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1. Introduction

The evolution of mobile communication systems has been fast in the past

decades with 5G systems closely being deployed. This development of

mobile networks requires new techniques to solve the ever-increasing

demand for the number of users, even higher data rates, and the problem

of spectrum scarcity. Mobile traffic in the world is expected to increase 27%

annually between 2019 and 2025 [1].

The goal of 5G networks is to have peak data rates up to 20 Gbps, 1000-

fold increase in capacity, ultra-low latency down to one millisecond, and to

enable massive amount of connected Internet of Things (IoT) devices [2].

Achieving these goals in the 5G and beyond systems requires new technical

solutions and innovations. Currently in 5G, carrier aggregation, additional

sub-6 GHz frequency bands and millimeter-wave communications, as well

as massive multiple-input multiple-output (MIMO) techniques are applied

to enable the flexible and more efficient use of radio spectrum available [3].

However, in the future beyond 5G, these techniques might not be suffi-

cient. To achieve the best possible spectral efficiency, in-band full-duplex

communication is needed. This technique works by transmitting and re-

ceiving at the same frequency band at the same time. This removes the

need for frequency-division duplexing (FDD) or time-division duplexing

(TDD) used in current 4G and 5G systems. Enabling simultaneous trans-

mit and receive doubles the spectral efficiency compared to current 4G and

5G systems, which means the data rate for one channel of fixed bandwidth

could in the best case be doubled. However, the major technical challenge

in in-band full-duplex is the self-interference between the transmitter and

receiver of a device. This sets very demanding requirements especially for

antenna isolation.

To support the 5G promise of >10 Gbps peak data rates for enhanced

mobile broadband (eMBB) applications, one has to use new spectrum
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beyond sub-6 GHz frequencies. The use of millimeter-wave spectrum above

20 GHz up to 100 GHz is planned for this purpose. Major deployment in the

US, Europe and Asia is expected within frequency bands between 24 and

28 GHz. However, mm-wave systems also face inherent challenges, such

as higher penetration loss, higher sensitivity to blockage, and diminished

diffraction, all of which the system must overcome [4]. Therefore, one can

predict the need for a higher density of base stations in urban areas. In

addition, the base stations and user equipment (UE) need to cope with the

blockage and shadowing caused by the users which can be expected to be a

major challenge for mm-wave systems [5].

1.1 Objectives of this work

This work focuses on several technical solutions for making 5G and beyond

systems feasible and to enable them to meet the set demands. The main

topics of this thesis are: improving antenna isolation for in-band full-duplex

systems and effects of a human on millimeter-wave handset antennas

including shadowing and the design of mm-wave antenna arrays.

This thesis answers the following questions:

• How can we design antennas and total systems that meet the high

self-interference cancellation requirements for full-duplex systems

and thus potentially double the spectral efficiency?

• How can we characterise the effects of the user on antenna perfor-

mance, including shadowing, at mm-wave frequencies and how to

take them into account in the design of mm-wave handset antennas?

• How can we design and manufacture a simple base station antenna at

mm-waves with PCB technology to fulfil the need for densely spaced

compact base stations?

1.2 Main scientific merits

The main scientific merits of this work are (in the order of publications):

1. Introducing planar wavetraps usable for transmit-receive-antenna

isolation improvement and providing design guidelines. Designing

a full-duplex MIMO relay antenna with wavetraps with measured
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inherent isolation of up to 70 dB between each transmitting and

receiving antenna pair.

2. Measuring the relay antenna in real environments together with

digital cancellation algorithms showing that the total system can

reach over 100 dB of self-interference cancellation and make full-

duplex possible.

3. Designing a decoupling element for omnidirectional collinear dipole

antennas with higher than 50 dB inherent isolation to enable full-

duplex communication.

4. Providing a new general methodology for designing wavetraps and

other decoupling elements based on the theory of characteristic

modes.

5. Characterizing the magnitude of shadowing and antenna detuning

caused by a human finger on a few typical 60-GHz user device anten-

nas and how this affects the beamsteering operation.

6. Design of a new thin reflector structure to mitigate the finger shad-

owing effect on a 60 GHz user device antenna.

7. Providing a simulation method and model for characterizing the

shadowing of a full human body when the user holds a mobile phone

in a typical browsing scenario both at 28 GHz and at 60 GHz.

8. Design of a Rotman lens -based beamsteerable antenna array at

28 GHz with a high-gain antenna array manufactured with PCB

technology. The endfire radiation enables possible stacking of the

PCBs.

1.3 Contents and organization of the thesis

This thesis consists of an overview and eight publications. The overview

gives background information to the key concepts relevant in this thesis

and summarizes the key achievements.

The overview has seven chapters. Chapter 2 briefly explains the funda-

mental concepts related to wireless communications, antennas and radio

wave propagation, which enables understanding the key concepts in the

thesis. Chapter 3 describes the principle of in-band full-duplex commu-

nication and introduces antenna decoupling methods concentrating on
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wavetraps. The design of wavetraps, characteristic mode analysis and the

application of wavetraps for an in-band full-duplex relay antenna are in-

troduced. Also, the design of an antenna decoupling structure for collinear

dipoles is introduced. Chapter 4 studies the interaction of mm-wave anten-

nas with human users. The effect of finger on user device antennas and the

shadowing of the whole human is discussed. Chapter 5 discusses the need

for mm-wave antenna arrays and introduces a PCB-based beamsteerable

antenna array design suitable for base stations. Chapter 6 summarizes

the publications in the dissertation and Chapter 7 concludes the work.
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2. Wireless Communication
Fundamentals

2.1 Electromagnetic radiation

Electromagnetic interaction is one of the fundamental interactions of

nature. Pioneered by Michael Faraday [6] and further developed by James

Maxwell [7], the foundation of the interaction is characterized in the form

of Maxwell’s equations

∇ ·D = ρ (2.1)

∇ ·B = 0 (2.2)

∇×E = −∂B

∂t
(2.3)

∇×H = J+
∂D

∂t
, (2.4)

where D is the electric flux density, B the magnetic flux density, E the

electric field, H the magnetic field, J the current density and ρ the charge

density.

The differential equations show that a changing electric field creates

a magnetic field, and vice versa. This characteristic indicates that a

self-supporting electromagnetic wave can exist in free space. The electro-

magnetic wave is characterized by its frequency, i.e., the speed of oscillation

of the magnetic and electric field.

The sinusoidal oscillation has a certain phase and amplitude in addition

to the carrier frequency. By modulating the amplitude and phase, informa-

tion can be imposed to the electromagnetic wave which travels at the speed

of light. This is the fundamental principle of wireless communications.

When the phase and amplitude of the wave are changed in time domain,

the signal occupies a wider bandwidth of frequencies in frequency domain
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depending on the rapidness of the modulation. The bandwidth of the signal

is the declaring factor for how much information, i.e. bits in digital systems,

can be transferred from a transmitter to a receiver. The maximum data

rate obtainable in a radio channel is governed by the Shannon’s capacity

formula

C = B log2(1 +
S

N
), (2.5)

where C is the capacity in bits/s, S/N the signal-to-noise ratio and B the

bandwidth [8].

However, as the wireless signal occupies a certain frequency band within

a certain area, it limits in that area the use of other signals simultaneously

occupying the same frequencies. This means that the available electromag-

netic spectrum for a wireless communication system is a limiting natural

resource. With current mobile communication systems, the electromag-

netic spectrum is getting crowded, creating the need for further methods

to increase the efficiency of spectral use.

2.2 Antennas

An antenna is a device which transforms efficiently the confined electro-

magnetic wave in a waveguide, e.g. in a radio-frequency (RF) cable, into

a radiating wave propagating in free space. Vice versa, it can receive an

incoming electromagnetic wave and transform it to an confined electromag-

netic wave propagating in a waveguide or RF cable.

Usually, an antenna is a resonating structure which enables it to easily

accept power from the waveguide and radiate it out of the structure. The

performance of the antenna, i.e., the electromagnetic fields produced by

the antenna, is defined by the current distribution on the antenna struc-

ture. If the current distribution is known, the magnetic and electric fields

can be solved by integrating the contributions of all infinitesimally small

current elements. Antennas work typically reciprocally, i.e, the incident

electromagnetic fields on the antenna induce a current distribution typical

to its resonant mode and thus the antenna receives in similar fashion as

it transmits. An exception to this are antennas utilizing non-reciprocal

materials, e.g. magnetic materials or metamaterials.
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2.2.1 S-parameters

Antennas are not standalone devices and they are usually connected to a

transmitter or a receiver. The transmitter feeds the power to the antenna,

while the receiver accepts the RF energy coupled from the external fields

incident on the antenna. At radio frequencies, the power transfer between

these components depends on the antenna and transceiver impedance, i.e.

how well their impedances are matched to one another.

The antenna impedance is complex and is defined by the ratio of RF

voltage and current at the antenna port. The impedance consists of a real

resistive component and an imaginary reactive component. The resistive

component comprises the radiation resistance and the resistive loss in the

antenna. Radiation resistance represents the power radiated by the an-

tenna. The reactive component describes the energy stored in the magnetic

and electric near-fields of the antenna. [9]

Antennas and other devices with a single or multiple ports are character-

ized with scattering parameters (S-parameters). S-parameters relate the

incident voltage wave on one port to a reflected voltage wave on another

port of a network. The S-parameter between two ports of a network is

calculated as

Sij =
V −
i

V +
j

, (2.6)

where only port j is fed by V +
j and the reflected wave amplitude com-

ing out of port i, V −
i , is measured. The remaining ports are terminated

with the characteristic impedance of the network. The benefit of using

S-parameters is that they can be determined directly by measuring the

incident and reflected power together with the phase information. From

the S-parameters, the impedance at each port of the network can be calcu-

lated. [10]

2.2.2 Bandwidth

An antenna with a single port can be characterized with one S-parameter,

S11, also called the reflection coefficient Γ. The power wave reflection

coefficient of the antenna can be calculated from the antenna impedance

ZL and generator impedance ZS as

Γ =
ZL − Z∗

S

ZL + Z∗
S

, (2.7)
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where ()∗ is the complex conjugate operator [11].

The square of the absolute value of the reflection coefficient, |Γ|2, de-

scribes the amount of power reflected from the antenna. If ZL = Z∗
S , i.e,

the antenna is conjugate matched to the source, maximum power is trans-

ferred to the antenna. However, this matching cannot be maintained for a

wide band of frequencies. A common definition of antenna bandwidth is

the −10 dB impedance bandwidth, which declares the bandwidth where

reflection coefficient for the antenna is smaller than −10 dB, or less than

10% of the input power is reflected from the antenna.

2.2.3 Antenna coupling

The S-parameter Sij represents the amount of coupling between two an-

tennas when i �= j in a multi-antenna system. The quantity is called the

mutual coupling between the antennas. The inverse of mutual coupling is

the isolation between the antennas which is a common quantity to describe

the interaction between two antennas. Usually, the isolation of two closely

located antennas is maximized to reduce the interference between the

antennas.

However, when studying the isolation between two antennas, the reflec-

tion coefficients S11 and S22 need to be taken into account. If a substantial

amount of power is reflected from the input port, the measured S21 does not

give a reliable estimate of how well the ports are isolated. This is because

by definition, the Sij describes the ratio of the incident voltage wave on

port j to output i and not the ratio with the actual accepted voltage wave

at port j.

The concept of electromagnetic isolation can be used to remove the effect

of port reflections when determining the isolation between two antennas

[12]. Electromagnetic isolation at a given frequency is defined as the

inverse of S21 when both antennas have been conjugately matched for

maximal power transfer using a conjugate matching network. However,

as electromagnetic isolation is a theoretical concept and such broadband

matching is not realistic, in this thesis only S-parameters between the

ports are analysed. The S21-parameter can be considered reliable for

estimating the isolation between ports for frequencies where the antenna

ports are matched with adequate level, e.g. S11 is lower than −10 dB.
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2.3 Propagation methods

2.3.1 Free-space propagation

In free space, the electromagnetic fields radiated by an antenna propagate

as spherical waves outward from the antenna. This means that the power

radiated by an isotropic antenna spreads evenly on a spherical surface and

the power density decreases according to the formula S = Pt
4πr2

, where Pt

is the transmit power. The receiving antenna then captures part of this

power based on its effective aperture area Aeff . The effective aperture

can alternatively be described in terms of antenna gain G =
4πAeff

λ2 . This

is typically a direction-dependent measure, which describes how well the

antenna can transmit radiation to a certain direction compared to the case

the antenna would transmit isotropically in every direction. Thus, we can

express the transmit and receive power of antennas by Pr = SAeff = SGrλ2

4π

and S = GtPt
4πr2

. Then, we calculate the power received by an antenna as a

result known as the Friis’ formula

Pr = GtGrPt(
λ

4πr
)2, (2.8)

where Gt and Gr are the transmitting and receiving antenna gains respec-

tively [13].

Thus, the received power decreases relative to 1/r2, i.e., the received

power decreases to a quarter when the distance between transmit and

receive antenna doubles. An important result is also that, at higher

frequencies, if the receiving and transmitting antenna gains stay the same,

the attenuation increases with respect to f2. Thus, at mm-waves, antennas

with higher gain are needed to maintain the same level of received power

as at lower frequencies. However, at mm-wave frequencies, high-gain

antennas can fit easily in smaller spaces as the required effective area

Aeff decreases with respect to 1/f2, if the antenna gain is kept the same.

Indeed, if the effective size of receive and transmit antennas are kept the

same, the received power increases with respect to f2. This means that at

millimeter waves, directive antennas are a very effective means to transfer

power, and highly directive antennas can be realized in relatively small

size - such as on a mobile communication device.
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2.3.2 Reflection

When an electromagnetic wave is incident on a flat surface of different

material, a part of the power is reflected and a part is transmitted into

the material. The angle of incidence, the relative complex permittivity of

both materials, and the polarization of the incident wave with respect to

the surface determine the coefficient of the reflected and transmitted wave.

If the wave is coming from air to an interface of dielectric material, the

reflection coefficients for the parallel and perpendicular polarizations are

R|| =

∣∣∣∣∣−ε′r cos θi +
√
ε′r − sin2 θi

ε′r cos θi +
√
ε′r − sin2 θi

∣∣∣∣∣ (2.9)

R⊥ =

∣∣∣∣∣cos θi +
√

ε′r − sin2 θi

cos θi +
√

ε′r − sin2 θi

∣∣∣∣∣ , (2.10)

where ε′r is the complex relative permittivity of the dielectric material and

θi the incident angle with respect to the surface normal [14].

2.3.3 Diffraction

When electromagnetic waves are incident on finite-sized objects, sharp

shadows are not created due to the wave nature of electromagnetic waves.

Diffraction can be understood from Huygen’s principle that each point of a

wavefront can be considered the source of a spherical wave. If a certain

portion of the wavefront is blocked, some of the spherical wave sources still

make the wave propagate behind the object. Diffraction can occur when an

incident wave encounters sharp edges like corners and roofs of buildings.

The extent of diffraction depends on the electrical size of the obstructing

object. Thus, at mm-waves less power is diffracted compared to lower

frequencies due to conventional objects like humans becoming electrically

very large and thus causing minimal diffraction. When the wavelength

becomes even smaller, diffraction approaches the estimation of geometrical

optics. [15]

2.3.4 Scattering

If the plane wave is incident on a surface that is rough, part of the power is

scattered uniformly to all directions if the surface is assumed to be random.

The amount of scattering depends on the standard deviation of the height

of the surface with respect to the wavelength. As the roughness increases
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with respect to the wavelength, less power is reflected to the direction

of the specular reflection and more power is scattered. The scattering

depends also on the angle of incidence. Scattering also occurs when the

size of the obstacle is comparable to that of the wavelength of the incident

wave. [15]

At mm-waves, the roughness of typical surfaces is large with respect to

the wavelength. Thus, scattering effect of rough surfaces is significant in

mm-wave radio channels [16].

2.4 The mobile network

The mobile networks currently deployed are based on a cellular structure.

In a cellular network, the users in an area, called a cell, are served by one

fixed-location transceiver. The fixed transceiver is called a base station,

whereas the mobile users can move between different cells. The base

station is then connected through a backhaul link to the network which

performs the signaling and traffic management. When the cells are joined

together, radio coverage is provided over a wide geographic area.

The cellular network allows the re-use of frequencies in multiple cells,

which has the benefit that limited spectrum available can be shared with

multiple users and mobile devices need to use smaller transmit power as

the nearest base station is usually fairly close.

For example, the technologies GSM, UMTS, CDMA2000, LTE and the

upcoming 5G NR (New Radio) utilize such cell structure. For sub-6 GHz

mobile networks, the user device antenna is usually omnidirectional and

the base station antenna moderately directive. However, for the above 20

GHz mobile networks both the base station antenna array and the mobile

phone antenna array will be directive with beamsteering capabilities [17].

For mm-wave cellular networks, the cell size is smaller than in legacy

networks, e.g. the cells can be urban micro cells which comprise street

canyons and open squares with cell radii less than 100 m, as well as

indoor hotspots comprising indoor offices and cubicles, or indoor shopping

malls [4].
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3. Antenna Decoupling for In-band
Full-duplex Communication

Current 4G and 5G wireless systems operate in full-duplex mode using ei-

ther frequency-division duplexing (FDD) or time-division duplexing (TDD).

FDD means that the transceiver uses different frequency band for simulta-

neous reception and transmission, i.e., for downlink and uplink. TDD on

the other hand operates by using the same frequency resource for downlink

and uplink but the time slots are allocated dynamically either for trans-

mission or reception. For example, 5G New Radio deployed in 5G networks

and LTE in 4G cellular mobile networks utilize both FDD and TDD.

In-band full-duplex communication means that the transmission and

reception utilize the same frequency band for simultaneous reception and

transmission, i.e. the same frequency and time resource. Theoretically,

this doubles the spectral efficiency of the system and thus in the best case

doubles the capacity obtainable from the bidirectional radio link. Also,

in-band full-duplex communication can reduce the latency due to low level

of signaling possible with appropriate medium access control design [18].

However, the key technical challenge for in-band full-duplex transceivers

is the self-interference (SI) caused by the transceiver’s own transmitted

signal which can saturate the analog-to-digital converter at the receiver or

significantly decrease the signal-to-noise ratio at the receiver. For example,

in a femto cell base station with 21 dBm transmit power and receiver

noise floor of −100 dBm, the transmitted power is 121 dB higher than the

noise floor of the receiver. Considering typical receiving and transmitting

antenna isolation levels of 20 to 40 dB, this still leaves the received inter-

ference power 80 to 100 dB higher than the noise floor. Considering the

significantly weak power levels of received signals, the self-interference

totally covers up the actual, intended received signals. Cancelling this

amount of self-interference is a very difficult technical problem and is the

reason why in-band full-duplex transceivers have not been so far imple-
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mented in commercial systems.

Since 2008, in-band full-duplex transceivers have been a popular re-

search topic to increase the spectral efficiency. To realize self-interference

cancellation of up to 100 dB requires self-interference cancellation at sev-

eral stages in the transceiver. The following methods have been used to

increase the self-interference cancellation in the transceiver:

1. Increasing the electromagnetic isolation between the transmitting

and receiving antenna [19–28]

2. Adding cancellation circuits to cancel the self-interference in the

analog stages of the transmitter and the receiver [23,29–32]

3. Using digital cancellation algorithms in the digital baseband of the

receiver [18,31,33]

The research in this dissertation concentrates on decreasing the self-

interference in the antenna domain, i.e., increasing the electromagnetic

isolation between the receiving and transmitting antennas.

3.1 In-band full-duplex relays

Relays are devices used to reinforce link quality by receiving a signal

and retransmitting it with higher power, optionally after decoding and

encoding it again. Relays can be used to increase capacity and coverage of

conventional mobile one-hop cells as networks suffer from reduced data

rates at cell edges due to lower transmit signal levels and hence higher

interference levels at the larger distance from the base station. Relays can

be low-cost, they transmit at a low power level, and they are easy to deploy

as they do not require changes to the network architecture, in contrast to

adding classical base stations as another way to increase coverage.

Mobile communication standards such as WiMAX (Worldwide Inter-

operability for Microwave Access) [34] and LTE-Advanced (Long Term

Evolution) [35] include the use of relays to increase coverage and capacity

at cell edges. Specifically in-band full-duplex relays have been considered

for the evolution of LTE-Advanced [36]. Thus, it can be expected that relays

are the first network elements where in-band full-duplex transmission is

implemented in cellular systems. Fig. 3.1 illustrates the concept of in-band

full-duplex relays. Link quality is reinforced by the spectrally efficient in-

band full-duplex relay which receives and transmits at the same time-slot
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and on the same frequency. Base stations could also utilize full-duplex

communications by transmitting and receiving from different mobile users

at the same time, while the mobile client still remains half-duplex [37]. In

the future, also the most challenging case, the size-limited client devices

like mobile phones, could also have in-band full-duplex transceivers [38].

Source Destination

Relay

f1,t1

weak link

f1,t1
SI

Figure 3.1. In-band full-duplex relay. SI denotes the self-interference from the transmitter
of the relay to the receiver.

This thesis specifically considers the self-interference mitigation for in-

band full-duplex relays which have several antenna ports for the receiver

and transmitter. Especially in case of MIMO systems, achieving sufficient

isolation in the antenna domain is challenging because the isolation has

to be improved simultaneously between all receiving and transmitting

antenna pairs.

3.2 Antenna decoupling methods

Several methods have been used to increase the isolation between antennas.

The easiest method is to increase the distance between the transmitter

(TX) and receiver (RX) antennas, however this is not usually feasible due to

the limited size of integrated devices. The use of polarization diversity is an

another method to increase the isolation. However, this would prevent the

use of both polarizations in the MIMO communication to obtain diversity

gain or to use spatial multiplexing [39].

For electrically small antennas, the characteristic mode analysis has

been used especially in MIMO mobile antennas to choose optimal antenna

positions such that mutual coupling is minimized [26–28].

Passive decoupling networks that cancel the electromagnetic admittance

between the antenna ports [23, 29, 32] and passive neutralization lines

between antennas that create a cancelling signal path [22] have been

used for isolation improvement between two antennas. However, their

implementation complexity becomes increasingly prohibitive when more
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transmit and receive antennas are required.

Different parasitic resonator structures have been used to increase the

isolation between antennas. The parasitic resonators operate by introduc-

ing an additional coupling path between the TX and RX antenna which

cancels the original coupling between the antennas. Resonating structures

like slots on a ground plane have been previously used to increase the

isolation between two antennas, e.g., in [19,24]. It has been shown that by

proper tuning of the parasitic antenna element, adding a purely reactive

load to the parasitic element results in perfect decoupling [25].

The negative side to parasitic resonator structures is that, as any res-

onator, they have usually a quite limited bandwidth. However, in this

thesis, it is demonstrated that parasitic resonators can also have a wide

relative bandwidth by utilizing a double resonance.

3.3 Design of wavetraps

Publication I introduces the design of parasitic resonators called planar

wavetraps which can be used to decouple planar antennas.

Wavetraps are resonant structures that have been used to control surface

currents on mobile phone ground planes [40]. In the planar case, the

wavetraps can be also described as parasitic scattering structures which

radiate with an opposite phase compared to the incident field. This out-

of-phase radiation cancels the original, transmitted electromagnetic field

behind the wavetrap, where the receiving antenna is located, and thus

increases the antenna isolation between the TX and RX antennas.

As a wavetrap, planar quarter-wavelength patches can be used that are

short-circuited at one end as illustrated in Fig. 3.2. A single wavetrap is

defined by its length l, height h and width w, and the structure is similar

to a short-circuited patch antenna without a feeding pin.

l w

h

E

Figure 3.2. A single quarter-wave wavetrap on a ground plane and the electric field
amplitude of its TMz

00 mode.

The wavetrap structure can be analysed analytically by using the cavity
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model. Conducting walls of the wavetrap are treated as perfect electric con-

ductor (PEC) boundaries and open side walls as perfect magnetic conductor

(PMC) boundaries. From the Helmholtz equation using these boundary

conditions, the cut-off frequencies for the resonance modes of the wavetrap

structure can be solved as

fc =
c0
2

√(
m+1/2

l

)2

+

(
n

w

)2

, (3.1)

where m and n are mode indices and c0 is the speed of light in free space.

From these modes, the m = n = 0 mode is used shown in Fig. 3.2.

The isolating frequency of the wavetrap is mainly tuned by changing the

length and height of the wavetrap. Fig. 3.3 shows two patch antennas

on an infinite ground plane separated by an array of five wavetraps. The

isolation in this case is shown in Figs. 3.4 and 3.5 when changing the

length and height of the wavetraps.

The presence of wavetraps has only a marginal effect on the reflection

coefficients of the patch antennas with a maximum change of 0.2% in

resonance frequency. As the wavetraps are resonant structures which

radiate, they also slightly alter the radiation pattern as seen in Fig. 3.6

with changes mainly towards the sides of the main lobe of the patches.

In Publication I, the following guidelines are given for the design of

planar wavetraps for isolation improvement:

• The length l and height h of the wavetrap have a strong influence on

the frequency band where the improved isolation is obtained.

• The total width W of the wavetrap array has a large effect on the

isolation level with higher isolation obtained with wider wavetrap

arrays.

l

wh
g

W

62.5 mm

100 mm

1

2

x y

z

Figure 3.3. An infinite ground plane with two patch antennas and an array of five wave-
traps.
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Figure 3.4. Coupling between the patch antennas of Fig. 3.3 when varying wavetrap
length l. (h = 5 mm, w = 35.6 mm, W = 180 mm, g = 0.5 mm, N = 5)
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Figure 3.5. Coupling between the patch antennas of Fig. 3.3 when varying wavetrap
height h. (l = 24.6 mm, w = 35.6 mm, W = 180 mm, g = 0.5 mm, N = 5)

• In single wide wavetraps, e.g. with a width of more than 1.5λ, higher

order resonance modes will be excited which can degrade the isolation

performance.

• Gaps in the wavetrap array prevent higher order modes and the gap

width g has only a minor effect on the obtainable isolation level.

3.4 Full-duplex relay antenna with wavetraps

In Publication I, a novel in-band full-duplex relay with wavetraps imple-

mented on the chassis was presented. The design was demonstrated to

achieve equivalent or higher antenna cancellation levels compared to the

published MIMO full-duplex antenna designs, without the need for addi-

tional active antennas. The presented relay is a proof-of-concept operating

around the center frequency of 2.6 GHz, but with the introduced underly-
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Figure 3.6. Simulated zy-plane (φ = 90◦) radiation patterns of the patches in Fig. 3.3.
(h = 5 mm, w = 35.6 mm, W = 180 mm, g = 0.5 mm, N = 5, l = 24.6 mm)

ing design principles, the relay could be designed to operate also at other

bands used by LTE or 5G New Radio.

3.4.1 Design of wavetraps for the relay antenna

The design approach for isolation improvement in the relay structure was

to first use the derived guidelines in Section 3.3 to implement wavetraps

on the edges of the ground planes on both sides of the reference relay

shown in Fig. 3.7. This was intended to suppress currents and waves on

both sides before they would diffract around the edges of the relay. After

implementation of the wavetraps on both sides, the structure was tuned as

a whole to realize the highest minimum isolation Imin among all antenna

pairs on opposite sides of the relay.

150 mm

25 mm

180 mm

49.75 mm

49.75 mm

5 mm

12 mm

2
1

3
4

Figure 3.7. Reference back-to-back relay antenna. [I] © 2016 IEEE

First, wavetraps were added on the longer edges of the relay enclosure.
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Figure 3.8. The prototype back-to-back relay antenna with wavetraps. [I] © 2016 IEEE

Current suppression in that direction was more important as it was the

shortest coupling path between the transmitting and receiving antennas.

The width of the wavetrap array was equal to the length of the longer edge

of the relay as maximizing the array width was noted to be beneficial in

the guidelines obtained from the parametric sweeps in Section 3.3. The

array was initially divided to three wavetraps seen in Fig. 3.8 as higher

order resonance modes could be excited in a single wide wavetrap.

Next, additional wavetraps were implemented on the remaining space

along the shorter edges of the relay to suppress also the surface currents

for the longer coupling path around the relay. The wavetrap array width

was also maximized in this direction leaving no gap to the first array as

seen in Fig. 3.8.

After the initial design of the wavetrap arrays on both edges on both sides

of the relay, the orientation, length l, number N and the gaps g between the

wavetraps were tuned by the optimizer of the simulation tool to find the

best minimum isolation Imin at the patch resonance frequency of 2.61 GHz

as the isolation between many ports simultaneously becomes impossible

to tune manually by trial and error. The best minimum isolation Imin

was obtained for the case where the wavetraps were oriented to different

directions on the opposite sides of the relay box. Except for the orientation,

the dimensions and locations of the wavetraps in the final design are

identical on both sides.
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Figure 3.9. Simulated S-parameters of the reference relay and the prototype. [I] © 2016
IEEE
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Figure 3.10. Measured S-parameters of the reference relay and the prototype. [I] © 2016
IEEE

3.4.2 Simulation and measurement results

The final simulation results where the best minimum isolation Imin was

obtained are presented in Fig. 3.9. The minimum isolation at the resonance

frequency of the patch is improved by 27.7 dB, from 56.3 dB to 84 dB. Also,

substantial isolation bandwidth is achieved with the wavetraps with the

minimum isolation greater than 70 dB across 156 MHz around the center

frequency of 2.61 GHz.

The designed prototype was manufactured to validate the simulation

results. A special setup was used in measuring the isolation of the proto-

type, since coupling levels of −60 to −80 dB were to be measured, and any

reflection from the environment or supporting structures for the antenna

could have some adverse effect on the measured antenna isolation. Thus,

the measurements were performed by hanging the prototype with thin

threads at the center of the anechoic chamber. Measurement cables were

covered with ferrite beads to minimize the induced currents that could

radiate and affect the coupling.

The measurement results for the prototype relay with wavetraps are

presented in Fig. 3.10. The final manufactured prototype and the measure-
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Figure 3.11. The manufactured relay antenna prototype with wavetraps. [I] © 2016 IEEE

Figure 3.12. Prototype relay antenna suspended in the anechoic chamber.

ment setup are shown in Figs. 3.11 and 3.12. When wavetraps are added,

the minimum isolation level between the antenna ports on the opposite

sides of the relay improved by 21 dB compared to the measured refer-

ence relay in Fig. 3.10. 71 dB of minimum isolation was measured at the

measured resonance frequency 2.56 GHz of the patch antenna elements.

Next, the obtainable bandwidth for each isolation level was studied. 70

dB minimum isolation level Imin was obtained across 18 MHz bandwidth,

resulting in 20 dB improvement over the reference case. With minimum

isolation levels of 65 dB and 60 dB, the corresponding bandwidths were

167 MHz and 222 MHz, respectively. These levels correspond to isolation

improvements of 15 dB and 10 dB compared to the reference case.
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(a) (b)

(c)

Figure 3.13. The measurement setup (a) outdoors, (b) indoors I, and (c) indoors II.

3.4.3 Field measurement of antenna isolation

In Publication II, comprehensive self-interference channel measurements

were performed in real multipath environments to validate the antenna

design in real use scenarios. Especially, if there are reflecting surfaces near

the antenna, the reflections from the environment can in general decrease

the overall isolation [21, 41]. A special goal was to measure the ratio of

directly coupled SI power and the reflected SI power. As with an antenna

with a very high inherent TX-RX isolation, only the direct SI coupling is

attenuated.

The coupling for co-polarized TX-RX port pair 2-4 of the relay antenna,

measured in the different environments shown in Fig. 3.13, is presented

in Fig. 3.14. It can be clearly observed that the multipath propagation de-

creases the attainable isolation, while causing ripples in the S-parameters

due to destructive and constructive interference of the different multipath
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Figure 3.14. The S-parameters of the antenna in the different environments.

Table 3.1. The mean antenna isolation from 2.55 to 2.65 GHz, together with the ratio of
direct (≤ 7.5 ns) and multipath (> 7.5 ns) SI

Environment Mean isolation PSI(delay ≤ 7.5 ns)

PSI(delay > 7.5 ns)

Chamber, no wavetraps 49.9 dB 12.7 dB

Chamber 67.2 dB 5.7 dB

Outdoors 68.1 dB 8.1 dB

Indoors I 62.8 dB −0.3 dB

Indoors II 60.1 dB −2.5 dB

components. Table 3.1 shows the mean isolation ( 1
N

∑fmax

f=fmin
|S42|2)−1 for

the frequencies between 2.55–2.65 GHz in each environment and for the

reference case without the wavetraps. From there, it can be seen that the

measured isolation in the anechoic chamber and outdoors stays roughly

the same for the prototype relay. Thereby, in the outdoors case, the en-

vironment does not affect the obtained isolation much due to the lack

of scatterers around the antenna. However, in the first indoor case, the

mean isolation over a 100 MHz bandwidth is degraded by 4.4 dB when

compared to the anechoic chamber. In the second indoor case, the isolation

degradation is 7.1 dB. This degradation can be explained by the increase

in the multipath SI power in the more reverberant environments.
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Figure 3.15. SI channel impulse responses in the different environments. [II] © 2017
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3.4.4 The ratio of direct coupling and reflected self-interference

Figure 3.15 shows the impulse responses calculated with non-windowed

inverse fast Fourier transform (IFFT) from the S-parameters for the fre-

quency range of 2.5–2.7 GHz with delay resolution of 5 ns. The increase in

the power of late reflections in the more reverberant indoor environments

is evident. Moreover, since the reflecting surfaces are closer to the antenna

in the second indoor environment, the early reflected SI power is higher

than in the first indoor case. The direct coupling in the antenna structure

remains roughly the same in each case.

From Fig. 3.15, the power differences between the direct coupling and

late reflections can be calculated for each environment. Table 3.1 compares

the power associated with the first two delay taps (0–7.5 ns), containing the

direct coupling and the short delay by the cables in Fig. 3.11, to the power

received after 7.5 ns. In the outdoor and chamber results, it can be seen

that the received direct SI dominates. However, in the indoor environments,

the power received from the multipath reflections is actually higher than

the direct coupling. This indicates that, in closed environments, the ability

of the antenna to reduce the SI is limited. In other words, this means that

increasing the antenna isolation further would have not helped to reduce

the overall SI.

3.4.5 Digital self-interference cancellation

As the reflected SI was noted to dominate in the measured indoor environ-

ments, the passive MIMO relay design with wavetraps was combined with
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active digital self-interference cancellation in the digital baseband domain

in Publication II. The total cancellation with the digital canceller was

evaluated in both the anechoic chamber and the first indoor environment.

The goal in in-band full-duplex systems is to reduce the self-interference

down to receiver noise floor, which can be in the range of −100 dBm. To

suppress the residual SI to the level of the receiver noise floor, further

cancellation in the digital domain is typically required [42, 43]. Digital

cancellation can be performed using the original transmit data as the

reference signal, which is then properly filtered with an estimate of the

overall SI channel. In this case, the overall SI channel includes the effects

of the transmitter, the wireless channel, the RF canceller, and the receiver.

The digital canceller is particularly effective against the reflected SI due

to possibility to include multiple delay taps in the model corresponding to

different multipath components in the SI channel.

Another issue in digital SI cancellation is the nonlinear nature of the

transmitter power amplifier (PA) [31, 42]. In Publication II, a nonlinear

digital canceller combined with a least mean square (LMS) based param-

eter learning was used together with the relay antenna. The nonlinear

canceller used a parallel Hammerstein model to model the residual non-

linear SI from the transmitter power amplifier [44]. In Publication II, more

details of the digital canceller are presented.

3.4.6 Total cancellation measurements

In the total cancellation measurements, a National Instruments PXIe-

5645R vector signal transceiver (VST) was used both as the transmitter

and the receiver. The transmit signal was an LTE waveform of a specified

bandwidth and an output power of −5 dBm, centred at 2.56 GHz. The VST

output signal was then further amplified by an external PA with a gain

of 36 dB. Accounting for all the losses in the transmission path, the final

transmit power is in the order of 29 dBm for all the considered bandwidths.

The received signal from the relay antenna is fed to the VST-receiver, which

records the in-phase and quadrature samples for digital post processing.

The digital cancellation procedure is then performed in the host processor

using the recorded samples.

First, the total system cancellation is measured in the anechoic chamber.

The signal spectrum from the measurement of the TX-RX coupling of the

relay antenna is shown in Fig. 3.16 for bandwidth of 80 MHz. The isolation

provided by the relay antenna with wavetraps can be seen as the difference
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Figure 3.16. The signal spectra after the different cancellation stages when measured in
an anechoic chamber using 80 MHz LTE waveform. [II] © 2017 IEEE

between the curves "Transmit signal" and "Received signal". The isolation

is in the order of 70 dB, even after taking into account the losses in the

measurement cables. This result is in line with Fig. 3.14. Without the

wavetraps in the relay antenna, the isolation would have been in the order

of 50 dB in the anechoic chamber as seen in Table 3.1.

In the chamber measurement, an RF cancellation circuit was tested in

addition to the antenna which increased the isolation further by 7 dB.

The details of the RF canceller are presented in Publication II. The final

cancellation stage is the digital canceller, which is able to attenuate the

residual SI by additional 24.6 dB, reaching nearly the noise floor of the

receiver. After accounting for all the losses in the transmitter and receiver,

the overall amount of SI cancellation is in the order of roughly 100 dB for

the 80 MHz bandwidth in the chamber environment.

The overall indoor performance of the full-duplex relay is evaluated in

the first indoor environment in Fig. 3.13(b). The signal spectrum after

the different cancellation stages for 80 MHz transmission bandwidth is

shown in Fig. 3.17. It can be observed that, in this realistic deployment

scenario, the antenna provides an isolation in the order of 65 dB seen

as the difference of curves "Transmit signal" and "Received signal". The

non-linear digital canceller can then attenuate the SI further by around

40 dB, reducing the SI near to the noise floor. Taking into account the

overall receiver loss of 4 dB, the total amount of cancellation is thereby

100 dB for bandwidth of 80 MHz.
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Figure 3.17. The signal spectra after the different cancellation stages when measured
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When comparing the measurement results from the chamber and from

indoors, it can be seen that the overall cancellation performance is largely

similar. This is true despite that the effective coupling channel is highly

frequency selective in the indoor measurements, as can be observed in

Fig. 3.17. Thus, it is shown that by utilizing the relay with wavetraps, the

self-interference due to direct coupling can be brought down to a level below

the reflected multipath self-interference. Then, the remaining multipath

self-interference can be very effectively cancelled with the digital canceller

down to the noise floor proving that the antenna relay design was already

good enough for such environments.

These integrated measurement results show that, in terms of SI can-

cellation performance, the implemented relay architecture is capable of

achieving self-interference cancellation of over 100 dB to enable true full-

duplex operation even for very wideband systems in challenging true

environments. This means that the self-interference is cancelled to the

receiver noise floor even with transmit powers in the order of 30 dBm,

despite a heavily nonlinear transmitter power amplifier. This result is

one of the highest reported SI cancellation performances for such wide

bandwidths [31,43].
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3.5 Characteristic mode theory of wavetraps

In Publication IV, a general theory based on the theory of characteristic

modes is presented to explain the operation of wavetraps. Theory of

characteristic modes was first introduced by Garbacz and Turpin [45] and

refined by Harrington and Mautz [46].

Characteristic modes are eigencurrents obtained by solving a weighted

eigenvalue equation based on an integral equation formulation of a con-

ducting structure [46]. These modes can be used to expand the induced

surface current due to any excitation or incident field. Characteristic

modes only depend on the shape and size of the conducting object which

enables antenna design in a physically intuitive and controlled way.

In Publication I, wavetraps were studied using parametric sweeps. So

far there does not exist a general theory on how to predict the isolation

performance of wavetraps or other decoupling elements. Characteristic

modes have been used to design MIMO antennas with isolated modes for

user devices with a small ground plane [27, 28, 47, 48]. Antenna decou-

pling has been studied with characteristic modes by calculating the modal

admittance between modes and using reactive loading to suppress the

unwanted modes [49,50]. However, these methods rely on calculating the

modal admittance and selecting suitable loads for the arbitrarily placed

parasitic elements. Hence, they are not easily applied when designing

the shape of passive structures for increasing antenna isolation without

lumped elements.

3.5.1 Characteristic mode theory

Characteristic mode theory utilizes the modal decomposition of the impedance

matrix obtained with method of moments solution for the electromagnetic

problem. The eigenvalue decomposition for an arbitrary-shaped perfect

electric conductor (PEC) object in the theory of characteristic modes is

formulated as

XJn = λnRJn, (3.2)

in which Z = R+ jX is the impedance matrix, and Jn the eigenvector or

the characteristic mode current, and λn the corresponding eigenvalue [46].

The total current induced on a conducting body can be expressed with the

formula
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Figure 3.18. Surface current J1[A/m2].

J =
∑
n

αnJn, αn =
Vn

1 + jλn
, Vn =

S

Jn ·Einc dS, (3.3)

where αn is the modal weighting coefficient, Einc the incident field on the

structure, S the surface of the PEC body and Vn is the modal excitation

coefficient which describes how well the incident field excites each mode.

The eigenvalue describes the ratio of the reactive power and radiated

power of the mode. The eigenvalue can be expressed also as the quantity

characteristic angle an = 180◦ − tan−1 λn. If the mode is at resonance, the

characteristic angle an = 180◦. If the characteristic angle is over 180◦, the

mode is storing net electric (capacitive) energy and if it is below 180◦, the

mode is storing magnetic (inductive) energy in the reactive near-field.

3.5.2 Characteristic modes and scattered fields of a wavetrap

By utilizing the characteristic mode theory, the fundamental mode of the

planar wavetrap is calculated as J1 in Fig. 3.18. The eigenvalue and thus

the resonance frequency of this mode depend on the height of short-circuit

h and the length of the wavetrap l as noted in Section 3.3. In Fig. 3.19, the

length of the wavetrap is swept from 23 mm to 25 mm, and thus it is seen

that the resonant frequency of the mode changes from 2.6 GHz to 2.4 GHz,

i.e, the frequency where a1 = 180◦.
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Figure 3.19. Characteristic angle a1 of the fundamental mode (mode 1) of a wavetrap with
the width of 40 mm.
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The electric field of a current distribution on an arbitrary location can be

calculated with the equation

Es = −jωμ

∫
S

G(r, r′)J(r′) dS′

− j

εω
∇

∫
S

G(r, r′)∇′
sJ(r

′) dS′.
(3.4)

which can be expressed with characteristic modes as

Es =
∑
n

√
1

1 + tan2 an
ej(an−180◦)VnEn. (3.5)

where
En = −jωμ

∫
S

G(r, r′)Jn(r
′) dS′

− j

εω
∇

∫
S

G(r, r′)∇′
sJn(r

′) dS′,
(3.6)

is the modal electric field.

The term
√

1
1+tan2 an

in Eq. 3.5 defines the amplitude of the scattered field

in terms of the characteristic angle an. When the mode is at resonance, the

eigenvalue λn = 0 and an = 180◦, and the amplitude of scattering reaches

its maximum value. When the mode is either inductive or capacitive, i.e.,

a1 < 180◦ or a1 > 180◦ respectively, the amplitude decreases.

The term ej(an−180◦) in Eq. 3.5 defines the phase of scattered field as a

function of the characteristic angle. When the mode is at resonance, i.e.

an = 180◦, the phase shift due to the characteristic angle is 0◦. When the

mode is capacitive, an > 180◦, the phase shift is ∠ej(an−180◦) > 0◦, and

when the mode is inductive, an < 180◦ and ∠ej(an−180◦) < 0◦. Other terms

affecting the phase of scattered field are the phase of the modal excitation

coefficient Vn and the phase of the modal near-field En.

3.5.3 Single point field cancellation

The relation of the scattered field strength and phase with an indicates that

there exists an optimal value for an for which the scattered field cancels

the original field most efficiently, i.e, the phase difference of Es and Einc is

close to 180◦, and that magnitude |Es| is close to |Einc|. In Publication IV,

it was shown that for the planar wavetrap mode 1, it was beneficial to tune

the wavetrap to be inductive at the design frequency in typical application

cases, i.e a1 < 180◦, so that the scattered field cancels the incident field

behind the wavetrap most effectively. The characteric angle a1 can be
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Figure 3.20. An infinite ground plane with two patch antennas and a wide wavetrap.

tuned by changing the length of the wavetrap l, as was shown in Fig. 3.19.

By calculating the ratio of total field and incident field, the single point

field cancellation at certain location r is then expressed as

Ks =
|Etot(r)|
|Einc(r)| =

|Es(r) +Einc(r)|
|Einc(r)|

=
1

|Einc(r)|

∣∣∣∣∣Einc(r) +
∑
n

√
1

1 + tan2 an
ei(an−180◦)VnEn(r)

∣∣∣∣∣ .
(3.7)

The best cancellation is obtained when the numerator Es(r) + Einc(r) in

Eq. 3.7 is minimized. The cancellation is expressed as a ratio to normalize

the obtained cancellation with respect to the original incident field Einc(r).

3.5.4 Multipoint field cancellation

For practical antennas, it is not usually enough to cancel the fields at only

one point. The fields that couple from the transmitting to the receiving

antenna need to be cancelled across a larger area around the receiving

antenna, i.e. considering the actual current distribution of that antenna.

Therefore, the method is extended to optimize the cancellation according

to the current distribution on the receiving antenna. As an example of this

case, the coupling of two patch antennas on a ground plane is studied. A

wavetrap is placed between the patch antennas to increase the isolation.

The case is illustrated in Fig. 3.20.

To decouple the patch antennas effectively, the electric fields need to be

cancelled according to the currents that are excited on a patch antenna

when it is fed from its input port. Thus, the inner product of this current

distribution and the exciting total field is calculated as:

〈Jp,Etot〉 =
�

S

Jp ·Etot dS, (3.8)

where Jp is the current distribution on the patch antenna when excited
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from the feed pin.

Then the ratio of the inner product in Eq. 3.8 and the inner product with

the original incident field is calculated to obtain the multipoint cancellation

coefficient

Km =
〈Jp,Etot〉
〈Jp,Einc〉 =

�

S

Jp · (Einc +Es) dS

�

S

Jp ·Einc dS
= 1 +

�

S

Jp ·Es dS

�

S

Jp ·Einc dS

= 1 +
∑
n

√
1

1 + tan2 an
ej(an−180◦)Vn

�

S

Jp ·En dS

�

S

Jp ·Einc dS
.

(3.9)

The optimal width of the wavetrap is mainly determined by how well

the modal near-field matches the original incident field, i.e., the ratio
�

S

Jp · En dS/
�

S

Jp · Einc dS. The modal excitation coefficient Vn and the

characteristic angle an have also an effect.

The value min |Km(a1)| is plotted in Fig. 3.21 for the wavetrap, i.e, the

best possible cancellation with any value of a1 for each wavetrap width w.

It is seen there is a minimum at two values of w for best possible obtainable

isolation. Out of these minima, the first one at w = 120 mm is chosen.
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Figure 3.21. Best obtainable multipoint cancellation coefficient min |Km(a1)| with any
value of a1 when varying wavetrap width w.

The optimal a1 for cancellation is then found by plotting Eq. 3.9 in Fig.

3.22. It is seen that the coupling is well cancelled when a1 = 145.5◦. This

corresponds to l = 25.03 mm for the wavetrap.

3.5.5 Cancellation result of two patches

Simulated S-parameters from the full-wave simulation of the two patch

antennas with wavetrap l = 25.03 mm are seen in Fig. 3.23. It is seen that

the isolation is improved 33 dB at the design frequency of 2.6 GHz, and 12

dB in the 142 MHz −10 dB bandwidth of the patch antennas.
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Figure 3.23. Simulated S-parameters of two patch antennas with and without a wavetrap,
and an absorber in the place of the wavetrap.

As a comparison case, a block of absorber is simulated in place of the

wavetrap. The used absorber was ECCOSORB LS22 (εr = 2.2, tan δ =

1.09) [51]. With the same dimensions as the wavetrap, only minimal

isolation improvement was obtained. Thus, the height of the absorber was

increased 5 times and the width 2 times to that of the wavetrap resulting

in dimensions of (120×50×25) mm3. However, this resulted to only 6 dB of

isolation improvement compared to 33 dB improvement with the wavetrap.

This proves that the proposed method still gives better isolation even

though the absorber occupies 10 times the volume of the wavetrap.

3.6 Design of a parasitic resonator for decoupling collinear dipoles

The wavetraps used on Publication I and Publication II were especially

useful for decoupling antennas on a ground plane. In Publication III,

a parasitic resonator suitable for decoupling two omnidirectional dipole
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antennas was designed. The collinear dipoles could for example enable

full-duplex communication on a laptop. The novel decoupling element

increases the isolation level to a level suitable for in-band full-duplex

operation. The decoupling structure consists of orthogonally polarized

full-wavelength elements that re-radiate fields from the TX antenna such

that it produces counter-phase fields to the original ones around the RX

antenna. A decoupling element with so high interference cancellation

level has not been published before for collinear dipoles which is the main

novelty of the publication.

~~
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Elements B (x-direction)

Element A
(z-direction)

Element A (z-direction)

(a) Model 1

(b) Model 2

(c) Model 3
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Figure 3.24. Three models for the antenna and decoupling structures. [III] © 2018 IEEE

Figure 3.24 shows the in-band full-duplex collinear dipole array. The

antennas are located in the null direction of each other’s patterns, leading

to inherently high isolation. However, this natural isolation is still not

enough, requiring further isolation improvement for full-duplex operation.

It has been noted that antenna isolation greater than 50 dB in indoor

environments with omnidirectional antennas leads to dominance of the SI

due to reflections and scattering from the environment [31]. Therefore, 50

dB of antenna isolation at the 2.4 GHz ISM band was set as the goal of

this work for an in-band full-duplex system with omnidirectional antennas.

The novel antenna system increases the isolation of a collinear dipole array

through a parasitic coplanar decoupling structure illustrated in model 3 of

Fig. 3.24.
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3.6.1 Working principle

The three variants of the array in Fig. 3.24, referred to as models 1,

2 and 3, are studied to explain the working principle of the proposed

electromagnetic decoupling structure. Figure 3.25 shows the simulated

mutual coupling, i.e., |S21|, of the three models. The figure shows that the

isolation of model 2 at 2.45 GHz degrades approximately by 3 dB due to

the single line element (element A), compared to model 1. However, the

isolation of model 3 improves 38 dB at 2.45 GHz, and over 5 dB for the

whole 100 MHz bandwidth between 2.4 and 2.5 GHz.
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Figure 3.25. Mutual coupling between two collinear dipole antennas and the reflection
coefficients for the three models in Fig. 3.24. [III] © 2018 IEEE

The decoupling structure is excited with the fields from the TX antenna

such that it produces a field near the RX antenna with an opposite phase

to the original field. Fig. 3.26 shows the instantaneous y-oriented magnetic

field �(Hy), the real part of Hy, for the three cases, when the TX antenna is

excited with a zero phase voltage signal. Only y-component of the magnetic

field is shown as it is the dominant component of the magnetic field on the

xz-plane. The current directions are illustrated by arrows.

In Fig. 3.26(a), there is no decoupling structure between the antennas.

It is seen that even though antenna 2 is located in the null of antenna

1, some near-fields couple to antenna 2. In Fig. 3.26(b), an element A (in

the z-direction) is added between the dipoles. It is seen that a current is

induced on the z-directed element A which radiates a field that further

intensifies the magnetic field near the RX antenna. Thus, the coupling

between the two antennas is increased as can be seen in Fig. 3.25.

In Fig. 3.26(c), it is seen that the fields from the TX antenna induce
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Figure 3.26. Instantaneous magnetic field strength [A/m] of the three models; (a): model
1, (b): model 2, (c): model 3. [III] © 2018 IEEE

a current to the left x-directed element B of the decoupling structure.

However, the coupled current on the structure excites the right x-directed

element B so that the radiated field from the right element B has an

opposite phase compared to the original field in Fig. 3.26(a). This leads

to low total field near the RX antenna leading to the high isolation for

model 3 as shown in Fig. 3.25.

To further illustrate the operation of the decoupling structure leading to

the isolation improvement in model 3, the induced field of the decoupling

structure is isolated and analyzed in a similar way as when studying a

scattering problem in the far-field. In the presence of the parasitic element,

the total field is expressed as

Htot = Hinc +Hds, (3.10)

where Hinc is the incident field caused by the TX antenna which excites

the decoupling structure and the RX antenna and Hds is the produced field

of the decoupling structure. Hinc also includes the fields induced by the

current in the RX antenna due to the inherent coupling between the TX
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Figure 3.27. Simulated magnetic field strength [dB(A/m)] of; (a): The original magnetic
field of model 1, (b): The induced magnetic field of the z-directed strip of
model 2, (c): The induced magnetic field of the decoupling structure in
model 3. [III] © 2018 IEEE

and RX antennas. The produced field of the decoupling structure can be

extracted by Hds = Htot −Hinc.

Figure 3.27 shows |Hinc,y| for model 1 and |Hds,y| for models 2 and 3;

∠Hinc,y and ∠Hds,y of the same are presented in Fig. 3.28. Both Hinc

and Hds have only y-component significant on the xz-plane. A comparison

of phase figures shows that ∠Hds,y of model 2 is in phase with ∠Hinc,y

near the RX antenna and thus intensifies Htot and coupling between the

antennas. The model 3 has approximately one-wavelength-long elements

B in the decoupling structure, which radiate like a typical full-wavelength

dipole as can be seen in Fig. 3.27(c). Thus, |Hds,y| of model 3 concentrates in

regions above and below the RX antenna where |Hinc,y| is the strongest ac-

cording to Fig. 3.27(a). A comparison of ∠Hinc,y and ∠Hds,y in Figs. 3.28(a)

and (c) shows that they are roughly out of phase with each other near the

RX antenna.
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Figure 3.28. Simulated phase of magnetic field; (a): Original field, (b): The induced field
of the z-directed strip in model 2, (c): The induced field of the decoupling
structure in model 3. [III] © 2018 IEEE

3.6.2 Parametric results of the decoupling structure

Several parameters control the isolation obtained with the decoupling

structure. Figure 3.29a shows the isolation |S21| of model 3 with the length

of the elements B l2 varying from 40.5 to 56.5 mm; |S21| shows that the

length of the element B affects the resonant frequency giving the peak

isolation. Figure 3.29b shows isolation with Δl varying from 20 to 28 mm;

The isolation frequency giving the maximum depends also on Δl. Thus, it

is possible to tune the peak isolation frequency by adjusting the current

path length Δl + l2.

Fig. 3.29c shows the isolation of model 3 with the length of z-directed

strip A l1 varying from 42 to 58 mm while keeping Δl constant. The figure

shows that the peak isolation frequency does not change as the combined

current path length of Δl+l2 stays constant, but the isolation level changes.

The extent of coupling between antenna 1 and the decoupling structure is

proportional to their separation distance, wgap in Fig. 3.24, which can be

controlled through l1.
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Figure 3.29. Simulated reflection coefficient and isolation of model 3 when changing
several parameters. [III] © 2018 IEEE
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3.6.3 Broadening the isolation bandwidth

A method to further improve the tuned decoupling structure was intro-

duced to enhance the isolation bandwidth. Figure 3.30 shows the im-

proved antenna structure. Comparing to model 3, the elements B (in

the x-direction) are connected by an additional element in the z-direction

(element C). This makes the structure more broadband and introduces

double-resonance-like behaviour in the S21 as seen in Fig. 3.31.
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Figure 3.30. Improved decoupling structure, model 4, with enhanced isolation bandwidth.
[III] © 2018 IEEE

The dimensions of the structure are iteratively tuned, leading to the

reflection coefficient and isolation characteristics depicted in Fig. 3.31.

The figure compares models 3 and 4, showing that the simulated relative

bandwidth for greater than 50 dB isolation improves significantly from 1.8

% to 16.9 % due to the double resonance seen in |S21| in Fig. 3.31.
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Figure 3.31. Comparison of the simulated reflection coefficient and isolation of models 3
and 4. [III] © 2018 IEEE

Figure 3.32 shows the manufactured prototype of the antenna model

4.1. The reflection coefficient and isolation of the manufactured antenna

are measured in an anechoic chamber. Fig. 3.33 shows that the isolation

obtained between the two antennas is over 50 dB for a bandwidth of 11 %

around 2.45 GHz thus fulfilling the requirement for full-duplex in real
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environment for omnidirectional antennas. The dipole patterns remain

omnidirectional after adding the decoupling element, the detailed radiation

pattern measurements are presented in Publication III.
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Figure 3.32. Antenna model 4 with FR4 substrate and the feeding cables, called model 4.1
hereinafter. [III] © 2018 IEEE

-80

-70

-60

-50

-40

-30

-20

-10

0

1 1.5 2 2.5 3 3.5 4

|S
11

|, 
|S

21
|, 

|S
12

|, 
|S

22
| [

dB
]

Frequency [GHz]
S11 (sim) S21 (sim) S11 (imp) S21 (imp) S12 (imp) S22 (imp)

Figure 3.33. Measured reflection coefficient and isolation of the prototyped IBFD antenna
model 4.1 in Fig. 3.32. [III] © 2018 IEEE
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4. Characterizing Human Effect at
Mm-waves

In 5G New Radio, communication at millimeter wave (mm-wave) frequen-

cies is included to achieve the desired very high data rates for cellular

communications [2,3].

Important part of the mobile communication scenario is also the user

holding the device. The user might hold the phone in different ways, e.g.,

with one or two hands, or might hold the phone on his ear or in front of

him. Also, the user might move around and rotate so that the direction

and distance from the device changes towards the base station.

At sub-6 GHz frequencies, this doesn’t matter much as the radio channel

is dense with power arriving from multiple directions [52]. Regardless of

the user orientation or location, there is usually power received by the

semi-omnidirectional antennas implemented on the mobile phone. Also,

for low frequencies, the fields penetrate through human tissue and diffract

around the human body more easily [53]. Thus, the main concern for

human effect for low frequencies is the near-field loading effect of the user

to the mobile phone antenna. At low frequencies, mainly the mobile phone

chassis is radiating. This together with the fact that wavelength is long

means that the hand is within the reactive near-fields of the antenna on the

phone. This reactive loading causes losses and changes the antenna input

impedance, resulting in a decrease in radiation efficiency, and detuning of

the impedance matching [54]. Also, when the phone is located next to the

head, the power absorbed in the head tissue is limited by internationally

specified specific absorbtion ratio (SAR) values [55].

However, things change for mm-wave frequencies. Typical objects and a

human become large with respect to wavelength so diffraction decreases.

Even at 15 GHz, the free-space wavelength is 20 mm, so the hand and

human body start to be very significant size in terms of the wavelength.

At 28 GHz and 60 GHz, the free-space wavelength is 10.7 mm and 5.0
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mm, respectively. The short wavelength increases the penetration loss

through walls and other structures. Also, the human blockage loss is

high and at mm-waves the radio propagation channel is sparse, i.e., there

is power arriving only from few distinct multipath components (MPC).

This consists usually of the strongest line-of-sight (LOS) component and

few major reflections from different directions [56,57]. These properties

together with the link blockage of the few propagation paths that may

occur at various parts of the radio channel make mobile communications

more challenging at mm-waves.

4.1 Human electromagnetic properties at mm-wave frequencies

At mm-waves, the dielectric parameters of human tissue are mainly de-

clared by the amount of water in the tissue. The dielectric properties of

wet and dry human skin can be obtained e.g. from [58]. The model con-

sists of tissue electrical parameters from 10 Hz to 100 GHz. The relative

permittivity and loss tangent of wet and dry human skin are shown in Fig.

4.1.

The electric properties of human skin can be studied by modeling the

human skin as a semi-infinite flat surface and illuminating the surface

with a plane wave. By using the definition for loss tangent tan δ = ε′′
ε′ , the

complex relative permittivity can be expressed as ε′r = ε′(1− j tan δ). With

the complex permittivity, the reflection coefficient of a normally incident

plane wave on an air-skin boundary can be calculated as

Γ =

√
ε′r − ε′r√
ε′r + ε′r

. (4.1)

By calculating the coefficient of reflected power |Γ|2 for a normally inci-

dent plane wave on human skin, it is seen that 46% of power is reflected at

28 GHz and 38% at 60 GHz. From the imaginary part of the wave vector

k = ω
√
εμ, the attenuation constant can be calculated when a plane wave

propagates in the dielectric material as

α = −	(k) = −	(ω
√

ε0(ε′ − jε′′)μ0) = −	( ω
c0

√
ε′(1− j tan δ). (4.2)

From this, it can be calculated that the attenuation in dry skin material

is L[dB] = 20 log10 e
α = 9.5 dB/mm at 28 GHz and α = 18.2 dB/mm at

60 GHz. Correspondingly, the penetration depth, i.e the distance in which
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Figure 4.1. Skin permittivity according to Gabriel’s model. [58]

the electric field strength drops to 37% of its original value, is δp = 0.92 mm

at 28 GHz and δp = 0.5 mm at 60 GHz. Skin consists of an outer epidermis

and an underlying dermis layer, with total thickness of 1.3 to 2.9 mm [59].

Thus, it can be calculated that even in the thinnest parts of skin, 94% of

the power transmitted to the skin is absorbed in the skin layers at 28 GHz

and 99.6% at 60 GHz.

From the analysis, it is seen that a significant amount of the power of the

incoming wave reflects at the air-skin interface and the rest is absorbed in

the skin layer of few millimeters at mm-wave frequencies. A cloth layer on

top of the skin changes the reflection ± 15 percentage units depending on

the cloth layer thickness [59]. Thus, it can be concluded that the mm-wave

radiation does not penetrate through human tissue.

4.2 Effect of finger in mm-wave user devices

A typical way how the user affects the operation of the antenna in user-

devices is through the proximity of the users hands and fingers. If an

object is located close to the antenna, the antenna can be detuned and the

efficiency can be decreased in addition to the far-field shadowing effects.

An example is a human finger in the near vicinity of the antenna in a

hand-held device. The effect of the finger has been considered for lower

frequency user devices below 6 GHz, e.g. [60], but no such analysis has

been reported in the literature for mm-wave frequency systems operating

e.g. at 60 GHz. The 60 GHz band is considered because it has been released

for unlicensed usage of millimeter-wave devices in most countries including
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Figure 4.2. The studied 60 GHz antennas with dimensions in mm: a) folded dipole an-
tenna backed by an air cavity, b) patch antenna and c) 2×2 patch array. [V] ©
2016 IEEE

Europe and USA. Also, in 3GPP Release 17, 5G New Radio operation is

extended for frequencies up to 71 GHz, including the usage of the 60 GHz

unlicensed band [61].

In Publication V, the effect of the user’s finger to a 60 GHz user device was

studied. The main novelty of the publication is a study on how the presence

of a finger affects the matching, efficiency and radiation patterns of typical

user device antennas operating at 60 GHz. Different distances of the finger

from the antenna are studied. Such an analysis provides valuable insights

into the required clearance or the required radome size in user devices to

separate the finger from the radiating part of the antenna.

In this study, three different types of antennas were used to see the

possible differences in performance among the options. The first antenna

was a folded dipole antenna depicted in Fig. 4.2(a), a similar design has

been used for an on-the-chip antenna in [62]. An air cavity was added be-

hind the antenna substrate to obtain enough distance to the ground plane

to realize high enough radiation efficiency. Second, a simple rectangular

patch antenna on top of the substrate was used as illustrated in Fig. 4.2(b).

Third antenna was a 2×2 patch antenna array shown in Fig. 4.2(c) created

by duplicating the patch elements of Fig. 4.2(b). The antennas were placed

on the corner of a typical user-device-sized ground plane of 55×110 mm2

as seen in Fig. 4.3. The polarizations of the antennas were aligned along

the x-axis.

For simulating the effect of a finger, a three-dimensional (3D) model

with the realistic shape of a finger was used as seen in Fig. 4.3. The

used simulation tool was CST Studio Suite. The average dimensions of

the finger were 78 mm length, 16 mm width and 12 mm height. The

electrical characteristics of dry human skin at 60 GHz were used as the

simulated material of the finger with relative permittivity of ε′ = 7.98 and

conductivity σ = 36.38 S/m obtained from Fig. 4.1. The skin material model
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Figure 4.3. The far-field gain pattern of a patch antenna at 60 GHz when covered by a
finger. [V] © 2016 IEEE
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Figure 4.4. Radiation efficiency of the studied antennas at 60 GHz when the finger is
moved away from the antenna element in z-direction. [V] © 2016 IEEE

was used for the whole finger without any other layers inside the finger.

The penetration depth of dry skin at 60 GHz was noted to be 0.5 mm in

Section 4.1 which is small compared to the typical thickness of skin. Thus,

the fields do not penetrate into the finger beyond the skin, justifying the

use of the single layer material model.

The finger was aligned along the x-axis so that the tip of the finger was

13 mm from the center of the antenna element. In y-direction, the center of

the finger was aligned with the center of the antenna. For the parametric

studies, the finger distance d was varied from touching the antenna at

d = 0mm up to d = 10mm from the antenna in z-direction. The simulated

radiation efficiencies for each of the three antennas are presented in Fig.

4.4. Without the finger, the radiation efficiency for each antenna was 0.99

due to low losses in the RT5880 substrate.

The proximity of the finger to the antenna decreases the radiation ef-

ficiency due to dielectric losses in the skin material. Especially if the

reactive near-fields of the antenna reach the lossy materials, the efficiency

decreases rapidly as seen in Fig. 4.4 for finger distances lower than 2 mm.
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Figure 4.5. Reflection coefficient of the patch antenna covered by a finger when the finger
distance d from the antenna is increased. [V] © 2016 IEEE

The efficiency drops significantly to 0.05 when the finger is touching the

antenna. After some distance, the reactive near-field losses in the finger

become insignificant. The folded dipole antenna and the patch antenna

have close to the same performance. For the patch array antenna, the

efficiency is lower for distances above 2 mm as the array directs more

radiation to the lossy finger. Overall, it can be concluded that over 2 mm

spacing is needed between the finger and the antenna for the antennas to

be able to radiate moderately efficiently.

The finger also affects the antenna impedance and detunes the antenna

due to reflections and dielectric loading. In Fig. 4.5, the reflection coefficient

of the patch antenna is plotted as a function of the finger distance d. The

antenna matching is detuned for finger distances shorter than 2 mm so

that the reflection coefficient S11 is worse than −10 dB. For finger distances

of 2 mm or greater, the matching fluctuates slightly but remains better

than −10 dB at 60 GHz. The reflection coefficients for the array and the

folded dipole followed roughly the same behaviour. The same conclusion

can be made as for the radiation efficiency that a minimum finger distance

of over 2 mm is needed to avoid detuning.

Fig. 4.6 shows the simulated gain pattern cut without a finger and with

the finger at different distances from the 2×2 patch antenna array antenna.

The main effect that is seen is blockage of the far-field radiation as the

strong attenuation behind the finger shows. Additionally, the radiation be-

hind the finger shows an interference-like pattern with constructive peaks

and destructive dips. Taking the dips into account, the far-field radiation

in the broadside direction between ±15◦ was attenuated in the best/worst

case by 11.9/25.0 dB when the finger is 10 mm from the antenna. For finger

distance d = 3mm, the best/worst case attenuation was 24.8/34.3 dB.
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Figure 4.6. Simulated gain pattern of the array antenna in the yz-plane at 60 GHz when
increasing the finger distance d from the antenna. [V] © 2016 IEEE

The interference pattern can be explained by the diffraction from the

two sides of the finger which interfere constructively or destructively in

the far-field. A similar shape of radiation pattern was measured when the

far-field diffraction of a conducting cylinder was studied [63]. In addition

to increasing the attenuation in the broadside direction, the finger directs

more radiation to the side angles as seen from Fig. 4.6. The diffraction and

reflection due to the finger cause this increase in side lobe levels compared

to the case without a finger.

Fig. 4.7 shows the radiation pattern of the 2×2 array antenna when

the beam is steered by changing the feed phase β of antennas 3 and 4

with respect to antennas 1 and 2 with 0◦ feed phase. Fig. 4.8 shows the

radiation pattern when the array is steered in the presence of the finger

3 mm from the antenna. By phasing the antennas properly, the gain for

the side angles can be increased by 6 to 8 dB compared to the case without

beamsteering. This implies that comparable gain can be achieved for the

side angles as in the case without the finger.

In addition, the gain in the broadside direction can also be increased

by steering the beam towards the sides of the finger and thus increasing

the power radiated in the broadside direction due to increased diffraction

around the finger. Fig. 4.8 shows an improvement of roughly 3 to 7 dB to

the broadside gain when increasing the phase shift of antennas 3 and 4

up to β = ±140◦ with respect to antennas 1 and 2. Overall, this leads to

best/worst case broadside attenuation of 21.5/27.7 dB with finger distance

d = 3mm.
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Figure 4.7. Simulated gain pattern of the array antenna when steered in the yz-plane by
changing phase β of antennas 3 and 4.
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Figure 4.8. Simulated gain pattern of the array antenna with a finger 3 mm from the
antenna when steered in the yz-plane by changing phase β of antennas 3 and
4 with respect to antennas 1 and 2 with 0◦ feed phase.

4.2.1 Mitigation of finger effect with a reflector

In Publication V, the finger effect on a typical user device antenna at 60

GHz was studied. In the case of a 2×2 array antenna, the shadowing

of the finger to the broadside direction could be mitigated 3 to 7 dB by

beamsteering the array optimally so that the diffraction around the finger

was increased. However, still the attenuation was 20 to 30 dB in the

presence of the finger and the degradation caused by the finger to the link

budget is severe and further improvement would be needed.

In Publication VI, a novel method to increase the gain by placing a

parabolic reflector “collar" around the antenna is introduced, as illustrated

in Fig. 4.9. The reflection and increased diffraction caused by the collar

ensure that the far-field radiation attenuation remains lower than 8 to 9 dB

in all directions behind the finger compared to the 20 to 30 dB attenuation
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Figure 4.9. A parabolic reflector “collar" implemented around a patch antenna array to
improve the gain in the presence of a finger. [VI] © 2017 IEEE

y
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h = 3mm
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Figure 4.10. Geometry of the implemented parabolic "collar".

without the reflector. Such improvement is important for future mobile

mm-wave devices and proves that the antenna can cope with the finger

instead of the finger destroying the link.

A parabolic reflector is proposed as addition to the structure around

the antenna array to increase the gain in the presence of the finger. The

reflector works by directing the radiation around the finger to the broadside

direction and by increasing the diffraction from the sides of the finger. This

increases the gain in all directions behind the finger significantly.

The reflector is designed in such a way that the focal point is at the center

of the antenna array and the beam is collimated towards the broadside

direction. The curvature of the parabolic reflector is defined with the

formula

z =
x2 + y2

4fr
− fr, (4.3)

where the center of the antenna array is located at the origin of the coor-

dinate system illustrated in Fig. 4.10. The parabolic collar is then cut at

the ground plane and at the allowed height for the reflector. Earlier, it was

determined that a minimum 3 mm of clearance is recommended for the

antenna to avoid severe detuning. Therefore, the same height was assumed
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Figure 4.11. Simulated gain pattern of the array antenna without a finger, with a finger,
and with a finger and a reflector. [VI] © 2017 IEEE

to be available for the parabolic reflector. Fig. 4.9 shows the parabolic

collar reflector with fr = 5 mm and h = 3 mm. With these parameters, the

overall diameter of the antenna array with the reflector is 25.3 mm.

Fig. 4.11 shows the gain of the broadside beam of the array with and

without a finger. It is seen that in the broadside direction the far-field

radiation is attenuated 31 dB by the finger when there is no reflector. The

gain is reduced from 12 dBi to −19 dBi. With the parabolic reflector collar,

the gain towards broadside is 3.7 dBi, which means an improvement of

22.7 dB by adding the reflector structure. This reduces the attenuation to

8.3 dB compared to the case without finger.

The reflector structure brings the attenuation to tolerable levels and the

radiation is not so severely shadowed as in the case without the parabolic

collar. Fig. 4.12 illustrates the instantaneous electric field with and without

the reflector structure. In both cases, the beam is steered towards the

finger. From the field strength, it can be clearly seen that the radiation is

stronger towards the broadside direction with the reflector.

However, in Fig. 4.11, even though the broadside gain is good with the

reflector, there is a strong interference pattern with dips of over 10 dB.

This interference pattern is caused by the diffraction around the two sides

of the finger which add up destructively or constructively in the far-field

depending on the angle which was noted in Section 4.2. This interference

pattern is inevitably caused by the finger. However, this effect can be

reduced by phasing the array and thus changing the phase relationship of

the radiation around the two sides of the finger and moving the locations

of the minima and maxima in the radiation pattern. If the envelope of
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Figure 4.12. The instantaneous electric field strength (a) without and (b) with the
parabolic reflector when β = 0◦. [VI] © 2017 IEEE

the different curves is inspected, gain of over 3.3 dBi can be obtained in

each direction with some phasing of the array. Overall, this indicates that

without the reflector the gain with the finger was in worst case −21 dBi,

but with the reflector at least 3.3 dBi of gain can be ensured in each

direction by steering the beam.

The shadowing of objects further away from the antenna has been noted

to be significant at 60 GHz, e.g. 15-30 dB loss caused by human leg at

0.7 m distance from the transmitting antenna [63]. With the reflector

design, the attenuation of the finger was only 8 to 9 dB. This indicates

that attenuation caused by the finger at mm-waves can be reduced to low

values compared to other shadowing objects in the channel. Thus, with

the proposed reflector design, the effect of the finger can be reduced in

the link budget which helps successful implementation of future handheld

mm-wave devices.

4.3 Human shadowing studies

In Publications V and VI, the effect of finger to mm-wave antennas was

studied. In addition to the finger, the self-user shadowing of a human

at millimeter waves causes significant blockage in the link budget. At
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sub-6 GHz frequencies, the fields penetrate through human tissue and

diffract around the human body more easily when the user is holding a

phone, and also at low frequencies there is energy arriving from multiple

directions to the user so it is not as important if the line-of-sight link is

blocked to the base station. However, as noted in the beginning of Chapter

4, at mm-waves the channel is sparse and most of the energy is delivered

through the line-of-sight link. Therefore, it can be severe if the user’s own

body blocks the LOS link to the base station.

Simulating the far-field shadowing of the whole human becomes a dif-

ficult problem as the total electrical model size can be as large as 340λ×
100λ× 100λ at 60 GHz. In [64], a human shadowing model was presented

at 28 GHz using finite-difference time-domain (FDTD) simulation method

with human shadowing measurements. In Publication VII, a detailed

surface-based human shadowing model usable with an integral equation

(IE) solver was introduced to significantly reduce the simulation time com-

pared to the FDTD method. Thus, simulation at even higher frequency of

60 GHz is feasible with a detailed human model [65]. Another novelty of

the publication is the analysis of human shadowing when the user holds

a mobile phone in typical one-hand and two-hand browsing poses. The

realistic analysis of human shadowing at 28 GHz and 60 GHz provides

valuable information which can be used to evaluate the mobile phone sys-

tem operation under practical conditions together with a radio channel

model, e.g., [66].

4.3.1 Human and antenna models

First, a human model was obtained for the simulations. The model was

obtained from a program called MakeHuman which provides human mod-

els with realistic proportions [67]. A human male model with standard

parameters and a height of 170 cm was created. The model was highly

detailed with over 14000 polygons. Two cases of mobile phone use were

considered, one is the most typical case when a user is holding the mobile

phone in a data browsing stance with one hand in Fig. 4.13a. Second is

a data browsing stance with the user holding the phone with both hands

in Fig. 4.13b, e.g. when watching a video. In both cases, the front-facing

mobile phone antenna is pointing directly towards the user, leading to

blockage of the radiated or received field at the antenna due to a body in

front, which is called self-user shadowing.

For the mobile phone, a simple dual-polarized patch antenna placed on
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Figure 4.13. The two grips for the human holding a mobile phone: a) one-hand grip where
the phone is oriented vertically, b) two-hand grip where the phone is oriented
horizontally. [VII] © 2019 IEEE

the top right corner of the mobile phone was used. A typical mobile phone

chassis size of 150 × 75 × 8 mm3 was selected. The orientations of the

mobile phone in the two grips and the dimensions of the antenna elements

are shown in Fig. 4.14 for the frequencies of 28 GHz and 60 GHz. The

phone is placed symmetrically with the respect to the center of the head

and the mobile phone is tilted 20◦ away from the z-axis in both grips as is

seen in Fig. 4.13. When feeding ports 1 and 2, the antenna radiates mainly

with vertical and horizontal polarizations depending on the orientation

of the phone in the pose. The reflection coefficient of the patch antenna

for both polarizations was −18 dB at 28 GHz and −27 dB at 60 GHz. The

maximum free-space gains of the antennas were 6.6 dBi for port 1 and

6.7 dBi for port 2 at 28 GHz, while they were 7.3 dBi for port 1 and 7.4 dBi

for port 2 at 60 GHz.

The complete human model was too large for volume-meshing especially

at 60 GHz, so a surface mesh with a surface impedance model is more

preferable in terms of computational load. The human skin material

parameters at 28 GHz and 60 GHz were obtained from Fig. 4.1. A single

material model was considered to be accurate for the human due to the

small penetration depth noted in Section 4.1.

The human body was modeled as a metal object with a coating of skin

material. The surface impedance of the skin material was calculated to be

Zskin =
√

iωμ0

σ+iωεrε0
≈ 71.7 + j29.8Ω at 28 GHz and Zskin ≈ 91.4 + j46.4Ω at
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Figure 4.14. Orientations and dimensions of the mobile phone antennas: a) 28 GHz mobile
phone at one-hand grip, b) 28 GHz mobile phone at two-hand grip, c) 28 GHz
antenna element, d) 60 GHz antenna element. [VII] © 2019 IEEE

60 GHz. The accuracy of the surface-based model was verified against a

volume-based FDTD model in Publication VII. The mobile phone antennas

were placed in the hand of the human as a near-field source obtained

from a separate FDTD simulation. This was because exciting the real

antenna structure with the substrate material in the IE solver would have

increased the simulation time greatly.

4.3.2 Shadowing patterns

Fig. 4.15 illustrates a typical 3D shadowing pattern caused by human

holding a phone at 28 GHz. Figs. 4.16 and 4.17 show the gain pattern in

the azimuth plane when feeding the vertically polarized antenna in free

space and with human holding the phone in right-hand grip at 28 and

60 GHz. The maximum attenuation due to self-user shadowing is 22 and

30 dB, respectively at 28 and 60 GHz. The self-user shadowing effects are

seen for azimuth angles between φ = 56◦ and 116◦ at 28 GHz, and between

62◦ to 126◦ at 60 GHz. Shadowing patterns in the yz-plane are presented

in Publication VII.

The maximum attenuation of the far-field radiation at 60 GHz is 5 to

10 dB higher than at 28 GHz. This is likely due to reduced diffraction
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Figure 4.15. Radiation pattern of a human holding a 28 GHz mobile phone antenna. [VII]
© 2019 IEEE
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Figure 4.16. Gain in azimuth plane at 28 GHz for port 1 active, with human holding the
phone with one hand vs. in free space. [VII] © 2019 IEEE

around the human at the higher frequency. The shadowing angular range

is similar at the two frequencies with mainly the attenuation level increas-

ing as the frequency increases. Interestingly, the human body increases

the radiation to the other directions, due to scattering and reflection off

the human body. This is seen from angles φ < 0◦ in Fig. 4.16 where the

reflection increases the radiation by 5 to 10 dB.

Fig. 4.18 compares the self-user shadowing effects of the one- and two-

hand grip illustrated in Fig. 4.13a and 4.13b. Port 2 is with two-hand

grip and port 1 is with one-hand grip, so that the radiated polarization

in both cases is vertical. With the two-hand grip, the human shadowing

ranges from from φ = 60◦ to φ = 137◦ spanning a range of 77◦. The deepest

shadowing dip is shifted to the side 20◦ due to the antenna element being
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Figure 4.17. Gain in azimuth plane at 60 GHz for port 1 active, with human holding the
phone with one hand vs. in free space. [VII] © 2019 IEEE
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Figure 4.18. Gain in azimuth plane at 28 GHz, with human holding the phone with one
hand vs. with two hands. [VII] © 2019 IEEE

shifted 37.5 mm from the centerline of the human with respect to the

one-hand grip in Fig. 4.18. The span of the shadowing is increased in

the azimuth plane from 60◦ of one-hand grip to 77◦ with the two-handed

grip. This is due to the antenna element being lower when it is held in

the two-hand grip with respect to the body. In the lower position, the wide

torso shadows more whereas in the one-hand grip, the antenna element is

closer to the height of the shoulders and neck as seen in Fig. 4.13.

The method in Publication VII is useful in evaluating the performance

of mm-wave mobile phone antennas in real operational conditions. The

total shadowing patterns obtained can be used in a simulation where the

user moves through a real radio channel to evaluate the received power

from the multipath environment with an antenna prototype. For example,

the environment dependent quantity, total array gain, can be used to

to evaluate and compare the performance of different antenna arrays in

different environments [66].
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5. Mm-wave Antenna Array Design with
a Rotman lens

The densely deployed macro cells in 5G and future systems increase the

demand of low-cost and easy-to-manufacture solutions for base stations

integrated with their antenna systems. Mm-wave antenna arrays are

designed for the access link to the user in mm-wave 5G frequencies. The

antenna array in the base station is required to have high gain and rapid

beamsteering capacity to steer the beam to concentrate the power on

desired areas and to minimize the interference from non-desired coverage

areas [68]. This also compensates for the higher path loss due to link

blockage that may occur at various parts of the radio channel at such

high frequencies. Also, power consumption is crucial for mm-wave base

stations as they are so numerous and mobile networks are already a large

component in world’s energy consumption [69]. Power efficiency will be

a more urgent issue for networks, making time-based on-demand power

saving more necessary.

However, there are several challenges in implementing millimeter-wave

antenna arrays. First, the design and manufacturing is more difficult

as the small size of transmission lines and antennas requires smaller

tolerances, and connectors and other components have a larger effect. Also,

losses are usually higher for manufacturing materials and electrically long

interconnects used with antennas at millimeter-wave frequencies.

In this thesis, the performance of an easy-to-manufacture PCB-based

antenna array at 28 GHz was evaluated. The system was to be integrated

with a beamsteering network and include all necessary components for

beamsteering. The target design was based on a Rotman lens to create the

beamsteering with an integrated switch network to select the input port

location on the lens and thus the desired beam direction.

77



Mm-wave Antenna Array Design with a Rotman lens

5.1 Rotman lens

The Rotman lens, named after Walter Rotman, was developed by Rotman

and R.F. Turner in 1965 [70]. The lens provides a simple, low-cost and easy-

to-manufacture solution for beamsteering due to possibility to manufacture

both the antennas and the lens with popular PCB technology at the high

frequency of 28 GHz.

The Rotman lens is a true time-delay structure in which the suitable

choice of the input port provides a progressive phase shift at the antenna

ports. Rotman lens has multiple input ports, a lens cavity and output ports

which are connected to the lens with phase correction lines. To achieve a

high angular resolution between beams, a large number of beam ports is

required. The sidewalls of the lens are lined with absorber or dummy ports

to prevent internal reflections which would cause a loss of signal power.

5.2 Yagi-Uda antenna

The Yagi-Uda antenna was invented in 1926 by Shintaro Uda and his

colleague Hidetsugu Yagi [71]. The Yagi-Uda antenna consists of parallel

thin rod elements usually close to half of a wavelength long. One of the

elements is a driver element which is fed with a balanced transmission

line.

The Yagi-Uda antenna contains multiple parasitic elements. One of

the elements is a reflector which re-radiates the power received from the

driven element so that the total radiation is maximized in the direction

of the driven element and minimized behind the reflector. The director

elements are in front of the driven element and they re-radiate the coupled

energy so that the radiation is enhanced perpendicular to the elements

in the plane of the elements away from the driven element. The reflector

is longer than the driven element and the director elements are shorter.

Careful tuning of the element lengths and spacing enables the radiation

from all elements to add up constructively and enables high gain for the

antenna.

5.3 PCB-based design of a beamsteerable array at 28 GHz

In order to answer the challenges for 5G and future base stations, in this

thesis a 28 GHz antenna array design suitable for scalable 2D beamsteer-
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ing using PCB technology is introduced. The design aims at directing

radiation to the plane parallel to the PCB so that a single array can be

stacked vertically for possible 2D beamsteering. The PCB includes an

array of high-gain Yagi-Uda antennas, a Rotman lens and an integrated

switch network. A shaped ground plane on the PCB decreases the back

lobe radiation and further increases the gain of the array.

The design addresses the two major problems in the existing designs, i.e.,

the lack of scalability for 2D beamsteering in the current designs and lack

of experimental verification for PCB-based Rotman lens combined with

Yagi-Uda antenna array and with radiation directed parallel to the PCB.

The main novelty and contribution of the design presented in this thesis is

the following

1. High-gain antenna structure to achieve 19 dBi gain of the antenna

array with measured realized gains of up to 9.4 dBi including the

losses of the feed network with switches;

2. Functional design of beamsteerable array to end-fire directions ad-

vantageous for low-cost base stations to enable 2D beamsteering;

The beamsteering lens together with the antenna array is designed to

provide a steering range of ±30 degrees with 7 evenly distributed beams.

The measured realized gains of the array, including a switch network,

range from 4 to 10 dBi across all beams without amplifiers. The array is

wideband with the realized gain better than 8 dBi for the broadside beam

across 25.5 to 28.5 GHz.

5.3.1 The design procedure

A novel 8-element antenna array was designed for the Rotman lens system.

The goal of the antenna design was to provide high gain to obtain relatively

high realized gain despite the losses in the lens and the switch network,

and still deliver enough power to the radiated far-field. The beam spacing

was designed to be 10 degrees, and that the gain at the beam cross-over

angle between two beams would be less than 3 dB below the peak gain.

A single antenna element consisted of a microstrip-excited planar dipole.

The ground plane of the microstrip feed-line acts as a reflector for the dipole

and the distance is optimized to provide the highest gain. Additionally, 12

directing elements are placed in front of the dipole to increase the gain of

the antenna. A balun structure [72] is used to feed the balanced dipole

antenna. The balun uses a combination of capacitive coupling and galvanic
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Figure 5.1. The single Yagi-Uda antenna element of the array.

connection to create a differential feed for the dipole. The simulated gain

of a single antenna element separated from the other elements is 14.9 dBi.

Before adding the 12 directors, the single antenna element gain was 6.3 dBi.

The number of directors was chosen as a compromise between the obtained

gain and antenna size since the gain improvement becomes less significant

as more director elements are appended to the antenna. For comparison,

the simulated gain for a single antenna element with 8 directing elements

was 13.6 dBi. The single element Yagi-Uda antenna is presented in Fig.

5.1.

Eight of the elements were lined to form the antenna array. The antenna

spacing of the array was 0.65λ0 to limit the mutual coupling between the

Yagi-Uda antennas and thereby increase the total gain.

To further enhance the gain of the antenna array and to reduce the back

lobe, a shaped ground plane was designed around the array. The ground

plane was shaped similarly as a parabolic reflector illustrated in Fig. 5.2.

With parametric studies, the best value for the reflector focal length fr

was found to be fr = 13mm. The width of the reflector was 110 mm. The

shaped ground plane provided a slight increase in gain up to 0.7 dB for the

main beams and decreased the back lobes by about 5 dB as is shown in

Publication VIII.

The final antenna array with the reflector had the simulated peak gains

of 16.5 dBi, 18.4 dBi, 18.6 dBi, 18.7 dBi, 18.5 dBi, 18.1 dBi and 16.4 dBi for

beams #1, #2, #3, #4, #5, #6 and #7, respectively.

A code developed by [73] based on the formulas published in [74] was
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Figure 5.2. Reflector design for the Yagi-Uda antenna array. (fr = 13 mm)

utilized in the design of the lens, and further design improvements and

simulations were done in CST Studio Suite. Seven different beam ports

were chosen for the lens. The parameters for the Rotman lens were: on-

axis focal length fo = 4.5λ, tapering length lt = 2λ, antenna port spacing

da = 0.65λ, number of dummy ports 8, and a focal ratio of 0.9 using [73].

Figure 5.3 shows the structure of the lens.

The designed Rotman lens was integrated together with the Yagi-Uda

antenna array. 50 Ω transmission lines were designed between the array

ports of the lens and the antennas with suitable phase delays corresponding

to the cable lengths given by [73]. 50 Ω SMD resistors were placed at the

location of the dummy ports.

A feed network consisting of transmission lines and SP4T switch ICs

was designed to enable realistic, fast beamsteering for the Rotman lens.

The output port of the single switch is controlled by applying four different

DC-voltages. The DC-voltages were controlled with Labview and a NI USB-

6001 I/O device. Selection of 7 beam ports required three SP4T switches to

select the beam with two of them cascaded at one time.

5.3.2 The measured prototype

The Rotman lens was manufactured on a 0.127 mm thick RT/Duroid 5880

substrate and the manufactured prototype is shown in Fig. 5.3. The total

size of the PCB is 150.6 mm × 110 mm.

The measurement setup is presented in Fig. 5.4. A planar near-field

scanner was used to measure the near-field of the antenna and planar near-

field to far-field (NF to FF) conversion was performed to obtain far-field

realized gain patterns.

The seven patterns of the prototype antenna are presented in Fig. 5.5

measured at 28 GHz. A peak realized gain of 9.4 dBi is measured for
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Figure 5.3. Manufactured prototype antenna array with the switch network. DC control
voltages are applied to connectors labeled 1, 2 and 3. [VIII] © 2020 IEEE

Figure 5.4. Planar near-field measurement setup with an open-waveguide probe and the
antenna under test (AUT) placed horizontally in front of the probe. Each beam
was measured separately.
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Figure 5.5. Measured and simulated realized gain patterns of the seven beams of the
prototype at 28 GHz. [VIII] © 2020 IEEE

Table 5.1. Measured beam radiation pattern characteristics at 28 GHz [VIII] © 2020 IEEE

Beam #1 #2 #3 #4 #5 #6 #7
Peak gain [dBi] 4.9 6.5 8.6 9.4 7.7 5.4 3.6
Beam direction −29.5◦ −20.0◦ −9.5◦ 0◦ 10.5◦ 20.0◦ 30.0◦

beam #4. The realized gains and directions of all beams are summarized

in Table 5.1. Also, the simulated results for the realized gain patterns,

including the beamswitching network, are presented in Fig. 5.5.

The realized gains for the tilted beams are lower compared to the broad-

side beam, which is also evident in the patterns without the feed network

presented in Publication VIII. This was expected and is mainly caused by

scan loss as the beam is steered to a wider angle and the single element

pattern is highly directive toward θ = 0◦ direction which limits the beam-

steering range [75]. Additionally, aberration losses in the Rotman lens are

typically higher for wider beam angles [76,77].

As it is seen, the gains for the symmetric beams are not the same. For

example, roughly a maximum gain difference by 1 dB is observed for

beams #1 and #7. The feed network and and antenna array feeds are not

entirely symmetric with respect to the centerline of the antenna array.

The simulations show slightly lower directivity for beams #5, #6 and #7

compared to beams #3, #2 and #1. The lower directivity was mainly caused

by less ideal antenna weights after the Rotman lens and increased spurious

radiation of the PCB outside the main beam due to the asymmetry.

Figure 5.6 shows the gains of beams #1 to #7 with respect to frequency.

For the broadside beam #4, 8 dBi gain is measured for a 3 GHz band from

25.5 to 28.5 GHz. For the same beam, at least 5 dBi gain is obtained for

a 6.3 GHz band from 23.3 to 29.6 GHz. Effect of the input matching is

included in the realized gain plot Fig. 5.6.
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Figure 5.6. Measured realized gain of beams #1 to #7 with respect to frequency. [VIII] ©
2020 IEEE

Table 5.2. Loss analysis for beam #4 of the prototype at 28GHz [VIII] © 2020 IEEE

Input matching loss 0.46 dB
Transmission line loss from input to switch 1 0.33 dB
Switch 1 loss 2.40 dB
Transmission line loss from switch 1 to switch 2 0.48 dB
Switch 2 loss 2.25 dB
Transmission line loss from switch 2 to Rotman lens 0.75 dB
Losses in the Rotman lens 1.52 dB
Power lost in dummy ports 0.75 dB
Antenna array matching and mutual coupling loss 1.3 dB
Total losses 10.2 dB

5.3.3 Loss analysis

As the simulated peak gain of the antenna array alone was 18.7 dBi, there

is about 10 dB decrease in gain due to losses in the switch network, the

Rotman lens and the antenna array. The high gain antenna array was

designed so that high realized gain could be obtained in the far-field despite

of the losses. Based on the simulation model, the loss analysis is presented

in Table 5.2 for beam #4.

5.3.4 Discussion and comparison with similar antenna arrays

In Publication VIII, a beamsteerable high-gain antenna array was pre-

sented with an integrated Rotman lens and a switch network to control

the beamsteering. The switch is controlled from a computer to choose and

change beams in real-time during the radiation pattern measurement.

The prototype has a realized gain of up to 9.4 dBi for the switchable

beams covering ±30 degrees. Even though the total circuit losses are

around 10 dB due to popular PCB technology, the antenna design still

enables relatively high realized gain without amplifiers.
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It is inevitable to have the high loss due to the two cascaded switches and

the material losses due to PCB technology at 28 GHz frequency. For this

reason, some PCB-based designs employ amplifiers in the feed network

[78, 79] to further increase the gain. The maximum realized gain of the

integrated antenna array presented in Publication VIII is higher compared

to other similar type of passive designs utilizing a Rotman lens. In [78], a

Rotman lens with a single switch and 4 different beams pointing between

−20◦ to 20◦ was introduced, showing maximum realized gain of 4.5 dBi.

In [78], the losses of the switch, the Rotman lens and the transmission

lines were 3 dB, 3 dB and 2 dB, respectively. This resulted in total loss of 8

dB but with only 4 beams and one cascaded switch. In [79], the reported

Rotman lens has 5 different beams ranging between −23◦ to 23◦ with

realized gains of about 7.5 dBi. The total losses in [79], reported partially

in [80], consist of 6.4 dB loss through the two switches and transmission

lines and 4 dB losses of the Rotman lens, resulting in over 10 dB total loss.

The goal of the antenna array design was to study how high realized

gain would be obtainable for a passive easy-to-manufacture beamsteerable

antenna array design at 28 GHz. The obtained close to 10 dB maximum

realized gain could be enough for small cells where the link distance is short

and an antenna with too narrow beam might not be beneficial. Although

the design shows comparable or better performance than other similar

PCB-based designs, the realized gain would need to be further increased

by increasing the number of antenna elements in real 5G applications. The

end-fire radiation of the presented antenna array could enable scaling the

design by stacking the PCBs to increase the number of antenna elements

and enable 2D beamsteering.
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6. Summary of Publications

[I] Design of wavetraps for isolation improvement in compact
in-band full-duplex relay antennas

Planar wavetraps are studied for isolation improvement. Parametric

studies of a wavetrap array on a ground plane are performed to obtain

guidelines for the design. Then, the wavetraps are applied for an in-band

full-duplex relay. The relay has a 2x2 MIMO configuration with 2 TX and 2

RX antennas. A prototype relay antenna is manufactured and measured in

an anechoic chamber. By adding the wavetraps, measured 70 dB isolation

level is obtained for a bandwidth of 18 MHz and 65 dB isolation level for a

bandwidth of 167 MHz.

[II] Compact Inband Full-Duplex Relays with Beyond 100 dB
Self-Interference Suppression: Enabling Techniques and Field
Measurements

The full-duplex in-band relay is measured in realistic environments. Two

indoor and one outdoor location is measured. It is found that in the

indoor environments the reflected self-interference dominates over the

inherent isolation in the antenna. The relay antenna with wavetraps

is measured together with an analog SI canceller and digital baseband

canceller. Together with the digital baseband canceller, over 100 dB self-

interference cancellation is obtained, reducing the SI down to the noise

floor of the receiver.
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[III] Design of an antenna decoupling structure for an in-band full
duplex collinear dipole array

A decoupling element for two collinear dipoles is designed for in-band full-

duplex applications. The decoupling element is studied with parametric

sweeps and by studying the scattered fields. The decoupling element re-

radiates the coupled power with full-wavelength elements and cancels the

original fields around the RX antenna obtaining a 50 dB isolation level for

a bandwidth of 11%.

[IV] Characteristic Mode Theory of Wavetraps for Antenna
Decoupling

The paper introduces a systematic design method for decoupling elements,

which can significantly improve the isolation between two co-located an-

tennas. The design method applies the theory of characteristic modes for

controlling the phase and amplitude of the scattered fields of the decou-

pling element, in order to optimally cancel the original incident fields, also

considering the local current distribution of the receiving antenna. The

paper describes the effects that characteristic angle, modal near-field, and

modal excitation coefficient of the decoupling element have on the antenna

isolation. The method is validated by designing a wavetrap between two

co-located patch antennas and simulating the isolation with full-wave

simulations. The isolation is improved 33 dB at the design frequency

with 12-dB improvement for the 142-MHz operational bandwidth of the

antennas.

[V] Finger Effect on 60 GHz User Device Antennas

The detuning effect and far-field pattern degradation caused by a finger are

studied for future user device antennas operating at 60 GHz by simulations.

The studied antennas are a patch antenna, a folded dipole and a 2×2 patch

array antenna. It is found that if a finger is located closer than 2 mm to

the antenna, the antenna matching is severely detuned and the antenna

radiation efficiency is degraded. With the antennas, the far-field radiation

behind the finger is attenuated from 10 to 34 dB depending on the finger

distance and antenna type used. If the array is beamsteered when the

finger is close to the antenna, it is shown that the broadside gain can be
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improved by directing the beam towards the sides of the finger.

[VI] Reflector Design to Mitigate Finger Effect on 60 GHz User
Devices

A novel method is proposed to mitigate the strong shadowing effect a

nearby finger has on the antenna of a user device operating at 60 GHz

by introducing a reflector on the device. It is shown that the parabolic

reflector “collar” that is placed around the antenna array can significantly

reduce the shadowing in the far-field. With the collar, the shadowing

behind the finger is reduced by 19 to 25 dB, making the array usable even

when covered by a finger. The effect of reflector size and location is studied

in the paper.

[VII] Self-user shadowing effects of millimeter-wave mobile phone
antennas in a browsing mode

A simulation method for estimating the shadowing effect of a human at

millimeter-wave frequencies is presented. The method is based on using

the integral equation method combined with a surface-impedance based

material model for the human. The shadowing effect is studied at 28 GHz

and at 60 GHz for the case when a user holds a mobile phone with both a

single-hand grip and two-hand grip with a dual-polarized mobile phone

antenna. It is found that at 28 GHz the human body causes shadowing

of up to 22 dB behind torso and head of the human, while at 60 GHz

shadowing is up to 30 dB. In other directions, the human body effectively

increases radiation by up to 5-10 dB through scattering and reflection.

[VIII] PCB-Based Design of a Beamsteerable Array With High-Gain
Antennas and a Rotman Lens at 28 GHz

A low-cost single-layer printed circuit board (PCB) design of a Rotman lens

and an 8-element Yagi-Uda antenna array is presented suitable for radio

frequency (RF) beamsteering at 28 GHz. The presented antenna array

realizes 19 dBi maximum gain due to the guiding parasitic elements of each

antenna element and a shaped ground plane surrounding the array. The

array radiates in a direction parallel to the PCB enabling possible stacking

for two-dimensional beamsteering. Integrated with an RF switch network,
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the design has seven switchable beams to the directions −30◦, −20◦, −10◦,

0◦, 10◦, 20◦ and 30◦. The design is verified with measurements to have

realized gain from 4 dBi up to 10 dBi depending on the beam resulting in

total losses of 10 dB including the beamsteering network. The array works

wideband across 25.5 to 28.5 GHz where measured broadside beam gains

are better than 8 dBi.
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7. Conclusions

The goal of this thesis was to provide enabling solutions for future mobile

communication systems. The thesis covered three main topics. First,

improving antenna isolation for in-band full-duplex systems. Secondly,

studying the detuning effect of a human finger and the shadowing effect

of the whole body. Thirdly, proposing the optimised design of an easy-to-

manufacture PCB antenna array for mm-wave communications. All of

these topics are very relevant for 5G and beyond mobile communication

systems.

Publications I-IV considered improving antenna isolation for full-duplex

systems. Publication I introduced planar wavetraps for isolation improve-

ment between antennas. When applied to the case of an in-band full-duplex

MIMO relay antenna, the wavetraps enable inherent isolation levels of

more than 70 dB. In Publication II, the relay was measured in real envi-

ronments together with a digital self-interference canceller to prove that

the coupling can be decreased more than 100 dB in realistic scenarios

thus bringing the transmitter self-interference down to the noise floor of

the receiver. Publication III introduced a decoupling element for collinear

dipoles enabling full-duplex operation for user devices with omnidirec-

tional antennas. Publication IV complemented the wavetrap design by

providing a theoretical model and a design methodology for wavetraps

and other decoupling elements by the means of the characteristic mode

theory. The publications provide valuable results for future communication

standards which could include full-duplex communication. However, there

still remain challenges: First of all, obtaining equally good isolation for

much more closely spaced antennas can prove to be challenging, e.g., on

typical user devices, and secondly, cancelling the reflected self-interference

from the environment requires either analog cancellation circuits or digital

self-interference cancellation algorithms that can consume quite much
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power or be computationally intensive.

Publications V-VII provided insights on how the human body affects the

radiation of future mm-wave user device antennas. Specifically, in Publica-

tion V and Publication VI the effect of the finger on typical 60 GHz handset

antennas was studied and the clearance is defined that is required for the

antennas to not be detuned. However, the finger was shown to always

cause significant shadowing, and thus finally a flat reflector mitigating the

shadowing effect of finger on top of the antenna is proposed. Publication

VII characterized the effect of the whole human body when the user holds

a user device operating either at 28 GHz or 60 GHz. The papers provide

valuable results on what the challenges in future user devices are and

provide some suggestions how to mitigate the negative effects that the

human user has on antenna performance.

Publication VIII provided an easy-to-manufacture low-cost PCB-based

beamsteerable antenna array design operating at 28 GHz. The design could

aid in choosing an optimal base station antenna for small cells utilizing

low-cost and power-effective analog or hybrid beamforming. This leads

the way until in the future the power consumption and cost of transceiver

chains including the digital to analog converters (DAC) reduces enabling

cost-effective deployment of fully digital beamsteering arrays at mm-waves

[81,82].

In conclusion, the author hopes that the solutions presented in thesis aid

in developing faster, more reliable and power- and spectral-efficient mobile

user devices and networks in the future.
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