459 391 324 337

3.5 -16.5 -9.7 -7.3 0 364 337 229 243

4 -10.3 -6.5 -9.3 0 310 310 175 175

4.5 -3.9 -3.2 -8.2 0 283 270 135 121

5 0 -3.3 -4.7 -3.7 243 243 81 67

Range 16.5 16 9.3 14.8 405 391 324 338

* Feeds with smaller contribution have minor effect on the an-
tenna cluster-tuning, and these feeds can be considered in an off
state.

Figure 3.8. (a) Measured power scaling of a single transmitter output from 1.5 to 5 GHz
(b) Measured output power ranges of all four IC outputs O1 −O4 (c) Measured
amplitude scaling performance at 2 GHz for one single amplitude tuning-
block (d) Simulated turn-on resistance of class-D device for scaling of VLDO.

One other important note is that the amplitude scaling affects the turn-
on impedance of the PA device. The impedance Zon = 1/{K(W/L)(VSG −
|Vth|))} is dependent on the PA supply, and as the scaling code is swept
this impedance varies with the amplitude scaling code (m) as illustrated
in Fig. 3.8 (d). The smaller values of Zon require significant PA devices
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which leads to increased driver size and power consumption. In addition,
the main focus is to achieve relative amplitude scaling among amplitude
tuning-block outputs. Therefore, a compromise between output power and
device size is to be made depending on the required output power from
each block output.

3.2.4 Measurements

For the measurements, we have invested plentiful time to develop a non-
trivial measurement setup as the basic measurement setup does not sup-
port the antenna tuning measurements in conjunction with the fabricated
transmitter IC. The implemented transmitter IC is fabricated in a 28nm
CMOS process. The transmitter outputs are connected to the antenna clus-
ter with PCB transmission lines. Both the antenna cluster and transmitter
are implemented on a separate PCB for the purpose of prototyping and
verification. Since the transmitter IC operates in the sub-6 GHz spectrum,
the interface of the IC and PCB are modelled during design procedure
with the EM simulations in Advanced Design Systems (ADS). The model
includes the effect of IC pad capacitance, bondwire inductance and PCB
transmission line effects, i.e., insertion loss and transmission loss.

Figure 3.9. Gain calibration setup

The system-level measurements where the transmitter IC tunes the an-
tenna cluster needs an anechoic chamber. The antenna measurements are
initially started with a gain calibration procedure [70, pg. 320-324], and
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Table 3.2. Weighted signal settings (m,n)

Freq. (GHz) m1 m2 m3 m4 n1 n2 n3 n4

1.5 15 0 8 3 30 43 22 25

2 12 0 15 8 19 2 10 13

2.5 6 2 15 12 14 4 2 4

3 2 4 10 15 34 29 24 25

3.5 0 5 6 15 27 25 17 18

4 5 7 6 15 23 23 13 13

4.5 9 10 6 15 21 20 10 9

5 15 9 8 9 18 18 6 5

For these resolutions (mi, ni) = (4, 6), the correspond-
ing ranges are 0 ≤ mi ≤ 15 and 0 ≤ ni ≤ 63 where
i = 1 . . . 4.

afterwards the antenna under consideration is measured in accordance
with the reference gain calibration. A traditional gain calibration setup is
shown in Fig. 3.9 where one port of the vector network analyzer (VNA) is
connected to the pyramidal horn antenna. The VNA port excites the horn
antenna across a frequency band which accordingly transmits the electro-
magnetic waves. These waves are then captured with the scanning probes
embedded in the setup and connected to a second port of the VNA. After-
wards, the horn antenna is replaced with the antenna under test (AUT)
and a similar procedure is performed. The actual antenna measurement
uses the reference gain measurement as normalization in characterizing
the AUT performance. Similarly, we initially conducted gain calibration
with a pyramidal horn antenna. However unlike the traditional calibra-
tion procedure, here the VNA port goes to the implemented transmitter IC
input with one of the IC output connected to the horn antenna as shown in
Fig. 3.10. The gain calibration procedure is performed and the reference
measurement is saved. As the amplitude tuning-blocks A1-A1 are identical,
therefore, each transmitter IC output has roughly a similar gain reference
measurement.

Afterwards, the horn antenna is replaced with the 4-element antenna
cluster connected to the PCB as illustrated in Fig. 3.10. The measurement
setup consists of MVG Starlab 6-GHz equipement with an integrated
VNA and scanning probe array. To verify and demonstrated antenna
tuning, each amplitude and phase tuning-block should provide the required
weighted signals. Based on Table. 3.1, the settings of each amplitude and
phase tuning-block (m,n) are also tabulated in Table. 3.2. The VNA port
can excite the transmitter input upto 6 GHz which is scaled by on-chip
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Figure 3.10. Measurement setup for antenna cluster-tuning demonstration with the trans-
mitter IC and antenna cluster mounted inside the anechoic chamber.

tuning blocks (A1−A4, P1−P4) with controls (m1−m4, n1−n4) respectively.
When the input signal and specific settings are applied, the antenna
cluster is driven with these specific weighted signals. As a consequence,
the antenna cluster radiates, and these radiations are scanned by the
scanning probes. The scanning probes are connected to the VNA second
port and the corresponding antenna cluster transmission is measured
in accordance with the reference measurement. The antenna cluster
wideband tuning is described from 1.5 GHz to 5 GHz as illustrated in
Fig. 3.11. To the author’s best knowledge, this is the first demonstration
of antenna cluster-tuning providing 3.5 GHz wideband with an integrated
transmitter with TARC < −10 dB across multiple frequency bands. The
results show that the antenna tuning performance somehow degrades at
higher frequencies. It also highlights that neither the IC nor the antenna
cluster is exactly matched to 50Ω. Nevertheless, the system still provides
sufficient antennna tuning in the presence of non-idealities at the interface.
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Figure 3.11. Measured TARC performance of the complete system comprising of a trans-
mitter IC tuning the antenna cluster.

3.3 Tuning and transmission with transmitter IC

The transmitter IC fabricated for antenna cluster-tuning is distinct in two
main aspects: It enables wideband antenna tuning in the absense of typical
matching networks and also enables a dynamic tunability of the antenna
cluster. Until now, the focus has been the antenna cluster-tuning exhibited
with sinusoidal excitation. In this section, we extend the concept further
by unveiling the transmission aspect where the real-time information
signal, i.e., a modulated signal is considered. The detailed research work
is presented in Publication II.

The transmission aspect requires over-the-air measurements which are
usually conducted in an anechoic chamber. The scenario is described in
Fig. 3.12 where the proposed transmitter IC takes a modulated signal S(t)
as an input, dynamically tailors the amplitude and phase of the k-element
antenna cluster with the corresponding on-chip amplitude and phase
tuning-blocks (A1 . . . Ak,ϕ1 . . . ϕk). While the antenna cluster is being tuned,
the modulated signal transmission takes place which can be received on
the other side with a broadband receiver. This receiver comprises of a
broadband horn antenna connected to a spectrum analyzer to determine
the spectral contents of the received signal R(f).
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Figure 3.12. Generic block-level diagram of the system comprising of the transmitter IC
tuning/driving a k-element antenna cluster [71]. A modulated signal S(t)
is taken as an input to the IC, and then distributed to each tuning stage
for corresponding amplitude and phase scaling (Ak, ϕk). In this demonstra-
tion (k=4), a four-element antenna cluster is utilized with the IC containing
four amplitude/phase tuning units. To ensure antenna cluster-tuning and
transmission at a certain frequency, the complete system described above
was placed inside an anechoic chamber. Then, the required amplitude/phase
scaling settings (mk, nk) were loaded with a serial peripheral interface (SPI).
The signal R(t) was then received with a broadband horn antenna connected
to a signal analyzer for the spectral contents of the received signal R(f).

Figure 3.13. Measurement setup for demonstrating simultaneous tuning and transmis-
sion with TX and antenna cluster
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3.3.1 Measurement setup

The tuning verification has been demonstrated in MVG Stablab 6-GHz
equipment which only allows transmitter driving antenna cluster charac-
terization. To characterize the transmission property, a different anechoic
chamber is chosen where we can replicate our current scenario as illus-
trated in Fig. 3.13. Here, we can simultaneously characterize the tuning
and modulated signal transmission. The TX IC and antenna cluster act as a
transmitter whose transmission can be tuned across a sub-6 GHz spectrum.
Due to limitation of the equipment, the transmission feature is checked for
the 1.5 GHz-4 GHz range. On the other side, we are employing a broadband
horn antenna, specifically a quad ridged horn antenna (QRH11)1 in the
far-field region [70, pg. 162-165]. This horn interfaces with a spectrum
analyzer so that the received radio signal spectrum can be analyzed.

Figure 3.14. Measured spectrum of one TX ouput (IC) and the received signal R(f) with
RF signal of 2.5 GHz with 20 MHz phase modulated signal.

3.3.2 Measurement results

The TX IC supports phase modulated signals, its input is initially excited
with the RF signal ranging between 1.5 GHz to 4 GHz accommodating a
phase-modulated signal of 20 MHz. Then, the corresponding TX outputs
O1-O4 are examined to see the effect. Afterwards, the TX IC is connected
to the antenna cluster and mounted on a wooden stand for over-the-air
measurements. Enforcing the tuning settings (m,n) from Table 3.2, the TX
IC tunes the antenna cluster in addition to transmitting that modulated
signal. Fig. 3.14 shows the received signal R(f) spectrum in comparison to
the spectrum of one TX IC output. The main point in this result is to show

1https://www.rfspin.cz/en/antennas/dual-polarized-antennas/qrh11
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that the modulated signal scaled in terms of phase and amplitude is applied
to each antenna element. The optimal weights leads to antenna tuning
and out-of-band signal contents are filtered out. The zoom-in version of the
spectrum are is also presented in Fig. 3.15 which shows that the in-band
signal at the IC output and the received signal are in agreement with each
other. Likewise, the TX IC tunes and transmits the modulated signal at
the spectrum boundaries, i.e., 1.5 GHz and 4 GHz. The spectrum of these
cases likewise fulfills the simultaneous transmission and tuning objective
as illustrated in Fig. 3.16.

Figure 3.15. Zoom-in spectrum of one IC ouput and the received signal R(f) for 2.5 GHz
case.

(a) (b)

(c) (d)

Figure 3.16. antenna cluster-tuning and transmission along with
measured radiation patterns of the system consisting of

IC driving the antenna cluster: (a)-(b) Case 1.5 GHz
and (c)-(d) Case 4.0 GHz.
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In essence, the transmitter IC can provide a robust solution to cope with
real-time environments; the most typical user hand effect [72], and the
feeding weights can be adjusted accordingly. Another aspect differentiates
it from digital beamforming applications, and for clarification the antenna
radiation patterns are also presented in Fig. 3.16, which is roughly omnidi-
rectional and suitable for mobile terminal radio communications. Although
proper characterization with the signal error-vector magnitude can reveal
the transmission signal quality [73], the time frame to conduct the experi-
ment and the pandemic situations however proved to be the main hurdles
in this regard.

3.4 Transmitter IC optimization

The transmitter IC demonstrates a robust solution for frequency-reconfigurable
operation. In general, it requires N phase tuning and amplitude tuning-
blocks to effectively tune an N -element antenna cluster. Although, the
current art incorporates sufficient on-chip amplitude and phase coverage,
the transmitter IC design faces two main challenges: Firstly, the transmit-
ter IC outputs suffer from the phenomenon that the interface impedance
depends on the output amplitude level [71]. This in turn affects the driv-
ing stage or amplitude stage output power and efficiency; Secondly, the
increase in antenna elements demands corresponding expansion in the
transmitter IC capabilities while addressing the user demands of reduced
form factor, power consumption and die area. These issues are addressed
in details in Publication III with optimized on-chip amplitude and phase
tuning-blocks as an improved alternative.

3.4.1 Proposed transmitter system

The transmitter IC optimization especially starts from the amplitude and
phase profiles of the antenna cluster. These profiles can be equivalently
described in a tabulated form in order to extract the specifications for
the transmitter IC. To encompass the designated frequency spectrum, the
required feeding weights are described in Table 3.3. The transmitter IC
optimization is accomplished in two subsequent steps: Firstly, the feeding
amplitudes a1−a4 are analyzed in order to rule out the ones with the least
contribution. Likewise, the delay specifications d1−d4 of the corresponding
feeds are also relaxed. This in turn reduces the required amplitude and
delay tuning range for the transmitter IC; Secondly, the on-chip amplitude
and delay tuning-block are optimized in terms of power consumption while
addressing the impedance variation effect at the transmitter IC output.

Fig. 3.17 shows the proposed transmitter block diagram which consists
of a modified phase tuning-block followed by two alternatives for the
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amplitude tuning-block. The delay tuning-block ϕk is optimized in terms of
a reduced delay tuning range and power consumption. On the other side,
the two alternatives for the amplitude tuning-block are switched-capacitor
power amplifier (SCPA) and low dropout regulator (LDO) based supply
tuning of a class-D power amplifier (LDO+D). The circuit-level design and
details are presented in the following subsections along with an assessment
of the adopted design method and alternatives.

Table 3.3. Relative weighted amplitudes (dB) and delay specifications (ps)

Freq. (GHz) a1 a2 a3 a4 d1 d2 d3 d4

1.5 0 -28* -5.3 -14.8 405 580* 297 338

2 -1.3 -22* 0 -6 256 27 135 175

2.5 -7.8 -16 0 -2 189 54 27 54

3 -15.2 -11.7 -3.1 0 459 391 324 337

3.5 -16.5 -9.7 -7.3 0 364 337 229 243

4 -10.3 -6.5 -9.3 0 310 310 175 175

4.5 -3.9 -3.2 -8.2 0 283 270 135 121

5 0 -3.3 -4.7 -3.7 243 243 81 67

Range 16.5 16 9.3 14.8 405 391 324 338

* Feeds with smaller contribution has a minor effect on the an-
tenna cluster-tuning, and these feeds can be considered in an off
state.

Figure 3.17. Block diagram of the integrated transmitter circuit with k-tuning stages
driving a k-element antenna cluster. In this case (k = 4), the input signal
v(t) is fed to each tuning branch consisting of the phase tuning-block ϕk

with DL = 5-bit resolution, followed by an amplitude tuning-block PAk of
resolution mk = 4 respectively. The amplitude scaling is demonstrated with
two alternative solutions: the switched-capacitor power amplifier (SCPA)
and a LDO-based supply scaling of the class-D power amplifier.
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A) Optimized delay tuning-block
The delay tuning-block employs delay tuning-circuits consisting of delay
lines and a auxiliary multiplexer circuit. Based on Table 3.3, the delay
range requirement now is around 405 ps (previously 860 ps), and it is fully
covered by employing a 5-bit delay line(previously 6-bit) with a delay step
of roughly 13 ps. The delay line design presented in Fig. 3.18 (a) resembles
[63] with which highly accurate delays in the picosecond or sub-picosecond
range can be achieved. It includes additional control EN < 0 : 3 >

for delay block selection, the multiplexer branch selection with switches
SW < 0 : 6 > along with the delay tuning control DL < 0 : 4 >. In
contrast to Publication I, here we can generate a required specific delay
at a reduced power consumption achieved with the additional controls
incorporated into the modified delay tuning-block design. The transistor-
level simulations are performed in a 28nm CMOS technology as illustrated
in Fig. 3.18 (b) which shows the delay characteristics of the modified version
providing a delay range of 420 ps (desired: 405 ps). The other key aspect
is the power consumption of the block which gradually scales with the
code selection DL < 0 : 4 > rather than being constant in the prior
design presented in Publication I. For the highest code selection, it roughly
consumes a maximum power of 1.5-5 mW at the spectrum boundaries.

(a)

(b)

Figure 3.18. (a) Optimized phase tuning architecture (b) An
optimized 5-bit delay line characteristics vs phase

scaling codes.
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Figure 3.19. A 4-bit binary-weighted SCPA structure with class-D PA units.

B) Alternative 1-SCPA
The very first alternative for the amplitude scaling is the switched-capacitor
power amplifier (SCPA). Recently this topology gained popularity in the
sub-6 GHz spectrum [74], and the design choice is based on its high ef-
ficiency [75], rail-to-rail operation and digital configuration [76–79]. It
consists of multiple switch mode PA units, i.e., class-D or class-G which
switch ON or OFF the capacitance array depending on the control logic mk.
A combination of active PA units drive certain capacitance CON = (n/N)C

whereas the remaining non-active PA units hold the remaining capacitance
at signal ground denoted by COFF =

(
n−N
N

)
C where n = 1 . . . N and C

represents the total capacitance of the array. We have omitted the typi-
cally required matching or bandpass network at the SCPA output since
the antenna cluster-tuning method elevates this requirement. Thus, the
output voltage Vout that can be scaled depending on the amplitude control
word mk, is described as: Vout(t) = VDD

(
CON

CON+COFF

)
.

Our major concern then lies in the interface impedance seen at the
SCPA output. A 4-bit amplitude scaling corresponds to a 4-bit SCPA
configuration as shown in Fig. 3.19. For simplicity, we utilize a binary-
weighted configuration where binary-weighted PA units drive a binary-
weighted capacitance array. This 4-bit configuration can efficiently scaled
the output Vout with the output power Pout described in Eq. (4.2). As can
be seen, the turn-on impedance Zon = 1/[kWL (VDD − VG − |Vth|)] of the PA
units is dependent on the device dimensions for a given supply and gate
voltage. Moreover, it also affects the output power and efficiency of the
SCPA. Thus, this option is non-beneficial for the antenna cluster-tuning as
the amplitude scaling still suffers from the impedance variation:

Pout =
2

π2

( n

N

)2

⎡
⎣ V 2

DD

RL

(
1 + Zon

RL

)
⎤
⎦ (3.2)
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Alternative#2)-LDO+D
The next alternative considered is the low dropout regulator (LDO) scaling
the supply of a class-D power amplifier presented in Publication I. Fig. 3.20
shows the schematic where an LDO output acts as the supply of the class-
D PA. Similar techniques have been presented [80–82], here we tailor
the LDO input and output to our scaling needs. It can be seen from the
schematic of the alternative that a mk = 4-bit DAC generates several
versions of the reference voltage Vref in a limited linear range. This is then
fed to the input of the error amplifier (EA) of the LDO which drives a large
pass device with a resistive feedback. For a sufficent gain of the EA, the
LDO output voltage relates to the input reference voltage by the following
expression which describes the supply-scaling feature of the LDO: VLDO =

(1 + R1/R2)Vref . The VLDO regulates the PA supply which ultimately
enables output voltage scaling. Furthermore, we are utilizing only a single
PA device with turn-on impedance Zon = 1/[kWL (VLDO−VG−|Vth|)]. The key
observation here is that the impedance Zon can be solely controlled with
certain device sizes for a given range of VLDO, and the PA gate voltage VG.
Hence, this alternatives can provide amplitude scaling along with reduced
interface impedance variation.

Figure 3.20. A LDO-based supply-scaling topology for class-D PA.

3.4.2 Simulation results and discussion

The design of on-chip amplitude and phase tuning-blocks has been realized
in 28nm CMOS technology with foundry provided transistor models. The
simulations are performed at spectrum boundaries of 1.5 GHz and 5 GHz
to assess the performance of the optimized phase tuning-block and two
different amplitude alternatives. A 5-bit resolution phase tuning-block
with optimized controls now provides a 420 ps delay range that is sufficient
for the phase scaling of antenna cluster feeds.
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The signal ϕk is delay tuned with the phase tuning-block, and fed to a
level shifter for upconversion from 0.9 V to 1.8 V. Firstly, the 4-bit SCPA
structure is simulated with class-D PA units with the supply voltage of
1.8 V and the unit capacitance Cunit = 1pF. Secondly, the LDO method
utilizes a 2.5 V supply and scales the VLDO in the range between 0.6 V and
1.8 V. For a fair comparison of the two alternatives, the PA device sizes are
roughly same so that similar output power and amplitude scaling range
can be achieved.

The amplitude scaling range of both alternatives are compared in Fig. 3.21(a)
which shows that these alternatives provide a sufficient amplitude scaling
range of 16.5 dB. Regarding the impedance, the SCPA alternative suffers
from drastic variation between the lowest and highest scaling code which
mainly depends on the selection of PA units. The LDO+D alternative
somehow presents a relatively constant impedance solution in relation
to the amplitude scaling code as illustrated in Fig. 3.21 (b). Finally, the
efficiency of the amplitude scaling stage are presented in Fig. 3.21 (c) where
the scaling behavior of the SCPA efficiency is quite clear due to the code
selection. In comparison, the constant efficiency curve for the LDO+D
results from the constant impedance interface. With this study, it confirms
that the LDO+D method is the proposed method for on-chip amplitude
scaling.
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(a)

(b)

(c)

Figure 3.21. Performance comparison of SCPA-based amplitude
scaling vs the method proposed in this thesis for
1.5 GHz and 5 GHz (a) Impedance Zon profile (b)

Output power (c) Drain efficiency.
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3.5 Transmitter IC for MIMO cluster

The wideband spectrum coverage has already been demonstrated with the
RF transmitter IC and frequency-reconfigurable antenna cluster. Mean-
while, the multiple-input-multiple output (MIMO) technique can address
the increased data rate demands. The challenge right now is to accomodate
the wideband antenna tuning and MIMO altogether which seems quite
challenging and non-feasible for mobile devices [83–87]. It further compli-
cates the design task in order to meet the demands of required antenna
efficiency and reduced envelope correlation coefficient (ECC).

Nevertheless, the development of antenna cluster-tuning has also forged
ahead where a MIMO requirement can also be introduced. A MIMO ap-
proach to antenna cluster utilizes multiple tuned antenna elements which
operate on the weighted antenna feed principle. This concept is initially
verified with a prototype reported in [88] where radiation patterns of
the antenna elements are first measured, and then scaled in amplitude
and phase with a computational software. Thus, a real-time transmitter
with amplitude and phase-scaling functionality is indispensable for this
proof-of-concept which can simultaneously elevate the wideband antenna
cluster-tuning concept and MIMO as a whole as shown in Fig. 3.22. In
contrast to prior art [71] or Publication I, each antenna cluster consisting
of k-elements acting as a MIMO are tuned with off-chip tuning compo-
nents. Nevertheless, the weighted signal generation demand still holds
for this prototype to demonstrate the required wideband tuning objective
along with the MIMO. The work is presented and discussed in details in
Publication IV, with its summary in the following subsections.

Figure 3.22. Illustration of a multiport antenna cluster-tuning concept with N MIMO
antennas. The proposed multichannel transmitter IC presents on-chip phase
and amplitude scaling for N-clusters operating as MIMO with k-elements in
each cluster.
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A1  1P1

P2 A2  2

A4  4P4
P3

A3  3

P5A5  5

P6A6  6

P8A8  8

P7A7  7

LB:
MIMO 1: P1 + P2 0.70-0.96 GHZ
MIMO 2: P3 + P4 0.824-0.96 GHZ

HB:
MIMO 1: P5 + P6 1.5-4.5 GHZ
MIMO 2: P7 + P8 1.5-4.5 GHZ

(a)

(b)

Figure 3.23. (a) Simulated antenna structure and the port configurations. Antenna ele-
ments of the clusters are indicated with the same color. (b) The measured
antenna prototype.

3.5.1 Antenna prototype

The antenna used in this work was originally presented in [88] and has
been specifically designed for mobile phone applications. It consists of
four antenna clusters or eight elements in total operating across the low
band (LB) ranging from 0.65 GHz to 1 GHz and the high band (1.5 GHz-
4.5 GHz). The antenna elements are placed at the sides of mobile phone
representing an unbroken metal rim as described in Fig. 3.23a-3.23b.
Due to the close vicinity of these elements, the mutual coupling effect
is significant which can be detrimental for traditional MIMO solutions.
Nevertheless, the antenna cluster method is based on mutual coupling
among elements with which we can reap the benefits of wideband tuning
along with the MIMO solution.

Antenna cluster-tuning provides a way to determine the optimal ampli-
tude and phase based on the antenna cluster scattering matrix (S) and
incident excitation (a). From Eq. (2.3), we can determine the weights for
all four antenna clusters described in Fig. 3.24. These weights are complex,
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Figure 3.24. Feeding weights of the cluster elements.

i.e., a = Ai∠ϕi where i represents the i-th antenna element. In particular,
there are in total four antenna cluster amplitude and phase profiles. Two
clusters,i.e., cluster 1 & 2 operates in the LB (0.65 GHz-1 GHz) while clus-
ter 3 & 4 operates in the HB (1.5 GHz-4.5 GHz). For LB cluster 1 & 2, the
antenna cluster profile demands equal amplitude with phase difference of
either 0◦ or 180◦ for antenna cluster-tuning. Two HB cluster 3 & 4 are used
to cover the high frequency range (1.5 GHz-4.5 GHz), and we can recognize
that the amplitude and phase profile vary across the frequency spectrum.
Especially, the contribution of one antenna element is significant across
the spectrum with the exception at 1.7 GHz and 3.5 GHz.

The MIMO performance is usually described in terms of ECC which
simply states how independent the antenna elements are. In particular,
the ECC takes into consideration a few antenna characteristics such as
the radiation pattern, polarization and also the relative phase shift [89].
Assuming an antenna radiation pattern can be described in terms of
field components, i.e., E(θ, φ) = E(θ, φ).aθ + E(θ, φ).aφ, the correlation
of two antennas having a radiation intensity pattern E1 and E2 can be
described by the following expression. If two antennas are completely
independent, the ECC approaches zero while it approaches 1 for highly
correlated antennas. Typically, an ECC of roughly below 0.5 is considered
sufficient for good MIMO performance.

ECC =

∫ ∫
4π E1(θ, φ) · E∗

2(θ, φ)dΩ∫ ∫
4π |E1(θ, φ)|2dΩ

∫ ∫
4π |E2(θ, φ)|2dΩ (3.3)

3.5.2 Transmitter IC design

The antenna cluster profiles specify the required amplitude and phase
range specifications for the transmitter IC. The proposed transmitter IC
for the antenna cluster-tuning based MIMO is presented in Fig. 3.25. It
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is actually the prior art presented in Publication I, being used here to
verify antenna cluster-tuning and the MIMO operation. In particular, the
transmitter IC needs to have on-chip amplitude scaling of 14 dB with a
phase scaling range of 0◦ − 250◦ to cover the 0.65 GHz to 4.5 GHz spectrum.
The transmitter IC presented in section 3.2 can easily provide a 10-18 dB
amplitude range at maximum with 0.6 dB-1 dB resolution. Similarly, the
phase range coverage of 360◦ is possible for HB clusters, with a phase step
of 3◦ and 20◦ at spectrum boundaries of 0.7 GHz and 4.5 GHz. The phase
resolution has a marginal effect for LB cluster operation as the elements
will require only a in-phase or out-of-phase weighted signal. Further, we
are also utilizing the low frequency range offered by the transmitter from
0.5 GHz to 1 GHz for the LB cluster operation. Hence, the transmitter
IC has sufficient weighted signal generation capabilities for our tuning
objective.

Figure 3.25. System-level diagram of a generic CMOS multichannel RFIC consisting
of k-stages for the tuning of the MIMO antenna cluster. An RF signal
VRF (t) is driving each tuning stage where the k-th tuning stage weights the
phase and amplitude of the k-th antenna element in accordance with the
optimal phases and amplitudes. In particular, each tuning stage contains a
corresponding phase tuning-block (ϕk) and an amplitude tuning-block (Ak)
with resolutions nk and mk respectively. In this prototype (k=2), the RFIC
outputs are wirebonded to a printed circuit board (PCB) connecting the IC
outputs to the antenna clusters reported in [71].

3.5.3 Measurement setup

The system operation verification is divided into parts: antenna cluster-
tuning and MIMO capability assessment. Similar to the prior art in
Publication I, the tuning measurements are also performed in the MVG
StarLab 6- GHz measurement system. Since the system is a passive mea-
surement system so we have introduced supplementary steps to include
the active transmitter IC contribution in the measurements. A broadband
horn antenna calibration is first conducted to characterize each IC output
O1 −Ok where k = 2, as discussed in subsection 3.2.4. Then, the transmit-
ter IC is connected to the antenna cluster consisting of two element cluster,
and mounted inside the chamber as shown in Fig. 3.26. The VNA drives
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(a)

(b)

Figure 3.26. (a) Measurement setup (b) Chip photo.

the input of the transmitter IC with an RF signal, the transmitter driving
the antenna cluster with approriate settings (m,n) accordingly scales the
amplitude and phase of the respective antenna elements. The radiations
are then captured with the chamber in-built scanning probes connected
to the VNA second port. In this way, we have characterized all four an-
tenna clusters with respective settings so that antenna cluster-tuning can
be demonstrated with the transmitter IC in real-time . Regarding chip
resources, only two of the tuning slices are needed to tune and drive the
two antenna elements, and the chip photo of the transmitter IC illustrates
the respective on-chip weighted signal generation blocks (A1−A2, ϕ1−ϕ2).
Finally, the transmitter IC roughly occupies an on-chip active area of
0.2mm2.
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3.5.4 Measurement results
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Figure 3.27. Measured total efficiencies in (a) low band, (b) high
band, and (c) measured envelope correlation coefficient.

The transmitter IC tuning the antenna clusters can be described in terms
of the TARC and matching efficiency. Firstly, the LB cluster 1 & 2 perfor-
mance is examined as shown in Fig. 3.27 (a). The results are compared
in reference to without the IC which, in particular, highlights that the
amplitude and phase scaling are performed numerically in a computational
software tool and act as a benchmark for our real-time measurements with
the transmitter IC. For LB cluster 1&2, the antenna total efficiency is
roughly around -3 dB across the frequency range. Secondly, the frequency
shift in the cluster tuning performance portrays the negligence during the
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design procedure where the PCB transmission line effects have been left
out. Later on, the ADS simulation reveals that the frequency shift actually
originates from the PCB transmission lines. Regarding HB clusters 3 &
4, the measured total efficiency is described in Fig. 3.27 (b). The total effi-
ciency profiles of both clusters also vary with these settings. In relation to
the reference, the transmitter IC approach successfully tunes the antenna
clusters with a exception of few frequency points.

1 1.5 2 2.5 3 3.5 4 4.5
Frequency (GHz)

0
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Without IC With IC

Figure 3.28. Comparison of measured envelope correlation
coefficient for LB and HB-clusters

To determine the ECC performance, the measured radiation data is
extracted for the respective frequency ranges. With the help of Eq. (3.3),
we have calculated the ECC for the pair of the antenna clusters acting as
the MIMO where the LB cluster ECC roughly follows the reference with the
ECC below 0.2 as illustrated in Fig. 3.28. On the other side, the HB clusters
ECC vary in both the reference and the transmitter system measurements
which mainly results from the varying feeding weights. In short, the LB
cluster has relatively better MIMO performance in comparison with the
HB clusters where the ECC remains below 0.4 for the whole frequency
range. According to the author’s best knowledge, we have demonstrated for
the very first time, a real-time transmitter IC performing antenna cluster-
tuning with total antenna efficiencies ranging between -1.5 dB to -6.5 dB.
Furthermore, the transmitter enables excellent MIMO functionality with
an ECC below 0.4 across a wideband of 4 GHz (0.65 GHz-4.5 GHz).

3.6 Summary

The major contribution of the thesis is summarized in this chapter. We
have identified the dire need of wideband coverage with a multiantenna
system. The transition from discrete to integrated electronics is also
proposed in order to align with user requirements. Firstly, the antenna
cluster-tuning method is demonstrated with an integrated transmitter
front-end which can provide a wideband spectrum of 3.5 GHz with a suffi-
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cient tuning TARC of less than -10 dB. In particular, the transmitter IC
incorporates an on-chip weighted signal generation capability to effectively
tune the antenna cluster, eliminating the need for on-chip or off-chip tun-
ing networks. Secondly, wideband antenna tuning with a transmitter IC
is extended, further enabling simultaneous antenna cluster-tuning and
modulated signal transmission. Thirdly, the transmitter IC design is dis-
cussed from the optimization perspective, and the impedance variation
phenomenon occurring at the transmitter IC output is resolved with the
proposed method. The proposed LDO-based supply-scaling of switch-mode
PA provide constant impedance interface irrespective of the amplitude
scaling code. Finally, the wideband tuning with transmitter the IC is
presented for a different antenna cluster, and it also demonstrated for
the very first time the MIMO operation of antenna elements based on the
antenna cluster-tuning method. The demonstration has shown that the
weighted signal generation successfully provides antenna cluster-tuning
across a 4 GHz wideband along with sufficient MIMO performance across
the spectrum.
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4. Switched-Capacitor Power Amplifiers

This chapter discusses a minor contribution to the thesis where the main
focus is on the power amplification aspect at higher frequency ranges. It
begins with an overview of power amplifier classes in section 4.1, and
section 4.2 provides the summary of the original work presented in Pub-
lication V. Specifically, section 4.2 presents a switch-mode power ampli-
fier (SMPA) configuration known as a switched-capacitor power ampli-
fier (SCPA). The SCPA operation is verified at 30 GHz operation frequency
in order to explore the possibilities of SMPA functionality at FR2. Finally,
the chapter is concluded with results and discussion.

4.1 Overview

In a radio transmitter, the power amplifier (PA) is one of the major key
elements to enhance the transmit signal power to a sufficient level, and
can be classified either as linear or non-linear depending on its mode
of operation [12]. Several PA classes has been introduced out of which
classes-A, AB, B, C are considered linear, while the remaining fall under
the umbrella of SMPA, i.e., classes-D, D−1, E, F, F−1, G. Although the
linear PAs have dominated the sub-6 GHz spectrum, however, the strict
radio standards demand highly efficient SMPAs enabling high output
power [90]. In fact, the SMPAs have already been incorporated into several
sub-6 GHz state-of-the-art transmitter architectures such as polar [91],
outphasing and multilevel outphasing [15,92]. On the other side, the 5G
new radio (NR) has opened the door to new frequency bands available at the
millimeter wave frequency range (30 GHz-300 GHz). At such frequencies,
technology scaling and integration densities have enabled active devices
to provide adequate power amplification in a linear mode of operation.
Nevertheless, the operation of SMPA has rarely been analyzed, and the
remaining part of the original research conducted for the thesis is to
explore the feasibility of an integrated SMPA for 5G New Radio (NR)
bands. Especially, one SMPA configuration is designed to operate over a
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Figure 4.1. Block level diagram of an N-bit SCPA.

subset of FR2. The non-trivial design issues are highlighted and discussed
in the from of a summary which is presented in detail in Publication V.

4.2 Switched-capacitor Power Amplifier

The introduction of 5G NR bands has opened doors for integrated transceiver
electronics where a power amplifier still remains a major contributing block
from a die area and power consumption perspective. The SCPA concept has
recently gained popularity in the RF IC domain especially the sub-6 GHz
spectrum [74] owing to multiple factors: high linearity, high efficiency and
CMOS integration. So far research has only encompassed the sub-6 GHz
bands, therefore, the potential of the SCPA at microwave frequencies is
explored in this section whose details were originally presented in Publica-
tion V.
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4.2.1 Operation

In essence, the SCPA concept has emerged as a suitable implementation
for polar transmitter architecture as it effectively addresses the amplitude
mismatch issue present in polar transmitters [13]. The concept actually em-
beds the functionality of upconversion, digital-to-analog conversion while
providing the power amplification with high efficiency. An N-bit SCPA
consists of several SMPA units PA1 − PAN , typically class-D or class-G,
connected in parallel in order to drive a capacitance array C1 − CN . As
an input, it takes a phase-modulated signal φ(t) while the amplitude mod-
ulation is achieved by turning on/off the PA units through control logic
A1 −AN as shown in Fig. 4.1. Based on the code A1 −AN , the PA branches
can be selected to drive the output capacitance array where the PA units
essentially act as a voltage source. The output voltage Vscale is shared
between the active capacitance CON and non-active capacitance COFF

which can also be described as a voltage division in Eq. (4.1). The signal
Vscale flows through the bandpass matching network in order to filter out
the out of band signal contents. Further, the SCPA is usually designed
for certain output power Pout described by Eq. 4.2 where Ron shows the
turn-on resistance rON of the switching PA units. The higher the device
size in PA unit, the smaller it is for a given supply voltage and input signal
drive. Another important parameter of interest is the SCPA efficiency
described by Eq. (4.3) which takes into account various power consump-
tion: the dynamic power consumption (Psc) in charging/discharging the
capacitance array, and the switching loss (Psw) in the input and output
capacitance (Csw) of the PA units. The terms Pdrv and Pclk denote the power
drained in the driving stage and clock generation respectively. The design
principle is used in Publication V, and adapted from the design principle
reported in [13]:

Vscale = VDD

(
CON

CON + COFF

)
(4.1)

Pout =
2

π2

( n

N

)2

⎡
⎣ V 2

DD

Ropt

(
1 + rON

Ropt

)
⎤
⎦ (4.2)

SE =
Pout

Pout + Psc + Psw + Pdrv + Pclk
(4.3)

4.2.2 High frequency aspect

The RFIC design methods can be exported to the 5G FR2 bands while
taking into account of a number of additional factors. Firslty, the SCPA
employs rail-to-rail switching operation which requires sufficiently higher
transition frequency (fT ) of the transistors being used in the PA units with
operation frequency (f ). The ratio fT /f actually dictates the switching
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time of the transistor which will ultimately affect the efficiency of the
SCPA at higher frequencies [93]. Technology scaling is considered benefi-
cial in elevating fT , and the deep submicron nodes such as reported in [94]
can be a game changer in this regard. However, the yield issues are also
becoming the limitation at lower technology nodes, and to remedy this
requires further maturing of the process along with commercialization.
Secondly, the passive component dimensions are significantly reduced, and
are comparable with transistor dimensions requiring careful attention
during the design procedure. Finally, the EM simulation should be the
pivotal resort for simulation with foundry-provided device models. Besides,
the SCPA also needs to provide sufficient output power, efficiency and
an adjacent channel leakage ration (ACLR) [95]. Therefore, the PA units
can be realized with cascode PA devices as illustrated in Fig. 4.2 for high
power requirements. These PA devices use a level shifting circuit [69],
and accompany rail-to-rail input signals at the PA unit inputs. Neverthe-
less, the key observation is that the input capacitance Cgg ≈ Cgs + Cgd

and output capacitance Cdd ≈ Cgd + Cds are lumped into the switching
capacitance Csw ≈ Cgg + Cdd ≈ k.C described in relation to the total array
capacitance C by a factor or portion k. At high frequencies, the switching
loss Psw is determined by the relation in Eq. (4.4) for n active PA units
out of N , and it shows the direct dependence of PA device-size parasitics
contributing to Psw. Moreover, the intrinsic parasitic capacitances also
reflect and contribute in the SCPA output capacitance which can be an-
alyzed with an equivalent circuit presented in Fig. 4.3 which shows that
the intrinsic device capacitance appears as a portion of capacitance CON

by the factor α, and it ultimately modifies the total capacitance of the
SCPA output. This can be described by Eq. (4.5) which takes into account
the modified capacitance and the inherent capacitance of the array based
on active units n. The corresponding power consumption Psc relates to
the modified capacitance CIN,mod by the expression in Eq. (4.5). From
equations (4.4)-(4.6), it is quite clear that the parasitics and frequency
dependence affect the dynamic power consumption at higher frequency
ranges.

Psw =
( n

N

)
CswV

2
DDf ≈

( n

N

)
kCV 2

DDf (4.4)

CIN,mod = αCON + CIN

= α
n

N
C +

n

N2
(N − n)C

=
n

N
C
[
α+

(
1− n

N

)] (4.5)
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Figure 4.2. A single PA unit of the SCPA.

Figure 4.3. Equivalent circuit for input capacitance.

Psc = CIN,modV
2
DDf

=
[ n
N

.
(
α+

(
1− n

N

))]
CV 2

DDf
(4.6)

4.2.3 Circuit design and simulation results

For the purpose of verification, a 6-bit SCPA is designed for 5G NR FR2
operating at 30 GHz based on the 28nm CMOS technology node. The block
digram of the SCPA is illustrated in Fig. 4.4 which consists of 6 binary-
weighted PA units driving a binary-weighted metal-over-metal (MOM)
capacitance array Cunit − 32Cunit. Using a cascode topology for each PA
unit, a higher output power is achieved with 0.9 V thin-oxide transistors.
The phase-modulated signal φ(t) is taken as an input while the amplitude
modulation information is then achieved with control logic [A0 : A5]. All
devices encompassing the passives have foundry-provided milimeter-wave
models valid in these frequency ranges. For performance comparison of the
SCPA, a sub-6 GHz SCPA design at 3 GHz is also designed for an overview
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Figure 4.4. Peak efficiency and output power for various PA device widths: 3 GHz (dashed)
and 30 GHz (solid).

Table 4.1. SCPA design parameters

Frequency (GHz) 3 30

C (pf) / Cunit (fF) / Lmatch (pH) 6.63 / 442 / 420 0.663 / 44.2 / 42

Cgg/ Cdd/ Csw (fF): MP 58 / 40 / 98

Cgg/ Cdd/ Csw (fF): MN 45 / 34 / 79

k = Csw/Cunit: MP /MN 0.23 / 0.18 2.3 / 1.8

α = Cdd/Cunit: MP /MN 0.1 / 0.08 1 / 0.77

of SCPA performance at lower frequencies. All devices encompassing
the passives have foundry provided milimeter-wave models valid in these
frequency ranges. For an N-bit SCPA operating at frequency f , the design
parameters are C = 2N−1Cunit and Lmatch = 1/ (2πfRoptC).

The device size matters the most for required output power and efficiency
of SCPA. As discussed in the high frequency aspect, the device size intrinsic
capacitances play a major role and one should optimize the device size for
appropriate power levels and energy efficiency. The optimal device size
sweep is presented in Fig. 4.5 which shows the effect on the SCPA output
power and efficiency. One should opt for the increased efficiency with
sufficient output power from the perspective of battery operated devices [5].
For the PA unit, the device size chosen for the PMOS/NMOS are (Mp/Mn :

25μm/22μm) along with other important device properties tabulated in
Table 4.1. The notable factors are 1.8 < k < 2.3 and 0.77 < α < 1 at

76



Switched-Capacitor Power Amplifiers

Figure 4.5. Peak efficiency and output power for various PA device widths: 3 GHz (dashed)
and 30 GHz (solid).

Figure 4.6. Case 3/30 GHz: Output power and efficiency profiles of
the SCPA.

30 GHz whose contribution are negligible at 3 GHz. These factors play
their part in the dynamic power consumption Psc and Psw discussed in
previous subsection 4.2.2. For 3 GHz case, the SCPA provides roughly
19 dBm output power with a drain efficiency of 60% whereas we have
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observed decreased SCPA efficiency of 20% with 18.6 dBm output power
at 30 GHz as shown in Fig. 4.6 (a)-(b). The efficiency degradation effect
shows that the switching losses has significantly increased and mainly
contributes to dynamic power consumption in SCPA. In addition, the SCPA
performance is verified with modulated signal bandwidths of 100 MHz and
400 MHz at both 3 GHz and 30 GHz scenarios as shown in Fig. 4.7. With
orthogonal frequency division muliplexing (OFDM) modulated signals, an
adjacent channel leakage ratio (ACLR) of -34.4 dB and -32.8 dB is observed
which shows that the SCPA preserves its linearity even at 30 GHz. From
the application perspective, the degradation in power and efficiency can be
tolerated in such designs where the PA contribution to the overall budget
is moderate. For instance, short range 5G links where the majority of
power budget goes for the digital signal processing.

ACLR=38.7dB

(a)

ACLR=37.7 dB

(b)

ACLR=34.4 dB

(c)

ACLR=32.8 dB

(d)

Figure 4.7. Simulated ACLR of SCPAs for (a)–(b) 3 GHz case and
(c)–(d) 30 GHz case with 100 MHz and 400 MHz OFDM

signal.

4.3 Summary

The translation of FR1-based RF IC design towards the FR2 range is
discussed from the integrated power amplifier perspective. It must be still
emphasized that the PA still remains the major key element even at higher
frequency ranges in terms of die area and power consumption. In particular,
we have investigated an SMPA topology known as the SCPA and presented
its feasibility for the FR2 range especially at 30 GHz. Simulations have
verified that the SCPA topology can be considered one of the feasible power
amplification alternative featuring a 20% drain efficiency with an output
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power of 18.6 dBm, and ACLR performance of less than -32 dB with OFDM-
modulated signal bandwidths of 100 MHz and 400 MHz respectively.

Chapter 5 will finally conclude the presentation here, by highlighting
the significance of the presented research work and also focusing on future
challenges and plans for experimental demonstration.
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5. Conclusion

During recent years, the RF designers have been on a quest to seek the
radio device capable of covering a wideband spectrum along with higher
data rates. This challenge is shared between two domains: antenna de-
signers and the integrated circuit community. As stated in chapter 2, the
antenna designers seek an efficient wideband antenna whose frequency re-
sponse can be tuned as desired. The proposal of the antenna cluster-tuning
method is kind of attractive from the application perspective, providing the
wideband spectrum while its discrete electronics implementation severely
limits usability. Therefore, the main effort of this work has been to imple-
ment the transmitter functionality for a wideband antenna cluster that
can be implemented as an integrated circuit. Furthermore, the author has
marginally addressed the high frequency challenges present at FR2 with
a famous power amplification topology known as the switched-capacitor
power amplifier (SCPA).

The main outcome of the dissertation was the development of two RF
front-ends at FR1 and FR2 respectively. One RF transmitter front-end aims
to replace the traditional discrete-electronics-based solution for antenna
cluster-tuning while, the other presents a power amplification alternative
for milimeter transmitter operating at 30 GHz. The notable demonstra-
tions include the following achievements:

• Integrated transmitter front-end enables 3.5 GHz wideband antenna
tuning from 1.5 GHz to 5 GHz.

• Integrated transmitter altogether tunes the antenna cluster, and
transmits the modulated signal.

• Integrated transmitter design is optimized for efficient on-chip weighted
signal generation necessary for multiport antenna tuning.

• Integrated transmitter front-end enables antenna cluster-tuning be-
tween 0.5 GHz and 4.5 GHz, along with MIMO operation as an add-on
feature.
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• A power amplification alternative utilizing a switch-mode topology
SCPA at 30 GHz.

The integrated transmitter front-end was described in section 3.2 and
Publication I, have been specifically designed for the antenna cluster-
tuning demonstration, which is the core of the dissertation. The fabricated
transmitter IC provides on-chip weighted signal generation for wideband
antenna cluster-tuning covering frequency bands from 1.5 GHz to 5 GHz.
The antenna cluster-tuning performance was demonstrated in the anechoic
chamber with a system comprising of the transmitter IC and the antenna
cluster. Although, the experimental verification of wideband antenna tun-
ing with TARC < −10dB is achieved across multiple frequency bands,
which is the first demonstration known to the author, the transmitter IC
implementation currently processes only RF signals. Its functionality can
be further enhanced by incorporating a baseband and frequency upcon-
version circuits. Moreover, the transmitter IC and antenna cluster were
designed on a separate PCB for characterization purposes, and fortunately
both can be designed on the same PCB substrate for further research.

After demonstrating the antenna cluster-tuning concept with the trans-
mitter IC, the next myriad was to assess the transmission of an information
signal described in section 3.3 and Publication II. For this purpose, the
integrated transmitter driving the antenna cluster is placed inside an
anechoic chamber where the antenna cluster-tuning and transmission
were simultaneously demonstrated with a phase-modulated signal of 20-
25 MHz received through a broadband horn antenna. However, only the
spectrum level measurements were performed, and its regrettable that
the important error-vector-magnitude (EVM) measurements were not per-
formed due to the time constraints imposed by the COVID pandemic. At
the moment, the transmitter IC supports only phase-modulated signals,
and its functionality can be expanded to support multilevel modulations
in future which will require additional system-on-chip blocks for complex
modulation schemes.

In the context of transmitter IC and antenna interface, the transmit-
ter IC output was suffered from the phenomenon of impedance variation
which has dependence on the amplitude-scaling code. Also, the ramping
up of antenna elements for additional frequency band coverage requires
additional circuitry on chip. These issues require improvements in the
amplitude tuning-block along with the design optimization which was
presented in section 3.4 and Publication III. The issue of impedance varia-
tion was addressed with an improved LDO-based supply-tuning method
which provides a constant impedance interface of 54Ω to 80Ω at 1.5 GHz
and 5 GHz, respectively, suitable for the antenna cluster interface. The
transistor-level simulation of the proposed LDO based approach reveals
that each IC output can provide sufficient amplitude tuning range of 12-
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15 dB, output power of 8-10 dBm along with a drain efficiency of 23% to
48%. In addition, the phase tuning-block design was downsized in reso-
lution from 6-bit to 5-bit in order to reduce its power consumption and
die area. Nevertheless, there is plenty of freedom to look for alternative
delay-tuning topologies providing a sufficient delay range and resolution
while being less power hungry.

The transmitter IC was also able to tune another 8-element antenna
cluster prototype which also operates on the principle of weighted signal
generation for tuning purposes. This work was described in section 3.5
and Publication IV where the main achievement lies in simultaneous an-
tenna cluster-tuning and MIMO operation verification with the transmitter
IC. The transmitter IC first provides antenna cluster-tuning, and then
the MIMO functionality is assessed for four antenna clusters operating
between 0.5 GHz and 4.5 GHz. The transmitter IC tuning capability is com-
pared with reference measurements, and the results provide solid evidence
of antenna cluster-tuning with antenna efficiencies of -1.5 dB to -6 dB for
the low band and high band cluster operating in the 0.5 GHz to 1 GHz and
1.3 GHz to 4.5 GHz frequency ranges. Regarding the ECC, all four antenna
clusters radiate independently with an ECC <0.4 across the designated
frequency spectrum. According to the author’s knowledge, it is the first
demonstration where both features are addressed by the transmitter IC.
Regardless of the nearly perfect results, the transmitter IC and antenna
clusters are designed on separate PCBs whih can be designed on a single
PCB for product-level applications.

Finally, the power amplification aspect at milimeter-wave was presented
in section 4.2 where the design of switch-mode PA-based topology known
as an SCPA has been presented for feasibility. At 30 GHz, the analysis
considers the high frequency aspect of active devices where the parasitics of
individual devices play a significant role in the dynamic power consumption
of the SCPA. It is shown with analysis and simulation that the switching
losses contribute to the dynamic power consumption. As a consequence, the
output power of the SCPA is marginally reduced to 18.5 dBm with a drain
efficiency of 20%. To verify the linearity of the SCPA, OFDM modulated
signals of 100 MHz and 400 MHz were also passed through it. The results
confirm that the SCPA features ACLR of 34.4 dB for a 100 MHz OFDM
signal. However, one can consider other modifications with which we can
put a bar on these inherent switching losses along with sufficient output
power and drain efficiency.

Regarding future directions, the author thinks that the transmitter IC
can also works as beam-steering front-end for antenna arrays operating
in the sub-6 GHz region. Since it already includes on-chip capabilities for
amplitude and phase-scaling with plentiful range and resolution. Nev-
ertheless, it requires another demonstration where the transmitter IC
could possibly interface with antenna arrays. Despite the need for fur-

83



Conclusion

ther research and experimental verification, the author holds the firm
conviction that the research work presented in this dissertation provides a
strong urge towards transmitter IC and antenna co-design for wideband
frequency-reconfigurable operation. Meanwhile, the minor contribution
at milimeter-wave opens the doors for switch-mode PA topologies. In
summary, the goal of thesis was to produce a new implementation of
transmitter front-end for wideband antenna cluster-tuning in FR1, and
investigating the feasibility of a switch-mode PA at FR2. Given the quality
of the results obtained in the form of related scientific publications I-V, it
can be stated that the overall target has been achieved.

84



References

[1] Number of internet of things (IoT) connected devices worldwide
in 2018, 2025 and 2030. https://www.statista.com/statistics/802690/

worldwide-connected-devices-by-access-technology/. Accessed: 20-October-
2021.

[2] Pertti Vainikainen, Jari Holopainen, Clemens Icheln, Outi Kivekas, Mikko
Kyro, Maria Mustonen, Sylvain Ranvier, Risto Valkonen, and Juha Villanen.
More than 20 antenna elements in future mobile phones, threat or opportu-
nity? In 2009 3rd European Conference on Antennas and Propagation, pages
2940–2943, 2009.

[3] S. Yang, C. Zhang, H. K. Pan, A. E. Fathy, and V. K. Nair. Frequency-
reconfigurable antennas for multiradio wireless platforms. IEEE Microwave
Magazine, 10(1):66–83, February 2009.

[4] Yasin Kabiri, Alejandro L. Borja, James R. Kelly, and Pei Xiao. A technique
for MIMO antenna design with flexible element number and pattern diversity.
IEEE Access, 7:86157–86167, 2019.

[5] A. A. Abidi. RF CMOS comes of age. IEEE Journal of Solid-State Circuits,
39(4):549–561, April 2004.

[6] N. Kuo, B. Yang, A. Wang, L. Kong, C. Wu, V. P. Srini, E. Alon, B. Nikolić,
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