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Fifth generation (5G) mobile networks significantly increase the data transfer rates of wire-
less communications. This increase is achieved by utilizing multiple-input multiple-output
(MIMO) systems at sub-6 GHz frequencies. Furthermore, 5G introduces new millimeter-
wave (mm-wave) frequencies in which more bandwidth is available for high-capacity commu-
nications. A common factor for both frequency ranges is that handsets should be equipped
with more antennas than before.

Another challenge for antenna designers is the limitations set by the phone industry.
Current smartphones are already densely packed, with a maximized screen-to-body ratio.
Due to the limited volume, antennas must be integrated into the handset body. However,
phone manufacturers are strict about the visual appearance of the device, which further
restricts the placement of the antennas.

The first part of this thesis presents methods to integrate antennas into the handset
body at both the sub-6 GHz and the mm-wave frequencies. The sub-6 GHz antennas are
implemented in the metal frame of a handset with a fully metallic back cover according to
industry requirements. The antenna performance is confirmed with antenna measurements.

5G mm-wave antennas are desired to be dual-polarized and to operate at two frequency
bands. The effect of the handset chassis on the antenna performance is investigated.

The second part of the thesis considers the co-existence of mm-wave and sub-6 GHz
antennas with a focus on effective volume utilization. To fit all the required antennas into
a handset, antennas must be able to perform in a shared volume. A mm-wave antenna
is designed and located within the same space as the traditional LTE antenna, and the
mm-wave antenna is enclosed with plastic and radiates through an opening in the metal
frame of the phone. The plastic isolates the two antennas and allows adequate performance
for both. The presented co-design method is verified, and the beam-steering capability of
the mm-wave antenna is demonstrated experimentally.

Integrating mm-wave antennas into the metal frame of a phone might short-circuit the
sub-6 GHz antennas and thus destroy the LTE performance. To prevent the short-circuiting,
a design method for a capacitively-loaded feed line is developed. The loaded feed line behaves
like a transmission line at mm-waves frequencies but presents as a small common-mode
capacitance at the sub-6 GHz range. This behavior allows sub-6 GHz antennas to operate
normally. The presented method enables improved integration of mm-wave antennas into
the metal frame of a phone.
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Viidennen sukuploven (5G) matkapuhelinverkkojen myötä langattomat tiedonsiirtono-
peudet kasvavat merkittävästi. Yksi toteutustapa on siirtokanavan tehokkaampi hyödyn-
täminen moniantenni- eli MIMO-järjestelmien avulla alle 6 GHz:n taajuuksilla. Lisäksi
uusia taajuuksia otetaan käyttöön millimetri- eli mm-aaltoalueelta, missä on saatavilla
suurempi taajuuskaista ja siten nopeammat tiedonsiirtoyhteydet. Yhteistä molemmille ta-
voille on, että kummassakin tapauksessa yksittäisten antennien lukumäärää moderneissa
älypuhelimissa kasvatetaan.

Toinen haaste antennisuunnittelijoille on teollisuuden asettamat rajoitukset. Nykypäivän
matkapuhelimet ovat jo nyt täyteen pakattuja puhelimen näytön viedessä suurimman osan
tilasta. Vähäisen tilan vuoksi antennit sijoitetaan laitteen runkoon. Laitevalmistajat ovat
kuitenkin tarkkoja puhelinten ulkonäöstä, minkä johdosta antenneja ei voida sijoitella
minne tahansa.

Väitöskirjan ensimmäinen osa esittelee toteutustapoja antennien integroimiseksi puhe-
limen runkoon sekä alle 6 GHz:lla että mm-aaltotaajuuksilla. Alle 6 GHz:n antennit on
suunniteltu teollisuuden vaatimusten mukaisesti yhtenäisellä metallisella takakuorella va-
rustetun puhelimen metallireunukseen. Suunniteltujen antennien toiminta on varmistettu
mittauksilla. Millimetriaaltoantennien tulisi olla kaksoispolarisoituja ja toimia kahdella eri
taajuusalueella. Työssä tutkitaan matkapuhelimen rungon vaikutusta mm-aaltoantennien
toimintaan.

Väitöskirjan toinen osa käsittelee mm-aalto- ja alle 6 GHz:n antennien yhteensopivuutta
ja rinnakkaistoimintaa hyödyntäen käytettävissä olevan tilan mahdollisimman tehokkaas-
ti. Jotta kaikki antennit saadaan mahtumaan puhelimeen, täytyy niiden toimia jaetussa
tilassa. Työssä suunnitellaan mm-aaltoantenni, joka sijoitetaan samaan tilaan perinteisen
LTE-antennin kanssa. Millimetriaaltoantenni on ympäröity muovilla ja säteilee metallireu-
nuksessa olevan aukon läpi. Muovi eristää rakenteet toisistaan, mikä mahdollistaa molem-
pien antennien hyvän suorituskyvyn. Yhteissuunnittelumenetelmä sekä mm-aaltoantennin
keilankääntökyky ovat kokeellisesti varmistettu toimivaksi.

Puhelimen metallireunukseen sijoitettu mm-aaltoantenni voi aiheuttaa oikosulun alle
6 GHz:n taajuuksilla ja tuhota perinteisen LTE-antennin toiminnan. Työssä kehitetään
kapasitiivisesti kuormitetun syöttölinjan suunnittelumenetelmä. Kuormitettu linja käyt-
täytyy siirtojohdon tavoin mm-aaltoalueella mutta näyttäytyy pienenä yhteismuotoisena
kapasitanssina alle 6 GHz:n taajuuksilla, mahdollistaen alle 6 GHz:n antennien normaalin
toiminnan. Täten mm-aaltoantennit voidaan integroida puhelimen metallireunukseen.

1

 tanasniavA ,sunuerillatem ,tinnetnanilehupaktam ,suuviposneethy neinnetna ,zHG 6 ella  
 tollaairtemillim

 )utteniap( NBSI  0-0893-06-259-879  )fdp( NBSI  7-1893-06-259-879

 )utteniap( NSSI  4394-9971  )fdp( NSSI  2494-9971

 akkiapusiakluJ  iknisleH  akkiaponiaP  iknisleH  isouV  0202

 äräämuviS  531  nru :NBSI:NRU/fi.nru//:ptth  7-1893-06-259-879





Preface

Scientific work is interesting. You have an ambition and a plan on how to get
there. Usually, things do not go as planned, which might lead to changing the
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without his expertise, I would not have been able to manufacture any prototypes.
I also want to thank all the teachers whose courses I have attended during
my doctoral studies. Big thank you also to Dr. Jari Holopainen for giving the
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I would like to thank the preliminary examiners of this thesis, Prof. Dirk
Manteuffel and Prof. Wonbin Hong, for taking the time to go through my work
and giving much-appreciated suggestions to finalize the thesis.

I am also grateful to all my co-authors from the industrial partners. Working
with the industry gives a practical aspect to science, which I find important. The
work in this thesis has been funded by AAC Technologies, Business Finland
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ELEC Doctoral School. Additionally, I have received personal financial support
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Walter Ahlström Foundation for which I am grateful.

For me, finishing this thesis would not have possible without a life outside the
science bubble. I am eternally thankful to all my friends for all the afterwork
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I would like to thank my parents Sirpa and Matti as well as my sisters Saila
and Niina for all the support and interest in my doings throughout the years.
Finally, much love and gratitude to Anni for supporting me and keeping up with
my weird academic nonsense.
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Abbreviations

3-D three-dimensional
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1. Introduction

The connected world has developed significantly not only in the past decades
but within the last few years. Modern technologies have advanced rapidly and
will continue to do so. At the moment, the world is going through the Fourth
Industrial Revolution, which includes the efficient combination of hardware
and software with network technologies and connectivity. Typical examples of
such applications are machine-to-machine (M2M) communications, autonomous
vehicles, and the Internet of Things (IoT). These applications, among others, rely
heavily on fifth generation (5G) wireless networks [1]–[3]. 5G networks provide
a capacity 1000 times higher than the current fourth generation (4G) networks
by allowing multi-gigabit data rates, extremely low latency, a massive amount
of connected devices, and enhanced mobility [4].

While the mobile networks have evolved, mobile devices and the main purpose
of their use have changed considerably since the early days. The first mobile
phones gave people the freedom and possibility to call other people even when
no landline phones were available. Today, the computational power of the mobile
devices together with all the other applications, such as cameras, touch screens,
navigation systems, and near-field communication (NFC) capabilities, have
changed the devices from phones to necessary everyday tools. Global mobile
data traffic has been and will continue increasing, while the relative share of
traditional circuit-switched voice calls is decreasing [5], [6].

5G is answering the demand by further developing the current Long Term
Evolution (LTE) standard and by introducing the new radio access technology 5G
New Radio (NR). Shifting to 5G networks means the radio frequency (RF) spec-
trum is utilized more efficiently but also new frequencies at the millimeter-wave
(mm-wave) region are allocated [7]. High connectivity and fast data transfer
can be achieved by deploying massive multi-user multiple-input multiple-output
(MIMO) systems and mm-wave access points in existing infrastructures, such as
lamp posts and building walls [8].

To reach the full capability of 5G networks, more is required from the mobile
handsets. Smartphones currently already support a large number of frequencies
and including the new 5G bands is not as simple as it sounds. Radio systems use
antennas to wirelessly transmit and receive electromagnetic signals. Typical
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small antennas that fit inside a mobile device can cover only a narrow range
of frequencies. Thus, multiple antennas are needed to support all the required
radio systems, and achieving a decent performance becomes more complicated
as the usable volume for an antenna per frequency band shrinks.

Moreover, phone manufacturers are naturally interested in the visual ap-
pearance of the device, which sets additional limitations for antenna designers,
further reducing the achievable antenna performance. Increasing the screen-
to-body ratio in handsets leaves little real estate for the antennas to operate.
Real handsets are complex systems, and any antenna structure will not radiate
in a desired way. The handset should be considered as a whole, even when
implementing the antennas [9]. Including the housing in the design alone can
significantly reduce the radiation efficiency [10].

Considering the need for fast data rates and high connectivity at a wide range
of frequencies, it is clear that a single well-functioning LTE or mm-wave antenna
does not suffice for a handset. Instead, multiple antennas should work together
efficiently, and be designed without neglecting the chassis or other components
of the whole device. Co-designing antennas to co-exist in harmony could be the
key for better performing handsets.

1.1 Objectives of this work

This work focuses on co-existing antennas designed for handset use. In this
thesis, antenna co-existence means two things: 1) having several antennas
dedicated to applications operating at different frequency bands and 2) sharing
the same volume to several systems. Common factor is the necessity of multiple
antennas in a restricted space.

The design environment is changing due to industrial requirements but also
with the new 5G standard, which, in practice, requires the antennas to be
integrated into the handset body. The new design environment raises the
following questions:

1. How can all the required sub-6 GHz antennas be integrated into an indus-
try-compliant metal-covered handset?

2. How does the handset chassis affect the performance of mm-wave anten-
nas?

3. How can the traditional LTE antennas and the new mm-wave antennas
fit simultaneously in the same device?

4. How can the integrability of mm-wave antennas to the mobile device be
improved?

The objective of this thesis is to answer these questions to facilitate the shift
from 4G to 5G in handset antenna design. Instead of creating new antenna
structures, the goal is to build upon existing, well-known antenna concepts to
determine if they are suitable solutions for the problems at hand.
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1.2 Main scientific merits

The main scientific merits of this work are as follows:

1. A way to realize all the required antennas for an LTE phone in the metal
frame of an industry-compliant phone model [I]–[II].

2. A handset-integrated, dual-band, dual-polarized mm-wave antenna array
design [III].

3. The first mobile phone antenna design, in which the LTE and mm-wave
antennas are combined in a shared volume [IV]–[V].

4. A feed line concept and design method that improves the integration of
mm-wave and sub-6 GHz antennas in metal-framed handsets [VI].

1.3 Contents and organization of the thesis

This thesis consists of an overview and six publications. The overview introduces
the current design platform and challenges. To emphasize the scientific contri-
bution of this thesis, only the most important content from the publications is
included in the overview. The publications at the end contain more details about
the presented designs and results.

The overview is divided into four main parts. Chapter 2 explains the main
parameters used in antenna design, especially in terms of handset antennas.
This background chapter is written in an understandable way, without too many
details. Chapters 3 and 4 summarize the scientific work done in this thesis. First,
multi-antenna systems for modern handsets and the integration of antennas to
the handset body are considered. The latter chapter presents the most important
contribution of this thesis by presenting designs and methods to combine new 5G
antennas with current systems. In the last part of the thesis, Chapter 5 briefly
summarizes each publication, and finally, the thesis is concluded in Chapter 6.
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2. Designing Handset Antennas

In a sense, handset antennas are like any other antennas. Regardless of the
intended application and operation environment of the antenna, the same laws
of physics apply. However, the order of importance of the design parameters
varies depending on the design environment. Besides the theoretical knowledge,
practical aspects should also be considered when designing handset antennas.

This chapter explains the basic information and concepts of antenna design
that are required to understand the results of this work.

2.1 Main concepts for handset antennas

The antenna is the part of a radio system that radiates or receives electromag-
netic waves [11]. Antennas are often considered the most important part of the
system, as they are the interface between free space and a guided medium, such
as the feed network inside a handset. If an antenna inefficiently transforms
guided waves to unguided waves, much input power is wasted. In real-life hand-
sets, this inefficiency is noticed as the device warming up or decreased battery
life. The same also applies to reception: weak transformation reduces signal
quality, which slows down data rates.

2.1.1 Parameters of a single antenna

The most important quality of an antenna is its ability to convert the fed power
into radiation; radiation efficiency describes this quality [12]. As perfect con-
ductors and completely lossless materials do not exist, some power is always
consumed by materials. The remaining portion of the input power can be radi-
ated.

However, antennas are typically not perfectly matched at their resonance
frequency, and perfect matching cannot be achieved across a wider band [13],
[14]. If an antenna is unmatched, it means a portion of the input power is
reflected to the source. When the effect of the mismatch is considered, the
total efficiency of an antenna is obtained [15]. In an ideal case, the system is
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lossless and perfectly matched, resulting in radiation efficiency equaling to total
efficiency. However, the handset is a practical environment with losses and
mismatch; thus, total efficiency is a more useful design parameter.

As handset antennas are used over a certain frequency range, a target match-
ing level of −6 dB — or even −10 dB at mm-wave frequencies — is traditionally
used. Then, the reflections are considered small enough over the desired band.
In modern handsets, however, the current matching target is looser, around
−4 dB, as the focus is on the efficiency. Nevertheless, it has long been known
that bandwidth is required for the effective transfer of data [16]. Therefore, it is
beneficial to ensure decent matching on the operational band rather than perfect
matching at a point frequency.

When an antenna is matched, it is in resonance and able to produce radiation
at the resonance frequency. Frequency f is interconnected with the wavelength
λ of the radiated electromagnetic wave, and hence, with the size of the antenna.
The lower the resonance frequency is, the larger the antenna required. In a
handset environment, antennas are not only physically small but often also
electrically small. Electrically small means the size of the antenna is small
compared to the wavelength at the resonance frequency [17]. A reduction in size
has been known to limit the radiation efficiency and resonance bandwidth [18]–
[20]. In practice, if the antenna needs to be small, either efficiency or bandwidth
must be sacrificed.

Depending on the antenna type, its ability to direct the radiated power varies.
Antennas are passive systems and therefore unable to generate power. However,
their radiation patterns indicate how the power is directed. Isotropic antennas
distribute the radiated energy evenly over the sphere — that is, to all directions
— but such antennas are not realizable in practice. Directivity describes an
antenna’s capability to transmit or receive electromagnetic waves in a certain
direction [15]. Typically , an omnidirectional (donut-shaped) pattern is desired
from handset antennas, as the user cannot know the location of the base station.
In mm-wave 5G communications, fan-shaped beams are also required (more
details are provided in Section 2.2.2). The two pattern shapes are depicted in
Figure 2.1. When (total) efficiency is included in the directional pattern, the
(realized) gain of an antenna is obtained.

2.1.2 Multi-antenna systems

Current handsets include many antennas. In the design process, each must be
accounted for to achieve the desired performance. The parameters described in
the previous section are valid for each antenna in a multi-antenna system, but
some additional metrics are also needed. Furthermore, these parameters are
critical for designing multiple-input multiple-output (MIMO) systems.

Coupling between two separate antennas is a simple metric to estimate how
well the antennas operate together. In an ideal case, the antennas are uncoupled
because coupling lowers the efficiency and, furthermore, the data rates. This
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(a) (b)

Figure 2.1. Example of a handset with (a) omnidirectional (donut-shaped) and (b) directive
(fan-shaped) radiation patterns.

interaction should remain as low as possible to obtain optimal performance in
each antenna. In other words, the antennas should be isolated from one another.
Furthermore, when two (or more) antennas only interact a little, they can be
designed mostly separately, which simplifies the antenna co-design problem.

Another common parameter for multi-antenna systems is the envelope cor-
relation coefficient (ECC) [21], [22]. This parameter describes how similar the
far-field patterns of two antennas are. High correlation hinders the overall
performance as other metrics degrade. ECC values below 0.5 are generally con-
sidered enough for MIMO systems, which is also demonstrated by field tests [23].
Multiplexing efficiency describes how much signal-to-noise ratio (SNR) decreases
due to the multi-antenna configuration [24].

MIMO systems are based on spatially separated antennas and benefit from
the multipath scattering [25], thus improving the use of the available frequency
spectrum. Especially in urban and indoor environments, the propagating sig-
nal scatters from walls and other obstacles creating multiple paths between
the transmitter and the receiver. Spatially diverse antennas observe these
signals differently, and combining the data improves the link robustness but
also increases data rates. The ergodic channel capacity [24] describes the spec-
tral efficiency and can be evaluated by assuming a certain channel model for
the propagation environment, such as independent and identically distributed
Rayleigh fading, and by computing thousands of iterations. The MIMO capacity
is hindered by strong coupling, high ECC, and low SNR. Increasing the number
of antennas naturally increases the MIMO capacity [26] but also makes it more
difficult to achieve a sufficient performance at each antenna.

2.2 Frequency ranges in mobile communications

All wireless communications are dependent on electromagnetic radiation. Mobile
communications utilize radio waves and microwaves, which are only a small
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Figure 2.2. The electromagnetic spectrum consists of many types of radiation. The frequencies
used for mobile communications are only a small portion of the whole spectrum.

segment of the whole spectrum that also includes, for example, visible light
and X-rays, as Figure 2.2 displays [27]. The radio waves occur between 3 Hz
and 300 MHz, and microwaves extend up to 300 GHz [28]. The use of this
radio spectrum is regulated by governmental organizations and by the Inter-
national Telecommunication Union (ITU), which is in charge of allocating the
usable frequencies [29]. The frequency bands used in this thesis are collected in
Table 2.1.

The frequencies in LTE cellular networks are divided into over 60 separate
bands [30] that are deployed in different regions of the world. In general, today’s
handsets are able to communicate on the majority of the bands, as some bands
partly or completely overlap with others. Typically, the supported frequencies
are 700–960 MHz and 1.71–2.69 GHz, referred to as the low band (LB) and the
high band (HB) in this thesis, respectively. The newest deployments of LTE
also have frequency bands, for example, at 1.4–1.6 GHz and 3.4–3.8 GHz. 5G
networks are at first deployed on top of LTE technologies [31], and the same
frequencies are used together with some newly added bands at the sub-6 GHz
range [32].

One of the primary ways to achieve high-capacity communications in 5G net-
works is the utilization of mm-waves. The allocated bands are 24.25–29.5 GHz
and 37–40 GHz, with the lower range consisting of few sub-bands that are
used in different parts of the world [33]. The mm-wave frequencies possess
a significant amount of available bandwidth, which allows high-capacity data
transmission. Implementing mm-wave antennas in handsets has been widely
studied in recent years [34]–[46]. The presented antennas include patch and
slot antennas as well as dipoles and substrate-integrated waveguides.

In addition to cellular communications, current mobile phones support other
protocols that rely on radio waves. Wireless local area networks (WLAN) are
common to have in homes and public places nowadays. Wi-Fi communications
take place at around 2.4 GHz and 5.15–5.875 GHz. Many common smartphone
applications use the device’s location information through the Global Positioning
System (GPS), which operates at 1.575 GHz.
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Table 2.1. Frequency bands studied in this thesis.

Band Frequency (GHz) Network Publication

LTE LB 0.7–0.96 cellular 4G [I], [II], [IV]–[VI]

LTE HB 1.71–2.69 cellular 4G [I], [II], [IV]–[VI]

3.5 GHz 3.4–3.8 cellular 5G [VI]

28 GHz mm-wave 24.25–29.5 small cell 5G [III]–[VI]

38 GHz mm-wave 37–40 small cell 5G [III]

2.4 GHz Wi-Fi 2.4–2.484 WLAN [I], [II], [VI]

5 GHz Wi-Fi 5.15–5.875 WLAN [I], [II], [VI]

GPS 1.56–1.61 satellite [I], [II]

2.2.1 Sub-6 GHz antennas

At the sub-6 GHz frequencies (700 MHz–6 GHz), the wavelength ranges from
5 cm to 42 cm. The antennas must be significantly shorter than the wavelength
at their operational bands to fit into a handset, especially at lower frequencies.
In the first mobile phones in the 1990s, antennas protruded from the main body;
therefore, the volume requirement was not such a large problem.

A major breakthrough in handset antenna design was finding that the phone
chassis is the main radiator instead of the antenna [47]. As a result, the
capacitive coupling element (CCE) was discovered [47], [48]. CCEs are simple
and compact structures and therefore suitable for handset use. Due to their
small size, CCEs are unable to resonate at the lowest LTE frequencies; hence,
they are inherently non-resonant antennas. Instead, CCEs are used to excite
resonating currents in the ground plane, which produce the radiation.

Due to the non-resonant nature of CCEs, the desired resonance bands are
achieved with matching circuits [49]–[51]. Matching circuits consist of lumped
components, typically capacitors and inductors. Their main role is to minimize
reflections at the operational band(s) and improve the antenna’s performance.
Besides the matching circuit, the dimensions of the CCE and its location in the
handset also affect the radiation performance.

As CCEs excite resonant modes in the ground plane, the theory of charac-
teristic modes [52], [53] is useful when choosing the best location for the ele-
ment [54]–[56]. Coupling to the strongest mode at the design frequency enables
better antenna performance.

In current smartphones, the LTE antennas are typically frequency-recon-
figurable, that is, their resonance frequency can be tuned with, for exam-
ple, switches [57]–[60], tunable components [61]–[64], or directly from the
transceiver [65]–[67]. Then, the instantaneous bandwidth is narrow, but the
matching is improved, and furthermore, efficiency might be higher than in
fixed antennas. However, this thesis focuses on fixed antenna structures as the
antennas are then capable of carrier aggregation (CA) over the entire bands.
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4G networks require CA capability at several inter- and intra-band combina-
tions [30], meaning the data rate can be increased by simultaneously utilizing
multiple links.

The use of MIMO communications started in 4G networks, and 5G networks
are expected to increase the channel capacity at sub-6 GHz frequencies by
deploying higher order MIMO systems. Common MIMO configurations are two
antennas at the LTE LB and two to four antennas at the LTE HB [56], [57],
[68]–[71]. Designs with eight antennas are presented at the 3.5 GHz region [66],
[72]–[76].

2.2.2 Millimeter-wave antennas

At mm-wave frequencies, the wavelength is significantly shorter than at sub-
6 GHz, which results in increased path loss for the propagating wave. Higher
attenuation is compensated by using antenna arrays that consist of small iden-
tical elements to improve the antenna’s directivity. Higher directivity means
that the beamwidth becomes narrower. Mobile phone users cannot know where
the nearest access point is; thus, the mm-wave antenna array should be beam-
steerable to improve the angular coverage. Sub-6 GHz antennas typically have
a more or less omnidirectional pattern, so steering is not required at those
frequencies.

Beam-steering can be realized with progressive phase shifts between array
elements. This progressive shift means that the first element is fed in zero-
phase, the second one has a phase difference of φ, third one has 2φ, and so on.
The beam-steering range is limited by the element spacing and the element
pattern [77], and the achievable scanning range is typically more than ±40° [34]–
[36], [40], [41]. When the element spacing exceeds λ/2, grating lobes arise
at larger scanning angles. If the element pattern is too directive or initially
concentrates radiation in undesired directions, the scan loss will already be
high in small steering angles. The steering range is generally considered to be
the angular region, where the scan loss is less than 3 dB, as seen, for example,
in [34], [35], [78].

However, a single beam-steerable array cannot provide full angular coverage.
Instead, differently oriented arrays are used to improve coverage around the
handset. Antennas radiating from the ends of the phone are often called endfire
antennas, whereas radiation from the front or back covers is referred to as
broadside. Figure 2.3 illustrates these options. Endfire antennas typically
enable larger angular coverage.

At mm-waves, antenna diversity is achieved by using dual-polarized antennas,
which are also seen in recent publications [79]–[82]. Polarization expresses
the direction of the electric field vector; having two orthogonal polarizations
maximizes the received data. In addition, using multiple polarizations makes it
possible to avoid polarization mismatch caused by the incorrect orientation of
the phone with respect to the access point.
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Endfire

Broadside

Figure 2.3. Millimeter-wave handset antennas radiate either from the edge, which is called
endfire, or through the display or back cover, which is called broadside.

2.3 Industry-oriented design environment

One of the most notable features in modern handsets is the large touch screen.
A larger screen naturally increases the size of the device, which is noted in many
scientific papers from recent years. In the antenna papers published before 2015,
the typical handset chassis size was smaller than 120 mm×65 mm [83]–[90].
Today, the common size seen in publications is around 150 mm×75 mm [56], [57],
[68]–[70], [72]–[76], [91], [92], which corresponds to the size of many commonly
used commercial devices.

The increasing size initially seems to be a positive direction, as the size of
RF-ground is larger, and there is more real estate for the antennas. However,
a more remarkable trend in the industry is maximizing the screen-to-body
ratio. Enlarging the display to the edges of the phone leaves little room for the
antennas, as seen in [70], [72], [73], [91]–[93]. Narrow clearance between the
antenna element and the ground plane (i.e., the display) is known to deteriorate
the achievable performance [55], [94].

Another aspect is the visual appearance of the device. Even if the antenna
designer had much technical freedom to work with, the visual requirements are
a limiting factor. Using more metallic structures in the phone’s body has become
increasingly common for modern devices. Metal frames and covers look visually
appealing and improve the robustness of the device; however, increasing the
amount of conducting material close to the antennas affects the performance.
Aesthetic aspects could be included among the antenna designer’s trade-off
parameters.

Handset antennas are commonly designed with a simple printed circuit board
(PCB) model consisting of the ground plane and the antennas [56], [57], [68]–
[70], [72]–[75]. Industry-compliant models also consider other components of the
phone, such as cameras and the battery, besides the visual aspects, resulting in
a believable resemblance of a real-life device [93], [95], [96]. In addition, the in-
ternal components can act as major sources of disturbance for the antennas [97].
Working with industry-compliant models slows the design process as simula-
tions take longer, and manufacturing prototypes is more complicated. However,
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Figure 2.4. An example of possible antenna configurations in a future 5G handset.

the obtained results provide reliable insight into the actual performance of
commercially available smartphones.

When working at the mm-wave frequencies, the electrical size of the phone is
very large, and hence, the antenna might not work as intended. Furthermore,
at the mm-wave region, the materials used in the antenna and near it affect the
electrical behavior [98]. Therefore, in recent publications, for example, the glass
of the display is also included in the model [36], [37], [99].

2.4 Antenna co-existence

As mentioned in Section 2.2, handsets nowadays can communicate at many
different frequency bands. Since the wavelengths at each of the bands are
different, one single antenna is not enough. Antenna co-existence is always
present in multi-antenna systems. Hence, these configurations also require
co-designing to achieve a decent performance for all the antennas. Figure 2.4
illustrates a future 5G handset that combines many antenna configurations,
revealing that the space available for each antenna is a rare resource.

Increasing the number of antennas in a handset naturally introduces sources
of disturbance and adds interaction between the antennas. Interaction can be
caused by, for example, shared antenna structures, feed lines, short distance
between the antennas, or fields in the ground plane. Typically, the interaction
reveals as the coupling between the antennas, correlated fields, or polarization
issues. Therefore, considering co-existence issues is critical for modern handset
antenna designs. Figure 2.5 displays sources for different interactions that can
be observed between different antennas.

2.4.1 Multi-band systems

The simplest example of antenna co-existence is a two-antenna system, in which
one operates at the LTE LB and the other at the HB, as seen in [50], [69], [70],
[100]. With proper matching circuitry, both antennas can exhibit acceptable
performance and be well isolated. As sub-6 GHz antennas excite currents in

22



Designing Handset Antennas

field correlation polarization

sub-6GHz sub-6GHz
mm-wave mm-wave

shared
structures

coupling feed line
behavior

coupling

distance between the antennas

ground plane

Figure 2.5. Handset antennas interact with each other in several different ways. The interaction
can occur through shared structures, ground plane, or the fields.

the ground plane, adequate isolation is obtained in a simple manner if the two
antennas excite different ground plane modes. This technique is common with
MIMO antennas [56], [59], [73], [86].

Multi-band systems do not necessarily require multiple antenna elements as
the different bands can be operated with multi-feed structures [49], [95]. This
approach increases port-to-port coupling but saves volume inside the handset.

Radio systems for different purposes inevitably cause co-existence issues when
their frequencies overlap. An example of such a case is 2.4 GHz Wi-Fi and LTE
HB. The Wi-Fi band is narrow, and thus, interaction from other antennas might
cause undesired frequency shifts. Many publications present designs in which
these bands are covered with the same element [83], [85], [101], but they can also
be implemented as separate antennas according to the same design principles
as, for example, MIMO antennas.

The newest mm-wave systems are capable of dual-band operation at both
28 GHz and 38 GHz bands. Many published works utilize the same antenna
element and feed for both bands. A common solution has been a stacked patch
structure [80], [99], [102], but a substrate-integrated waveguide has also been
presented [103].

The most recent co-existence issue is combining sub-6 GHz and mm-wave
antennas. The new mm-wave antennas are used mainly for short-range, line-of-
sight communications. Traditional LTE antennas are still needed for backward
compatibility and long-range use, for example, in rural areas. Before Publication
[IV], papers presenting such designs were almost nonexistent. The only one
was [39], demonstrating an LTE HB MIMO design with a mm-wave slot array
realized on the ground plane. Later, combining mm-wave antennas with LTE
and other sub-6 GHz antennas became a popular research topic. One option is to
ensure that antennas for both frequency regions have enough space [39]–[43].
In [44]–[46], the antennas share structures, and microstrip filters are used to
ensure performance at both regions.
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2.4.2 Volume utilization in handsets

As the total number of antennas is increasing in smartphones, the available vol-
ume must be utilized as efficiently as possible [104]. Efficient volume utilization
is increasingly important when mm-wave antennas are included in the same
devices as sub-6 GHz antennas. Accommodating both antennas in a handset
environment is also one of the main problems for the phone manufacturers. An-
tennas at mm-wave frequencies are arrays of small elements; thus, the physical
volume requirement can be significant. To fit all the antennas in the limited
volume, different antennas must share existing structures. LTE and many other
sub-6 GHz antennas are already integrated into the device’s metal frame, and
ideally, the mm-wave antennas could utilize the same structure [105]. Moreover,
beam-steerable mm-wave arrays can cover only part of the full angular space.
Therefore, each side of the device should be equipped with mm-wave antennas
to ensure a strong signal at any orientation of the phone [106].

Sub-6 GHz antennas, especially at the LTE LB, are sensitive to couple to
other antennas in their proximity. Mutual coupling between different antennas
easily becomes large if the antennas are packed densely. Limited available
volume, and therefore the antenna’s volume, has a significant effect on the
performance [107]. Including the mm-wave antennas in the device among the
others, the already scarce volume becomes an even rarer resource [108]. Even
though the operational sub-6 GHz and mm-wave bands are quite far apart in
the RF-spectrum, the coupling between the antennas should be low to protect
the transceivers [109]. The most important contribution of this thesis, presented
in Chapter 4, concerns incorporating LTE and mm-wave antennas in the same
volume.

Current 4G devices can communicate at LTE frequencies and support Wi-Fi
and other radio systems. Furthermore, many devices are capable of MIMO
communications at least at some of the supported frequencies. The future
direction is to also include the 5G bands and their antennas in phones, increasing
the number of individual antenna elements. Over 10 years ago, it was predicted
that mobile phones might have 20 different antennas in the future [110]. Even
though the current or coming use cases for antennas are different, the total
number of them might not be far from the prediction. As a result, antenna
co-existence and efficient volume utilization are critical issues to be considered
in modern, industry-related handset antenna design.

2.5 Design process

Antenna design typically consists of two phases: 1) modeling and simulating
and 2) prototyping and measuring. This section summarizes these two steps in
terms of the tools and methods used in this thesis.
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2.5.1 Modeling and simulations

An important part of antenna design is the modeling of the antennas. Simple
structures can be solved theoretically based on Maxwell’s equations, but handset
antennas are usually too complicated for this method. Instead, the modeling is
done computationally. Antennas in this thesis were modeled and simulated with
CST Studio Suite [111]. CST is a full-wave, three-dimensional (3-D) electromag-
netic simulator that can use many different solving techniques. The antennas
in this thesis were simulated with either the finite integration technique or the
finite element method. In CST, the antennas can be modeled with high precision,
also accounting for the handset chassis and all material parameters, such as the
permittivity and losses of dielectrics and the conductivity of metal parts.

Matching circuits are a critical part of a handset antenna design, especially
at the sub-6 GHz range. Matching circuit optimization was done with Optenni
Lab [112] in this thesis. Finding the best circuits and topologies without the
software is laborious and time consuming for multi-antenna systems. Optenni
Lab can synthesize matching networks using realistic component models so
that losses and frequency behavior are accurately considered. The calculated
circuits can be transferred into CST to determine their effect on, for example, the
radiation patterns of the system. Optenni Lab can also calculate the bandwidth
potential [48], [113] of an antenna. Bandwidth potential tells the obtainable
resonance bandwidth when the antenna is matched with two lumped components
to a certain matching level, such as −6 dB.

2.5.2 Antenna measurements

The designed antennas are often built into prototypes to verify their simulated
performance with antenna measurements. Measurements reveal the true per-
formance of the design as, for example, material parameters or component
tolerances might alter the performance from the simulated expectations. Fur-
thermore, fabricating complicated prototypes may cause inaccuracies between
the simulated model and the measured prototype as well. Particularly in this
thesis, the importance of measurements was to see the effects of a realistic
handset environment and antenna co-existence.

The scattering (S) parameters contain the information on impedance matching
and coupling between antennas. Parameter Si j describes the voltage noticed in
port i when port j is fed. The S-parameters of an antenna are simple to measure
with a vector network analyzer (VNA). In Publication [VI], the measurement
was done with a ground-signal-ground (GSG) probe station, on which, instead of
directly connecting the VNA ports to the antenna feeds, measurement probes
are used.

Measuring the radiation parameters, that is, the efficiency and patterns, is
more time-consuming than the VNA measurements. Radiation measurements
were done in an anechoic environment to avoid disturbing reflections. For
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LTE and other sub-6 GHz antennas, MVG (formerly SATIMO) measurement
chambers [114] were used in this thesis. The mm-wave measurements were
completed with a NSI-MI planar near-field scanner [115]. Planar measurement
is faster to perform compared to a full spherical scan. In this thesis, the interest
was in the far-field pattern of antennas. However, all the measurement systems
used perform a near-field scan and then computationally transform the near-
field data into a far-field pattern. The important parameters — total efficiency
at sub-6 GHz and realized gain at the mm-wave range — are received from
the far-field data. Beam-steering at mm-waves was realized with fixed power
division networks in this thesis, which required that each steering angle was
measured separately.
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This chapter presents designed antenna configurations that are usable in a
modern handset. The term “modern” can be interpreted in two ways here:
a model that meets the requirements of a high-end commercial device or a
handset with an antenna configuration required in 5G networks.

The designs summarized in Section 3.1 are presented in Publications [I]
and [II] and are part of the main contribution of this thesis. In [I], a complete
antenna set for a fully metal-covered handset was designed according to industry-
approved standards.

To support the main contribution, a chassis-integrated mm-wave antenna
array is introduced in Section 3.2. That work was presented in Publication [III]
and emphasized the importance of the handset chassis in mm-wave antenna
design.

3.1 Industry-compliant metal-covered handset

In many commercial metal-covered handsets, slots across the back cover are a
common factor. Slots are a visual feature, but they also improve the antenna’s
performance. Removing the slots from the cover makes the device more aes-
thetically appealing. However, the slotless, fully metallic back cover makes the
ground clearance smaller, creating a design challenge. Figure 3.1 illustrates how
slots are placed in common smartphone covers in comparison to a slotless cover.

Many previous publications have presented designs that have slots in the
back cover, and use the slots as the main antennas [116]–[119]. As the focus
of Publications [I] and [II] was on the slotless cover, a different approach was
required for implementing the antennas. Furthermore, the target was to present
and design a complete antenna set that corresponds to industrial standards.
This requirement meant 2×2 MIMO implementations at the LTE LB and HB,
two Wi-Fi antennas, and support for GPS with enough efficiency. Interest was
also in the effect of the visual aspects as they restrict the placement of the
antennas. The configuration is depicted in Figure 3.2(a). The LTE LB antennas
require the largest volume; thus, they are realized in the short edges of the
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(a) (b)

Figure 3.1. Metal-covered handsets with (a) a slotted and (b) a slotless back cover.
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Figure 3.2. (a) Simulation model depicting the placement of each designed antenna and (b) an
exploded view of the simulation model highlighting the different parts of the industry-
compliant model. Reprinted from [I] (reproduced courtesy of The Electromagnetics
Academy).

phone. Other antennas are integrated into the frame to utilize the available
volume as effectively as possible.

In [I], an industry-compliant handset model was used. Besides the antennas
and the slotless back cover, the model consisted of supporting plastic, a USB-port,
a camera, and a large block modeling the display, battery, and other interior
structures. Figure 3.2(b) presents an illustration of the constructed model,
highlighting all the different parts included. Publication [I] was the first to
feature such a realistic model with all the antennas required by the industry.

3.1.1 Antenna designs

Besides metal-covered handsets, scientific literature presents many antenna
configurations for metal-framed smartphones [55]–[57], [70]–[73], [90]–[93],
[120]–[123]. Among metal-framed phones, the most popular antenna structure
has been a loop or a slot created between the frame and the ground plane [55],
[70]–[72], [90], [91], [120]. With suitable grounding and feeding locations, the
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antennas can cover a large range of frequencies. Monopole- or dipole-based
structures have also been common designs [73], [92], [122], [123]. It is common
to integrate sub-6 GHz antennas into the frame and separate the antennas by
cutting the frame [57], [70]–[73], [92], [93], [122], [123] to maximize the occupied
volume for an antenna. In addition, antennas utilizing an unbroken metal frame
have been presented [56], [90], [91], [120], [124].

All the antennas designed in [I] were fed through matching circuits to ensure
adequate performance over the required band and to reduce coupling between
the antennas. Since the back cover was slotless, the antennas were integrated
into the metal frame of the phone. Figure 3.3 presents the designed antennas
and matching networks. The design in [I] included two types of antennas.
First, antennas in short edges of the device consist of many elements located
close to each other. Their operational principles are similar to the antennas
presented in [68], [100], [125], in which each element is matched at a certain
band and mismatched at others. Second, antennas in the long edges are slot-
based, creating resonances similar to antennas in [71], [90], [124]. This kind of
slot creates several current paths around the slot, and thus, allows covering the
required bands.

The antennas consisting of several elements were used as the main and
diversity cellular antennas, with only exception being the LTE HB of the main
antenna, which was realized as a slot. The multi-element antennas consist
of three coupling elements of different lengths. Due to their proximity to one
another, they have strong mutual coupling. In the final design, some of the
elements were used as parasitic elements. This type of reactive loading improves
the achieved bandwidth [126]–[128].

Besides the main HB antenna, the slot antennas were used for Wi-Fi and GPS
communications. The slot was placed between the frame and the middle part
by grounding the frame at two points. The slot antennas also had a cut in the
frame. The current distributions around the slot were adjusted to achieve the
correct resonances by altering the dimensions of the slot and changing locations
of the feed and the cut in the frame.

3.1.2 Antenna performance

Due to the industry-compliant model used, it quickly became clear that achiev-
ing the traditional −6 dB matching level throughout all required bands at all
antennas is not possible. Instead, the focus transferred to the total efficiency of
the antennas. S-parameters are presented in [I] and show that cellular matching
levels were mostly below −3 dB, with Wi-Fi lower than −5 dB. Mutual couplings
were generally below −15 dB.

Figure 3.4 presents the simulated and measured total efficiencies for all the
antennas. As a general trend, the measured resonances have slightly shifted
compared to the simulated ones. The measured efficiencies are higher than 20 %
and peak at 60 %.
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Figure 3.3. Structures and matching networks of (a) the main LTE LB antenna, (b) the main
LTE HB antenna, (c) the diversity LTE LB and HB antennas, and (d) the Wi-Fi
(GPS/Wi-Fi 2) antennas. All dimensions are in millimeters. Reprinted from [I]
(reproduced courtesy of The Electromagnetics Academy).

To gain an insight into the design’s MIMO capability, the envelope correla-
tion coefficient was calculated from the simulated and measured far-fields. As
mentioned in Section 2.1.2, the correlation should be less than 0.5 to be suitable
for MIMO use. Figure 3.5 reveals that the correlations calculated from the
measured data were below the requirement.

In [II], the MIMO performance of the design was further analyzed. Decent
efficiencies do not tell the whole truth about the design. Hence, the ergodic
channel capacity and multiplexing efficiency were calculated from the simulated
and measured data [24].

Figure 3.6(a) indicates that in the assumed reflection-rich Rayleigh fading
propagation environment (reference SNR = 20 dB), the measurement-based
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Figure 3.4. Total efficiencies of (a) the main LTE antennas, (b) the diversity LTE antennas, and
(c) and (d) the Wi-Fi and GPS antennas. Solid lines represent the simulated values
and dashed lines the measured ones. Reprinted from [I] (reproduced courtesy of The
Electromagnetics Academy).
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Figure 3.5. Envelope correlation coefficients (ECC) of the LTE and Wi-Fi MIMO antennas. Solid
lines represent the simulated values and dashed lines the measured ones. Reprinted
from [I] (reproduced courtesy of The Electromagnetics Academy).

ergodic capacity is close to the value of an ideal 2x2 MIMO system and is
clearly beneficial compared to the single-input single-output (SISO) case. Multi-
plexing efficiencies are presented in Figure 3.6(b). For most of the bands, the
measurement-based efficiencies range from −4 dB to −6 dB.

The work done in [I] and [II] revealed the achievable antenna performance
of a realistic, industry-approved smartphone. The gap between the academic
and industrial communities was made visible, directing the discussion toward
non-performance-related variables, such as the aesthetics of the device. Visual
aspects have a clear impact on the achievable performance.
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Figure 3.6. (a) Ergodic MIMO capacity and (b) multiplexing efficiency of the LTE antennas. Solid
lines represent the calculated values from the measurement data and dashed lines
from the simulated data. In (a) the black and gray lines indicate the capacity of ideal
2×2 MIMO and SISO systems, respectively, with a reference SNR of 20 dB [II] ©
2018 EurAAP.

3.2 Chassis-integrated mm-wave array

As the 5G networks utilize the mm-wave frequencies, mobile devices should
also be equipped with suitable antennas. As mentioned in Section 2.2, bands
for mobile communications are allocated at around 28 GHz and 38 GHz. Fur-
thermore, the industry is interested in dual-polarized antennas to improve the
signal quality, data rates, and antenna diversity. This topic has recently been
studied in the scientific community, and compact patch antenna solutions have
been presented [80], [99], [102].

Publication [III] studied an antenna configuration that supports dual-band
communications in two orthogonal polarizations. Besides the antenna design
itself, the focus was also on the integration of the antenna system into the
handset. The integration aspect is important, as the antenna performance might
change significantly [9], [10], [129], [130]. Handset chassis is an electrically
large structure at mm-wave frequencies.

3.2.1 Slot antenna array

Handset bodies contain many metallic parts that easily disturb the antenna. In
this study, slot antennas were used as they may be less sensitive to nearby metal
parts than many other antenna structures. Slot antennas are magnetic-type
structures, and implementing them is practical in a handset environment [81],
[82], [131]. In many dual-polarized designs, the polarizations are often named
“horizontal” and “vertical”, according to the direction of the electric field. In this
work, the terms horizontal and vertical refer to the orientation of the slot.

The array was constructed from units of four elements; the unit is depicted in
Figure 3.7(a). Each element is a slot antenna that supports one polarization and
frequency band. The configuration provides significant freedom to the design
process, as each element can be adjusted individually. Elements 1 and 3 in
the center of the PCB are the vertical slots, and elements 2 and 4 in the edges
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Figure 3.7. (a) Simulation model and dimensions in millimeters of the designed unit of four slots
and (b) its S-parameters [III] © 2020 EurAAP.

28.5mm

5.5mm

Figure 3.8. Final array consisting of four units [III] © 2020 EurAAP.

are the horizontal ones. Figure 3.7(b) displays the S-parameters of the array
unit indicating good resonances at both bands and low coupling between the
elements.

The final array was a four-element linear array, as Figure 3.8 depicts. The
element spacing was 0.5λ at 28 GHz and 0.7λ at 38 GHz. The array produced
more than 10 dBi of realized gain at 28 GHz and 13 dBi at 38 GHz. The larger
element spacing at the higher band restricted the beam-steering range, which
was up to ±35°. At the lower band, the beam steered up to ±50°.

3.2.2 Effect of the handset chassis

Next, the designed array was attached to the back cover of a standard-sized
smartphone as seen in Figure 3.9. The same location was used, for example,
in [132].
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Figure 3.9. Simulation model of the phone chassis on which the array is integrated into [III] ©
2020 EurAAP.

The 3-D radiation patterns of the array with and without the handset chassis
at 28 GHz are compared in Figure 3.10. Figures 3.10(a)–(b) reveal that the
effect of the chassis for the vertical elements is minimal as the patterns are as
desired. The larger ground plane slightly improves the achieved realized gain.
Figure 3.10(c) indicates that the pattern for the array alone is divided in the
horizontal elements due to the small distance to the edge of the PCB. When
the chassis is included, the pattern becomes further distorted, as it has split
into multiple narrow beams. A similar phenomenon was observed in [38], [99].
In practice, a communication link established with such a pattern would be
unreliable. At 38 GHz, the behavior of the array is similar to that at 28 GHz at
both polarizations.

As the electrical size increases, undesired surface waves are easily excited
at the mm-wave frequencies [133]–[135]. Surface waves propagate along the
chassis producing the distorted pattern. This result was a clear indication that
including the handset chassis in mm-wave antenna designs is important. For
this work, resolving this issue is still an open question, but some methods were
proposed earlier. In [134], electromagnetic band-gaps, additional resonators, and
wave traps were studied. Each structure was reported to eliminate the surface
waves.
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Figure 3.10. 3-D realized gain patterns of the vertical elements (a) without and (b) with the
handset chassis, and the horizontal elements (c) without and (d) with the handset
chassis at 28 GHz [III] © 2020 EurAAP.
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4. Co-Existing mm-Wave and Sub-6 GHz
Antennas

The shift from 4G to mm-wave 5G requires significant technical changes. Besides
building the network infrastructure, mobile devices must be equipped with
suitable antennas.

This chapter presents the two most important contributions of this thesis.
First, mm-wave and LTE antennas are accommodated in a shared volume with
a new co-design method. This topic is presented in Publications [IV] and [V] and
summarized in Section 4.1.

Second, Publication [VI] presents a theoretical model and design method for a
mm-wave feed line concept that allows improved integration of mm-wave and
sub-6 GHz antennas. This topic is explained in Section 4.2.

4.1 Incorporated mm-wave and LTE antennas

All the works that were published in 2018 or earlier only consider either mm-
wave or sub-6 GHz antennas. The only exception is [39], in which the volume
consumption is remarkable. Publication [IV] presented the first antenna design,
in which LTE and mm-wave antennas were incorporated in a shared volume.
The proof-of-concept design revealed a promising method for co-designing 4G
and 5G antennas in handsets.

The two antennas were incorporated in the same volume with a plastic-filled
window. The window in the metal frame of the phone ensures good mm-wave
radiation, and the effect on the LTE antenna can be compensated by improving
the matching network. Embedding LTE and mm-wave antennas together does
not consume additional volume compared to the LTE antenna alone. In an
optimal case, the two antennas can be designed mostly independently and then
combined together in the end.

4.1.1 Vivaldi antenna for mobile phone

As described in Section 2.2, scientific literature has presented many mm-wave
antenna solutions for handsets that include, for example, dipole, patch, and
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Figure 4.1. Simulation model depicting (a) the Vivaldi elements and (b) the plastic enclosure
with the mm-wave PCB. All dimensions are in millimeters. Reprinted from [IV].

slot arrays [34]–[38]. Lately, compact mm-wave Vivaldi arrays have also been
designed for smartphones [40], [136]. Vivaldi antennas are known for their
wideband performance and suitability for array use [137], [138]. The electric
size of a Vivaldi antenna is usually large, and thus, they are often used as
base station or radar antennas [139]–[143]. The mm-wave antenna designed in
[IV] was also a Vivaldi structure since such antennas were straightforward to
implement on a PCB. Moreover, as Publication [IV] presented a proof-of-concept
study, antenna structures with simple realization and well-known behavior were
selected.

The designed array was a linear four-element configuration. Figure 4.1(a)
displays the antenna structure. The small slots between elements improve the
matching of the antenna to compensate for the small electrical size. Feeding of
the antenna is realized with a microstrip to slot-line transition. The array is to
be placed within the same volume as the main LTE antenna, which is in one of
the short edges of the phone.

The produced radiation exits the chassis through a 23 mm×4 mm sized window
cut into the metal frame of the phone. The window is filled with RF-optimized
plastic, PREPERM L450 [144], which also encloses the antenna sturcture, as
Figure 4.1(b) illustrates. The plastic enclosure decreases the effective wave-
length, which allows the array to be physically smaller but also improves the
efficiency of the array.

Beam-steering was demonstrated by three separate power division networks
that have progressive phase shifts between the elements. Figure 4.2 presents
the realized gain of the array at 26 GHz and 28 GHz with a peak gain of 7 dBi.
The agreement between simulations and measurements was generally good.
The beam was steered up to ±40° at 28 GHz. The range was mainly limited by
the PCB size, which did not allow realizing larger progressive phase shifts.

4.1.2 Co-designed LTE antennas

The LTE antenna presented in [IV] was a simple CCE structure located in one
end of the phone. The antenna used the metal frame and was fed by separate
feeds for the LB and HB. Antenna performance was enhanced by including
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Figure 4.2. Demonstrated beam-steering capability and realized gain of the Vivaldi array at (a)
26 GHz and (b) 28 GHz. Reprinted from [IV].

aperture-matching components. Figure 4.3 illustrates the antenna structure
with the embedded mm-wave antenna and the designed matching circuits.

Despite the included mm-wave antenna, the LTE antenna was designed accord-
ing to the framework presented in [89]. Optimal performance is achieved when
the LB antenna occupies the largest volume and has the aperture-matching
component near the feed in the center of the structure. The HB antenna is
implemented in the corner with a triangular feed line.

The plastic enclosure of the Vivaldi array isolated the two antennas from each
other as their metallic parts are not connected. However, the plastic block was
also the source of the interaction between the antennas. Including the mm-wave
module in the system locally decreased the ground clearance of the LTE antenna
and affected its impedance, thus degrading the performance. Redesigning the
matching circuits restored the performance. On the other hand, the mm-wave
antenna only considered the size of the window. As the window dimensions were
known, the antenna could be designed according to them to obtain the optimal
performance. The surface currents presented in Figure 4.4 reveal that the LTE
and mm-wave antennas did not significantly disturb one another.

Figure 4.5 presents the simulated and measured total efficiency of the an-
tennas in the co-designed system. The measured efficiency matches with the
simulated one, achieving efficiencies mostly over 60 % across the bands.

The most important scientific contribution of [IV] was demonstrating that
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Figure 4.5. Total efficiency of the LTE antenna. The solid lines are the simulated values, and
the dashed lines are the measured ones. Reprinted from [IV].

LTE and mm-wave antennas can share the same volume without sacrificing the
performance of either of the antennas. The same co-design method can most
likely be applied to other sub-6 GHz bands besides the common LTE frequencies
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plastic-filled window

Figure 4.6. Simulation model of the extended eight-element Vivaldi array [V] © 2019 EuMA.

and also to more complicated mm-wave solutions. Here, it should be noted that
the design was only a proof-of-concept, studying the co-design method rather
than the antenna structures.

4.1.3 8×1 Vivaldi array

Although Publication [IV] presented important information for 5G antenna
designers, the solution featured some shortcomings. First, the mm-wave array
covered only one side of the phone, and one array could easily be blocked by the
user’s hand. Second, is it possible to fit larger arrays within the same volume
with LTE antennas for increased gain. Last, support for MIMO communications
is required from LTE antennas in current networks. Publication [V] further
studied the concept to answer the above questions.

Improving the angular coverage is simple, as similar mm-wave modules can
be placed on all sides of the phone; the array size is more interesting. For the
same Vivaldi array, it is straightforward to increase the number of elements.
Figure 4.6 depicts an eight-element version of the array. This array required
more space inside the phone, and a larger window was required. Placing the
extended array along the long sides was also simple, and the intriguing matter
was fitting the array within the same volume with the LTE antenna.

The diversity LTE antenna is the most practical to implement in the other
end of the device. Besides designing a new antenna that works with the eight-
element Vivaldi array, copying the existing structure with the smaller mm-wave
antenna is also possible. To accommodate the larger array, the LB feeds must
be moved to the corner. Figure 4.7 presents the antenna configurations in both
cases with the reoptimized matching circuitry.

Figure 4.8 depicts the realized gain and beam-steering of the eight-element
array. As expected, the achieved gain is higher, peaking at 10 dBi and 11.5 dBi
at 26 GHz and 28 GHz, respectively. The beam could be steered ±45° with
progressive phase shifts.

Both LTE MIMO designs performed well, as Figure 4.9 reveals. In the asym-
metric case, the diversity antenna did not reach as high efficiencies as the main
antenna, which was expected due to the larger mm-wave antenna within the
same volume. In the other design, where the antennas were identical, they also
had the same efficiencies.
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Figure 4.7. Antenna configurations for (a) the asymmetric and (b) the symmetric MIMO designs.
Matching network for (c) the main antennas in both MIMO configurations and (d)
the diversity antenna in the asymmetric case [V] © 2019 EuMA.
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represent the performance at 28 GHz and dashed lines at 26 GHz [V] © 2019 EuMA.
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Figure 4.9. Total efficiencies of the LTE antennas in (a) the asymmetrical and (b) the symmetrical
designs. Solid lines represent the performance of the main antenna and dashed lines
the diversity antenna in (a) [V] © 2019 EuMA.
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(a)

mm-wave
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capacitively-loaded
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Figure 4.10. Current distribution and produced radiation of a sub-6 GHz antenna in different
situations. (a) Sub-6 GHz antenna alone produces strong radiation. (b) Feed lines for
the frame-integrated mm-wave antenna short the frame for the sub-6 GHz antenna,
resulting in weakened radiation. (c) Capacitive loading of the mm-wave feed lines
allows unaltered sub-6 GHz current distribution and strong radiation. Reprinted
from [VI].

4.2 Capacitively-loaded mm-wave feed lines

Publication [IV] developed a technique to incorporate mm-wave antennas into
the same volume with LTE antennas. The next step of volume sharing is that
both antennas are integrated into the metal frame. Such implementations of
mm-wave antennas have recently been studied [38]. However, this integration
can be detrimental to the LTE or other sub-6 GHz antennas.

Ideally, both mm-wave and sub-6 GHz antennas can be designed separately
so that they do not affect each other’s performance. However, when the mm-
wave antennas are integrated into the frame, the antenna feed lines can short-
circuit the sub-6 GHz antennas. Thus, the current distribution is changed, and
the produced radiation is weakened. Publication [VI] studied if introducing
capacitive load to the feed line could enable the sub-6 GHz antennas to radiate
unaltered, whether the mm-wave antennas were present or not. Loading the
feed line with series capacitance prevented the sub-6 GHz currents from going
through the line but allowed the mm-wave currents to pass normally. Figure 4.10
illustrates the underlying idea.

The first thought for a solution would be to include a high-pass filter in the feed
line [145]. However, typical microstrip filters have a continuous ground plane
beneath the line, which would create a shorted path for sub-6 GHz currents.
Moreover, filters are designed by considering the differential-mode performance.
In [VI], the feed line was designed in such a way that the common-mode capaci-
tance was minimized, in addition to aiming for low differential-mode insertion
loss at the mm-waves.

4.2.1 Transmission line theory

In the following analysis, a theoretical model is derived for predicting how
mm-waves propagate along the feed line. The research in [VI] began from the
traditional transmission line model, which, for simplicity, is assumed to be a
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Figure 4.11. (a) Lossless transmission line and (b) its electrical equivalent circuit. Reprinted
from [VI].
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Figure 4.12. (a) Transmission line modified with series capacitance Cl and (b) its electrical
equivalent circuit. Reprinted from [VI].

lossless transverse electromagnetic (TEM) line. The characteristic impedance of
such lines is given as follows

Z0 =
√

L
C

, (4.1)

where L and C are the characteristic inductance and capacitance over a unit
length, respectively. An infinitesimally small length Δ� of the line can be
represented by an electrical equivalent circuit consisting of series inductance
and parallel capacitance (see Figure 4.11), with both components having the
respective characteristic value [28].

To introduce the capacitive load to the line, series capacitance is added to the
model, as Figure 4.12 illustrates. Equation (4.1) can thus be written as follows

Zmod =
√

jωL+ 1
jωCl

jωC
, (4.2)

where Cl is the added series capacitance over a unit length, and ω is the angular
frequency. To avoid confusion later, the unit of Cl is F·m. The characteristic
inductance and capacitance are considered in the model as impedance and
admittance over a unit length, respectively, which result in the familiar units
H/m and F/m. Similarly, the added series capacitance is considered impedance
over unit length, resulting in the mentioned unit.

To avoid short-circuiting through the ground plane, the study focused on
coplanar waveguides (CPW). To determine the smallest series capacitance that
provides a line impedance of 50Ω, the characteristic capacitance and inductance
of the given line were required, as well as the effective permittivity, εeff. The
detailed equations are presented in [146] and repeated in [VI]. Calculating the
characteristic capacitance of an air-filled structure, C0, and εeff requires solving
elliptic integrals of the first kind. The final characteristic capacitance over unit
length is obtained as follows

C = εeffC0, (4.3)
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Figure 4.13. Reflection coefficient and insertion loss of a discretized capacitively-loaded trans-
mission line section depicted in the inset as a function of electrical length θ at
27 GHz. Reprinted from [VI].

and the characteristic inductance as

L = εeff

c2
0C

, (4.4)

where c0 is the speed of light in a vacuum. As a result, the smallest se-
ries capacitance per unit length that can be added in the studied structure
is Cl = 0.26 pF·mm.

4.2.2 Practical implementation

The model presented in the previous section assumes that the line would consist
of infinitesimally short segments. In practice, however, realizing such line
lengths and series capacitances is not possible. Therefore, knowing how long
segments could still be used and how many of them were needed to achieve the
desired performance was critical.

The reflection coefficient and insertion loss were calculated for a discretized
transmission line section at 27 GHz. The calculation varies the electrical length
θ of the line while keeping the added series capacitance per unit length constant.
Figure 4.13 indicates that losses increase quickly as the line lengthens.

Based on the results, the segment length and the added corresponding series
capacitance value were set to θ = 60° and Cmod = 0.208 pF, respectively. Fig-
ure 4.14 presents the results from circuit simulations with different numbers of
line segments and series capacitances. The desired performance at the mm-wave
band is achieved with four segments. Moreover, at the sub-6 GHz band where
the wavelength is longer, the line sections can be neglected, and the focus can be
on the capacitances. Having more capacitances connected in series decreases
the total common-mode capacitance, which was desired at the sub-6 GHz band.

In the practical realization, the series capacitances were implemented as
series gaps in all three conductors of the CPW line. The adjacent segments were
realized on different PCB layers to enhance the capacitive coupling between the
segments, as Figure 4.15(a) illustrates. The gap acting as the series capacitance
must be slightly distributed to realize the target capacitance. Figure 4.15(b)
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Figure 4.14. Scattering parameters of an ideal capacitively-loaded feed line with different num-
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w1 = 0.5

w2 = 0.6

w2 = 0.6

0.1

C2

C1

C2

Layer 1

Layer 2

y

z
x

(a)

2.1

0.9

h = 0.05

0.5

l = 0.8

0.872 0.5

0.186

0.186εr= 3.13

εr= 3.13

εr= 3.37y

zx

(b)

Figure 4.15. (a) Visualization of the multi-layer implementation idea of the CPW with series
capacitances between the layers. (b) Simplified, not-to-scale side view of the manu-
factured capacitively-loaded feed line, in which overlapping line segments act as
the series capacitances. All dimensions are in millimeters. Reprinted from [VI].

depicts a side view of the manufactured PCB. The multi-layer PCB is a result
of [147], in which the presented feed line is used in practice.

The manufactured line section was measured with a GSG probe station, and
the results were compared to the simulated ones. Figure 4.16 indicates that at
the mm-wave band, the line works as intended despite the additional capacitive
load. The circuit simulation of the theoretical model was also adjusted to have
the same parameters as the practical line. The electrical behavior of the line is
in good agreement with all the results.
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Figure 4.17. (a) Electrical equivalent circuit of the feed line to approximate its common-mode
capacitance. (b) Capacitive coupling element structure to study the effect of loading
on the sub-6 GHz antenna; Ctot denotes the common-mode capacitive load intro-
duced by the feed line, and x is the distance between he mm-wave and sub-6 GHz
feeds. All dimensions are in millimeters. Reprinted from [VI].

4.2.3 Effect on sub-6 GHz performance

The total common-mode capacitance of the line was evaluated with a simple
electrical equivalent circuit depicted in Figure 4.17(a), in which each capacitance
models one of the interleaved gaps in the practical line. The capacitance intro-
duced by each gap was approximated with the parallel-plate capacitor model,
resulting in C1 = 0.22 pF and C2 = 0.27 pF for the center and outer conductors of
the CPW, respectively. Hence, the approximated total common-mode capacitance
was Ctot = 0.19 pF.

The effect of the line was tested with a simple smartphone model with narrow
clearance between the metal frame and the ground plane, illustrated in Fig-
ure 4.17(b). A capacitive coupling element was used as the sub-6 GHz antenna.
Then, the effect of the designed line was compared with an ideal 0.19 pF capac-
itor, shorting strip, and a reference case without the line. Figure 4.18 reveals
that the bandwidth potential [113] only slightly drops from the reference case
when the capacitively-loaded line is included. In addition, the approximated
total common-mode capacitance is accurate. Shorting the frame destroys the
antenna performance at the LTE LB.

The design method presented in [VI] can be used to realize mm-wave feed
lines with a given topology to obtain the smallest possible loading for the sub-
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Figure 4.18. Bandwidth potential of the sub-6 GHz antenna at the LTE LB with different load-
ings. Reprinted from [VI].

6 GHz antenna. The effect of the loading on the sub-6 GHz antenna is minimal,
enabling improved integration of mm-wave and sub-6 GHz antennas, which,
moreover, saves volume in a densely packed handset.
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5. Summary of Publications

Publication I: “Metal-covered Handset with LTE MIMO, Wi-Fi MIMO,
and GPS Antennas”

In this publication, antennas were designed in a modern, metal-covered handset
according to industry standards. The designed system included MIMO antennas
for LTE and Wi-Fi bands and supported GPS frequencies. This work was the first
to present a complete industry-approved antenna configuration for a handset
with a slotless metal cover.

Publication II: “MIMO Performance of Today’s Metal-Covered
Handset”

In this paper, the antenna performance of the metal-covered handset was further
analyzed by focusing on the MIMO aspects. The question of whether the old
performance metrics are still feasible for modern handsets was raised, as the
design environment has changed significantly in a short period of time.

Publication III: “Dual-Polarized Dual-Band mm-Wave Antenna
System for Mobile Devices”

This paper presented a dual-polarized slot antenna array that supports dual-
band communications. The study in the presence of handset chassis indicated
that the phone body is an important part to consider.
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Publication IV: “Co-Designed mm-Wave and LTE Handset Antennas”

This work reported the first antenna prototype that accommodates a new mm-
wave antenna in the same volume with a traditional LTE antenna. One of the
most important issues in the phone industry is the co-existence of new mm-
wave antennas and traditional sub-6 GHz antennas. By utilizing a plastic-filled
window, an opening was created for the mm-wave radiation without significant
changes in the LTE antenna. The plastic filling also enclosed the mm-wave
Vivaldi array, insulating the two antennas from each other.

Publication V: “Co-Designed Handset Antennas with Wide Angular
mm-Wave Coverage and LTE MIMO”

Beam-steerable mm-wave antennas cannot provide 3-D coverage unless multiple
arrays are used. In this work, the first co-designed mm-wave and LTE antenna
configuration was extended to provide improved coverage and higher gain. The
paper also presented two possible MIMO configurations for the LTE bands.

Publication VI: “Capacitively-Loaded Feed Line to Improve
mm-Wave and Sub-6 GHz Antenna Co-Existence”

The volume sharing of mm-wave and sub-6 GHz antennas might cause undesired
short circuits that affect the sub-6 GHz performance. This paper presented a
theoretical model and a practical realization of a mm-wave feed line that does
not short the sub-6 GHz antennas. The theoretical model was derived based
on the transmission line theory by introducing series capacitance into the line
structure. The method can be used to design the feed line with smallest possible
loading for the sub-6 GHz antenna with a given transmission line topology.
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6. Conclusions

This doctoral thesis advanced antenna co-existence in modern smartphones to
facilitate the shift from 4G to 5G. The main scientific contribution of this thesis
consists of two parts: multi-antenna systems in modern devices and combining
new mm-wave antennas with traditional sub-6 GHz antennas.

Publications [I] and [II] focused on a modern, metal-covered handset. The work
moved the design to an accurate, commercial-driven platform. The research
revealed the achievable antenna performance level in a realistic smartphone.
The two papers also made the gap between the academic and industrial commu-
nities more visible regarding the design targets and environments. Thus, the
discussion moved to whether other than performance-related aspects, such as
the aesthetics of the device, should be further considered in the design process.

Publication [III] presented an antenna array system for dual-band mm-wave
communications supporting two polarizations. This work particularly leaves
room for further research that is not part of this thesis. The paper demonstrated
that in case of mm-wave antennas, it is also critically important to take the
whole phone model into account in antenna design.

The most scientifically important contribution of this thesis was accomplished
in Publications [IV]–[VI], which form the second part of this thesis. One of
the most significant changes that 5G networks introduce is the utilization of
mm-waves. It is also clear that current communication systems will still be
used. Publication [IV] was the first to reveal how current LTE systems could
be combined with the new mm-wave systems in a shared volume. In this work,
a wideband four-element Vivaldi array was incorporated into the immediate
vicinity of the LTE antenna. A plastic-filled window made it possible to achieve
good mm-wave radiation without sacrificing LTE performance. The proof-of-
concept work developed a promising co-design method that is also viable for
more complex designs. In Publication [V], this concept was taken a step further
by improving the antenna designs to increase gain and coverage of the mm-
wave antennas. Furthermore, the larger eight-element mm-wave array was
accommodated in the same space with the LTE antenna.

The final topic of the thesis introduced another point of view for enhancing the
mm-wave and sub-6 GHz antenna co-existence and integration. When mm-wave
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and sub-6 GHz antennas share the same structure, the radiation of the sub-
6 GHz antenna might deteriorate. Publication [VI] developed a mm-wave feeding
mechanism that allows sub-6 GHz antennas to produce unaltered radiation.
The work started from theoretical requirements and proceeded to a practical
implementation. The presented feeding method acted as a small load for the
sub-6 GHz antennas, and enabled the volume-saving integration of mm-wave
and sub-6 GHz antennas in a tightly packed handset.

This thesis combined information that is interesting for both parties of the
scientific community: the academia and the industry. The field of wireless com-
munications is rapidly evolving, so doing research from a practical perspective
benefits both sides. Industrial aspects do not neglect scientific novelty, especially
when the design work is about handset antennas: the most important part of
our everyday devices.

Even though 5G networks are already being deployed, the solutions have not
yet been completely established. The volume for antennas in handsets is a
limited resource and, surely, the room reserved for antennas will not increase in
the next-generation devices. Future research should focus more on integrating
antennas not only into each other but into other components, such as the display
and cameras, as well. Reconfigurability could allow smaller antennas with better
integrability. However, the limitations of antennas sharing structures are still
unknown. If the visual aspects restrict volume sharing, the question is how
much. For future antennas, it could be beneficial to co-design them with the
transceivers. So far, many research papers have only focused on one problem.
In industry, all these problems are present as the phone manufacturers are
trying to find ways to fit a dozen sub-6 GHz antennas and several dual-polarized,
dual-band mm-wave arrays in a handset. Furthermore, what happens beyond
5G is the next big question.
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Errata

Publication I

In the caption of Figure 7, the second sentence should read “Port 4 is for HB,
and Port 5 is for LB.”

Publication III

In the abstract, the second to last sentence should read “...it is capable of beam-
steering for up to ±50° or ±35° at 28 GHz and 38 GHz bands, respectively.”
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