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Abstract

Smart Watches are watches with the property that they can connect to internet.
The interest and market for smartwatches has increased remarkably over the past
few years. However, most of today’s solutions cover only the frequency bands
Bluetooth (BT) and Global Positioning System(GPS). A desired property of the
next generation of smartwatches is to include additional frequency bands such
as Global System for Mobile Communication(GSM) and Third Generation (3G)
cellular bands, so that the Smart Watch can become independent of a smartphone.
This sets new challenges for antenna design in small regions. The limited size
together with the increased bandwidth demand causes the major problem.

The purpose of this thesis is to investigate the antenna concept for wrist wear-
able devices that has earlier been developed by the RF team at Sunway Commu-
nication AB in Stockholm. The main objective of this project is to study how
this antenna concept can be changed to achieve a given set of requirements on
frequency, bandwidth and efficiency. Characteristic Mode Analysis and antenna
quality factor calculated from the input impedance, are tools used to help under-
stand and improve the characteristics of the antenna.

A decomposition method and a parametric study were initially applied to the
planar version of the antenna concept. We investigated then the influence of the
position of the feeds and the slot that separates the two antenna elements. An
optimised design of the planar antenna was achieved based on the results from
those studies. Four prototypes of this antenna were built and measured in the RF
laboratory in Kista.

The possibility of miniaturization was studied through simulations by analysing
the effect of using a higher dielectric constant material in the antenna. Two dif-
ferent arrangements were investigated. The effect of bending the antenna to fit on
a human wrist was also investigated, where a frequency shift was observed in the
results. The change in bandwidth of the different modes is related to the change
in the stored energy of the antenna caused by the bending.

We made a prototype of the planar antenna that shows a good agreement with
simulation results and fulfils the basic requirements on frequency, bandwidth and
efficiency. We also found that the addition of a shorting pin showed a bandwidth
improvement of the high-band port and we showed through simulation that it is
possible to reduce the size of the antenna by adding a layer of PCABS material.

Keywords: Smart Watch, Wearable Antennas, Antenna Design, CMA,
Feed Position.
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Acronyms

LB Low Band

HB High Band

3G Third Generation

4G Fourth Generation

SC Smith Chart

PC-ABS Polycarbonate plus Acrylonitrile, Butadiene Styrene

BW Bandwidth

Q Quality Factor

SAR Specific Absorption Rate

IEEE Institute of Electrical and Electronic Engineers

VSWR Voltage Standing Wave Ratio

CMA Characteristic Mode Analysis

PIFA Planar Inverted F Antenna

GMS Global System for Mobile Communication

GPS Global Positioning System

Wi-Fi Wireless Fidelity

BT Bluetooth

MIMO Multiple Input Multiple Output

FBW Fractional Bandwidth

VNA Vector Network Analyzer

SSWA Sunway Smart Watch Antenna

GND Ground
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1 Introduction

The advances in wearable computer technology have led to the development of devices
that can be attached to the human body or carried in close proximity to it. Earlier, such
devices have mainly been found in medical applications [1]. Nowadays, these are widely
used not only for medical purposes but also for entertainment and information-based
services.

Wearable devices such as smart watches are already found in the market today. The
term smart arises from the fact these devices can be connected to the internet. However,
so far most smart watches connect via Bluetooth (BT) to a smartphone and are therefore
not independent. According to [2], the smart watch industry is expected to experience a
tremendous growth in the upcoming years. With such a promising market opportunity,
research and development is currently being carried out over the world. The development
of such devices presents big challenges. Among them is the energy management. Since
the size of the batteries is constrained by the total size of the device this becomes an
issue when miniaturization is desired. Nevertheless, the challenge regarding the next
generation of smart watches that we are concerned with in this thesis is the antenna
design and implementation.

Antenna design includes examining how the possible dimensions of the desired an-
tenna relate to the wavelength for the various frequencies of operation. Antennas with
dimension ka < 0.5 (k is the wave number and a the smallest radius of a sphere circum-
scribing the antenna) are defined as electrically small antennas (ESAs). ESAs display
different properties as compared to resonant antennas of size ka > 0.5. Achieving a good
impedance match, and thereby also a large bandwidth, becomes harder as the antenna
size is decreased [3].
As technology advances the desire to minimize all sorts of electronic devices remains.
However, the frequencies of operation for the GSM and 3G cellular bands remain the
same which inevitably leads to increasing use of ESAs.

It is nevertheless important to be aware of the fact that there are fundamental
limitations on how small the antenna can become and still possess the desired properties.
The results from the work done by Chu on this topic [4], which relate the minimum
achievable quality factor Q to the dimension ka, are commonly applied to obtain a
reference for what is physically possible to achieve. For ESAs it is of interest to find the
antenna Q since it exhibits an inversely proportional relation to the fractional bandwidth
for Q� 1 [5].

Another important aspect of the design of antennas is the surrounding environment
of the antenna. In this thesis, we are concerned with wrist wearable antennas. The effect
of the proximity of the antenna to the human arm is therefore an important parameter.
The human tissue is a lossy medium that absorbs electromagnetic energy. This causes
the radiation efficiency of the antenna to decrease since the energy is being absorbed
by the human body instead of being radiated into free space. In addition, the dielectric
properties of the human tissue may cause detuning of the antenna. This is discussed
and shown through simulations in [6]; where the detuning is shown to be significantly
smaller for antennas where a ground plane is present between the human tissue and the
antenna element. The presence of the ground plane reduces the low back-radiation di-
rected toward the body; thus making the antenna more robust and suitable for wearable
applications. Low back-radiation is also desirable for health safety regulations. Govern-
mental regulations exist on the maximum allowed peak power densities induced in the
human body. This presents yet another challenge for the antenna designer. Such peak
values are referred to as SAR values (Specific Absorption Rate) [7].
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Despite the fact that the human body is a lossy dielectric medium, it can in some
cases increase the overall efficiency of the antenna if it is placed in such a way that the
body works as an extension of the antenna making it electrically large [8].

In this thesis main focus is on the analysis of an already existing antenna design for
a wrist wearable antenna and its possible implementation in smart watch device. One
of our goals is to include multiple frequency bands commonly used in wireless systems.
Minimum requirements for this goal are to cover the GSM and 3G cellular bands (824-
960 MHz and 1710-2170 MHz) for a given set of constraints on geometric dimensions,
return loss and efficiency (both in free space and when placed on the wrist). Required
values for these bands are given in Table 1, where η is the total efficiency and RL stands
for Return Loss. These parameters will be explained in detail in Section 2.

Table 1: Specifications on cellular bands.

Band Freq. range [MHz] RL [dB] η in Free Space [dB] η On-User [dB]
GSM 824-894 ≥ 6 -4 -12/-13
GSM 880-960 ≥ 6 -4 -12/-13
GSM 1710-1880 ≥ 6 -3 -8
GSM 1850-1990 ≥ 6 -3 -8
3G 1920-2170 ≥ 6 -3 -8

Additional frequency bands (such as Wi-Fi, GPS, 4G, etc.) are also desirable. Mod-
ifications to the antenna concept could for example be made by introducing slots and/or
shorting pins in order to achieve the desired characteristics.

The outline for this thesis is the following: Firstly a general theoretical background
is given in Section 2. It introduces various important aspects of antenna performance
and antenna design. It is also devoted to an examination of the concept of antenna qual-
ity factor; its relation to the fractional voltage standing wave ratio bandwidth and the
approximate expression for Q used in this project. The work done in the introduction
phase of this project, which consists of a study of a common antenna, is briefly pre-
sented in Section 3. In Section 4, the existing antenna concept is first studied through
a decomposition method and later by a parametric study. Section 5 presents a study on
the effect of the feed position and is followed by a section devoted to optimization of the
antenna. The different prototypes that were built are presented in Section 7 along with
the measured data. In Section 8, the possibility of reducing the total antenna size by
adding a high permittivity material is evaluated. The effect of bending the antenna is
treated in Section 9. Finally, the report is concluded with a section on results, discussion
and conclusions.
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2 Background Theory

In this section we present the theory related to antennas and antenna design that will
later be applied in the various studies. Firstly, we review some key parameters in anten-
nas, since these are used extensively throughout the project. Next, we describe briefly
the theory of characteristic modes. Characteristic Modes have gained more attention
recently and the theory of characteristic modes has been applied in Sections 6 and 9 of
this report. Lastly, the antenna quality factor is presented and described in detail. In
this project we use both Characteristic Model Analysis (CMA) and the antenna quality
factor Q as tools for examining the different characteristics of the antenna.

2.1 Basic Antenna Parameters

As defined by the Institute of Electrical and Electronics Engineers (IEEE), an antenna is
the part of a transmitting or receiving system which is designed to radiate or to receive
electromagnetic waves [9]. It is a well-accepted fact that electromagnetic radiation occurs
when charges are accelerated or decelerated. This change in the motion of charges can be
caused by an external field that exerts a force on the charges. In a wire, deceleration also
occurs due to impedance discontinuities or bending of the wire [5]. Thus an antenna must
have a current distribution, at the frequency of operation, such that electromagnetic
energy is efficiently radiated/captured at that frequency. If this is not the case then
the electromagnetic energy will instead be localized [10] (which is the intention in for
example transmission lines).

There exist many different kinds of antennas but they all act as a transition between
a region where a guided electromagnetic wave exists (such as in transmission lines and
waveguides) and free space. Desired directional characteristics are also commonly as-
signed to an antenna [11]. Depending on the application, the different properties of
the antenna vary. For example, in mobile communication an omnidirectional radiation
pattern is desired while in base stations directional antennas are more suitable.

The input impedance Zin of an antenna is defined as the relation between the electric
and magnetic fields at the point where the structure is excited. It is a complex quantity
where both real and an imaginary parts are frequency dependent, so that Zin(ω) =
Rin(ω) + jXin(ω). An antenna is called resonant at a frequency fr if Im{Zin(fr)} = 0.

All the power that comes into the antenna is ideally radiated out from the antenna.
The total radiated power is modelled as the power that would be dissipated in a resistor
Rr and thus, in the ideal case, Rin = Rr where Rr is called the radiation resistance.
However, other losses such as ohmic losses are present in non-ideal antennas. These are
represented by a resistance Rl so that Rin = Rl +Rr. The antenna radiation efficiency,
being a measure of how much of the input power is actually radiated, is commonly
defined as e.g. [5]

ηr =
Rr

Rl +Rr
. (1)

In a system, the antenna is connected to a transmitter (or receiver) that has a certain
internal impedance. In addition, the connection is often done using a transmission line
having a characteristic impedance usually equal to Zch = 50Ω. Maximum power transfer
is obtained under conjugate match, which in the case of an antenna connected to a 50Ω-
transmission line implies that Z∗

in(2πfr) = 50Ω. Under such conditions, no reflection
occurs at the antenna terminal at fr. However, if conjugate match is not present a
reflected wave is introduced in order to fulfil the terminal conditions; see [12]. The
reflection coefficient Γ is the ratio of the reflected wave to the incident wave and is
normally written as
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Γ =
Zin − Zch

Zin + Zch
. (2)

Note that Γ is a complex quantity and its magnitude has the range [0; 1]. As a conse-
quence of the mismatch, part of the incident power is reflected back to the source. The
relation between incident power Pin and power delivered to the antenna PA is

PA = Pin(1− |Γ|2). (3)

Since a reflected wave is present on the transmission line as well as the incident
wave, the interaction between these waves causes a standing-wave pattern along the line
[12]. The voltage standing-wave ratio (VSWR) is the ratio between the maximum to
minimum line voltage and is written as

V SWR =
1 + |Γ|
1− |Γ|

. (4)

The ratio of the incident and the reflected power is called return loss (RL) and is
measured in decibels. The RL are expressed as

RL = −20 log
V SWR− 1

V SWR+ 1
= −20 log |Γ|. (5)

Note that RL is the negative of the reflection coefficient expressed in decibels. Its value
is positive due to the fact that Γ is smaller or equal to 1 for passive devices. The RL
is the difference in decibels between the incident power and the reflected power. Thus,
the higher the RL is, the better the matching is.

Apart from giving a poor power transfer, high values of VSWR also increase the
losses in the transmission line since both the voltages and currents on the line increase.
This may even lead to breakdown in the line. For these reasons it is desired to minimize
the VSWR.

It is common practice in microwave and antenna engineering to study the network
parameters or the so called S-parameters (scattering parameters). These are extensively
used in this project. For antennas, the parameters S11 and S22 correspond to the
reflection coefficients in port 1 and 2 respectively and are given in decibels. Their range
is thus [−∞; 0] and the lower the value the less power is reflected back to the source.
They give a clear picture of the degree of matching in each port. The interaction between
the two ports in terms of power transfer is represented by the parameters S21 and S12.
Only two ports are used in this project but the S-parameters can be used for any number
of ports. For a detailed explanation of S-parameters, see [12]. The same source may be
consulted regarding the Smith Chart representation, which is also used in this report.

Regarding the losses related to an antenna system, the ohmic losses in the antenna
and the mismatch losses have already been discussed. The total antenna efficiency η0
can thus be expressed as

η0 = ηr(1− |Γ|2). (6)

Note that other losses, such as for example dielectric losses, may be present in the
antenna. This implies that the value of ηr must be modified accordingly.

Above we have discussed the use of the quantity Zin to calculate the efficiency of
the antenna. In practice one can measure quantities such as VSWR and use it to cal-
culate the RL. More detailed knowledge of the antenna input impedance is however
very useful, as it may lead to a better understanding of how the antenna works (for
example, the input reactance gives information about the resonance frequencies). The
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input impedance is commonly obtained through simulations. Knowledge of the electro-
magnetic fields present is required in order to calculate the impedance. Thus, Maxwell’s
equations need to be solved, which relate the currents on the structure to the fields. For
a known current distribution, this can be done either through direct integration or in
two steps using the auxiliary vector potential functions. For a detailed explanation of
these procedures, see e.g. [5]. In the case where the current distribution is not known,
an integro-differential equation can be solved (in most cases numerically) to find it.

Electromagnetic energy is radiated out from the antenna in the form of spherical
waves (in the case of antennas with finite volume). The space surrounding the antenna
is divided in two regions: the near-field region and the far-field regions. In the near-field
region, closest to the antenna, the reactive (or induced) fields dominate while in the
far-field region it is instead the radiated fields that dominate. For antennas, it is the
induced fields present in the close vicinity of the structure that give rise to the reactive
terms in the antenna impedance [11].

2.2 Characteristic Mode Analysis

An interesting tool for the analysis and design of antennas is the characteristic mode
analysis (CMA). The theory of characteristic modes for conducting bodies was first
developed by Garbacz [13] and further generalized by Harrington and Mautz [14]. An
advantage of using this theory is that it brings a deeper physical understanding of
the antenna since it provides information about the radiating current modes on the
structure. Identifying these modes and understanding their relation to the dimensions
of the structure can therefore be a powerful tool in antenna design.

This theory describes the total current as a sum of current modes called characteristic
modes. The characteristic current modes obtained using CMA are orthogonal and they
provide orthogonal radiation patterns, meaning that they radiate power independently.
This feature is particularly of interest in the design of antennas for MIMO systems.

The theory is extensively described in [14]. However, for completeness we review
and summarize the theory below. Afterwards, we show an example of how this theory
is applied in practice.

According to this theory, the total current on the antenna can be expressed by means
of weighted orthogonal eigencurrents or characteristic modes as

J =
∑
n

αnJn, (7)

where Jn are the eigencurrents of (8) and αn the weighting coefficients.
The eigencurrents are found as the eigenfunctions of the particular weighted eigen-

value equation:

X(Jn) = λnR(Jn), (8)

where R and X are the real and imaginary parts of the impedance matrix, respectively
and λn the eigenvalues. Equation (8) is obtained by first considering the eigenvalue
equation

Z(Jn) = νnM(Jn), (9)

where Z = R+ jX is the impedance operator and M is a weight operator to be chosen.
It is then noted that only the choice of M=R gives orthogonality of the radiation pattern
(far-field), apart from diagonalizing Z [14]. After setting M=R and letting νn = 1+jλn,
equation (9) reduces to (8).
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It is only the frequency of operation and the geometry of the antenna that determine
which characteristic modes are present on the structure. As explained in [15], valuable
information about a mode can be extracted from its eigenvalue λn, since it has a direct
relation to the reactive power. For large magnitudes of λn, the mode examined mainly
stores reactive energy while for λn = 0 it is resonant. Thus, for antenna applications, a
mode is only of interest where its eigenvalue is close to zero. Its bandwidth may also be
estimated by observing the range of frequencies for which the eigenvalue remains close
to zero (or the slope of it at zero).

The contribution of a certain mode to the total current thus does not only depend
on the excitation but also on the eigenvalue of that mode, as described by the weighting
coefficient [14]

αn =

v
Jn · Eids

1 + jλn
=

Vi
n

1 + jλn
, (10)

where E i is the impressed electric field (the excitation) and λn is the eigenvalue of the
n:th characteristic mode. Inserting (10) into (7) gives the modal solution for the total
current

J =
∑
n

Vi
nJn

1 + jλn
, (11)

where V i
n is the so called modal-excitation coefficient. Note that here the eigencurrents

have been normalized in such way that each radiates unit power.
In this project the characteristic mode analysis has been carried out using the CMA

tool in FEKO, which uses the impedance matrix obtained by the method of moments
(MoM) and solves the weighted eigenvalue equation. For the analysis, mostly the Modal
Significance (MS) is plotted, which is expressed as [17]

MS =

∣∣∣∣ 1

1 + jλn

∣∣∣∣. (12)

The MS represents the normalized amplitude of the current mode and does not
account for the influence of the feed. Thus, a mode radiates best when its modal
significance is close or equal to 1. The bandwidth of a mode can be estimated by the
range of frequencies for which the MS remains close to 1.

Next, we apply the CMA on a rectangular ground plane of dimensions L and W as
shown in Figure 1.

Figure 1: Rectangular ground plane.

The characteristic modes are calculated by the software FEKO [16] and the obtained
MS is shown in Figure 2.
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Figure 2: Modal Significance obtained for the rectangular ground plane.

Each curve corresponds to a characteristic mode. We see that (a), the blue curve,
is the mode with the lowest resonance frequency above 0.5GHz. As mentioned above, a
mode is resonant when its MS equals 1. We also note that (a) has a large bandwidth since
its MS remains close to 1 for a large frequency range around its resonance frequency.
The other modes seem to have good bandwidth as well. We note that at around 1.2
GHz, modes (a), (b) and (c) have MS close to 1. This means that all three of them
radiate well at this frequency.

Figure 3 shows the current distribution of each mode at their respective resonance
frequencies. The red areas are where the current density is highest while the green areas
have the lowest current density.

(a) (b) (c)

(d) (e) (f)

Figure 3: Current modes on rectangular plane ground.

2.3 Quality factor Q and Bandwidth

In the field of antennas it is useful to evaluate the quality factor Q because it can be
used to estimate the bandwidth. For single resonances and Q � 1 the bandwidth is
inversely proportional to Q.
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The quality factor of an antenna, or Antenna Q is thus an important parameter for
analysing the performance of the antenna. It is defined as [18],

Q =
ωW

P
, (13)

where ω is the angular frequency, W the time-average energy stored (magnetic and
electric) in the near zone and P the power dissipated in the antenna (in form of radiation
and loss). When the antenna is resonant the time average stored electric and magnetic
energies are equal and the input impedance of the antenna is purely real.

In practice, the bandwidth is a key parameter and it is often specified for different
centre frequencies. For example, in wireless systems, frequency bands are usually given.
These refer to a range of frequencies for which certain conditions must be fulfilled (such
as a for example a given minimum degree of matching, efficiency, etc.) and represent thus
a bandwidth. As technology advances, higher demands are made on antenna designs and
performance, which often include the issue of large enough bandwidth. Therefore it is
interesting to study ways of estimating bandwidth and also its fundamental limitations.

While the Q is defined in terms of the fields of an antenna, the bandwidth depends on
the reflection coefficient and thus also on the impedance of the feed line. The bandwidth
can therefore be defined in different ways, but for this project the commonly used
fractional VSWR bandwidth will be applied. This bandwidth is defined as a band
limited by a maximum Voltage Standing Wave Ratio (VSWR) and assumes that the
antenna is resonant and matched at the centre frequency (meaning that at resonance
the real part of the input impedance of the antenna is equal to the impedance of the
feed line and the imaginary part is zero). This relative bandwidth is calculated as e.g.
[19]

BW =
f2 − f1
f0

≈ 1

Q

S − 1√
S
, (14)

where S is the maximum VSWR accepted and Q is the quality factor. At frequencies f1
and f2 the VSWR has it’s maximum accepted value. In the industry the most commonly
used limit is a return loss (RL) of minimum -6 dB, which corresponds to a maximum
VSWR of 3. Applying (14) gives

BW ≈ 1.15

Q
. (15)

Thus with an accurate estimate of the Q of an antenna the bandwidth can be easily
computed. However, it is worth pointing out that (15) does not correspond to the max-
imum attainable bandwidth. A larger bandwidth can be obtained by not having perfect
matching at the resonant frequency. An optimal value for the relation between the feed
line impedance and real part of the antenna impedance at resonance can be obtained
and is discussed in [20]. Larger bandwidth may also be obtained by means of adding
various tuning circuits. This has its fundamental limitations too, as described by the
Bode-Fano theory [21]. In addition, the non-ideal behaviour of the circuit components
will introduce losses and possible other unwanted effects. Thus, very complex and large
matching networks are usually not desired.

2.3.1 Antenna Q approximation

For calculating the Q of an antenna, (13) is not always very convenient and other
methods may be used for obtaining the Q value. Expression (16) for calculating the
Q factor of a tuned antenna (self-resonant and matched at the frequency of evaluation,
ω0) based on the input impedance has been derived in [22] and proven to give accurate
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results for a large variety of antennas. This expression is useful since it is generally
easier to compute the derivative of the input reactance than to evaluate the necessary
integrals to obtain the stored energies in the structure.

Qz =
ω0

2R(ω0)

√
R′(ω0) +

(
X ′(ω0) +

|X(ω0)|2

ω0

)
. (16)

In equation (16), R
′

and X
′

and the derivatives with respect to ω of the input
resistance and input reactance, respectively.

However, (16) is based on a single resonance model. In other words, the method
for calculating Q is only valid in regions where the behaviour of the structure can be
approximated with either a parallel or a series RLC circuit. The value obtained using
(16) is thus the Q value of a resonance circuit that has been used to approximate the
behaviour of the original structure.

In [23] it is clearly demonstrated that there is no general relation between (13) and
(16), even though the latter has shown good results for many well-known antennas. It
is shown that it is possible to achieve an arbitrarily small frequency derivative of the
reflection coefficient (which could be the case for a region of multiple resonances). This
may lead to a situation where the exact Q obtained using (13) increases while the (16)
decreases as demonstrated in [23].

Nevertheless, in [24] it was observed that for an antenna to have the behaviour
described above (increasing exact Q while decreasing Qz) in a certain frequency range,
the Qz had the proper correlation with the bandwidth; meaning that as Qz decreased the
bandwidth increased (However, its magnitude then does not give an accurate estimate
of the bandwidth using (14)).

This observation was made in a region where two resonances where closely spaced.
Placing two resonances together is a well-known technique for increasing the bandwidth,
but adding another resonance implies an increase in the exact Q as defined in (13). This
basically confirms the known fact that the inverse relation between (13) and bandwidth
does not apply to regions of multiple resonances. It also shows, as discussed in [24], that
even though the value of (16) may no longer give an accurate estimate of the bandwidth
in such regions, it can still be useful in the design phase since its ”relative behaviour”
with respect to the bandwidth does not change as compared to the case of a single
resonance region.

In this project (16) is used to study the relative influence of different design param-
eters. The Qz is obtained using a Matlab script available at Sunway Communication.
This script takes a file containing the data of the reflection coefficient extracted from
the simulation software CST MW Microwave Studio [25], calculates real and imaginary
part of the antenna input impedance and evaluates Qz according to (16).

In this matlab script, the derivative of the input impedance with respect to ω0

is calculated by means of approximation using two closely spaced frequencies. The
frequency step used is of 3 MHz.

2.3.2 Fundamental limit

Above we discussed a way of determining an approximate value of Q so that the maxi-
mum bandwidth can be calculated. Today, larger and larger bandwidths are demanded,
which pushes the Q-value down. However, there exists a fundamental limit for how small
the antenna Q can become given the size and frequency of operation. The well-known

expression for this lower bound derived by Chu in 1947 is found in (17), where k =
2π

λ
is the wave number and a is the radius of the smallest sphere circumscribing the entire
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antenna [4, 26]. Non-spherical methods to determine antenna Q have been developed
by Jonsson & Gustafsson [27].

Qlb =
1

(ka)3
+

1

ka
(17)

Chu’s equation (17) is valid for lossless, single resonance, omnidirectional antennas
and assumes that there is no stored energy (reactive energy) in the volume within the
sphere. It requires electric and magnetic sources and in the case where only electric
sources are present, as in this case, (17) must be corrected by a factor 3/2. In addition,
it is only accurate for the lowest mode (spherical mode). Nevertheless, values obtained
using (17) are commonly used as a reference in antenna design.

In this project the goal is to design an antenna to be used in a wrist wearable device
covering several specified frequency bands, where the lowest one (largest wavelength) is
the GSM band 824-960 MHz. Due to aesthetic design reasons and market demand, it
is desirable to make the antenna as small as possible. The first idea is to try to place
the antenna within the volume where one traditionally finds the watch; in other words,
excluding the bracelet. This section is illustrated in Figure 4 as the ochre box contained
within the dashed circle of radius a.

(a)
(b)

Figure 4: (a)Front view and (b) 3D view of antenna placed in traditional watch area.

However, for a given volume assigned to the antenna, there is a minimum achievable
Q, as given by equation (17), and thus a maximum achievable bandwidth. We can
therefore not be sure that the bandwidth we seek to achieve is possible to obtain if the
antenna occupies the volume confined by the sphere of radius a in Figure 4. In order to
not lose time trying to attain what is not physically attainable we first investigate the
physical limits of the desired antenna. To do this we set a value of a ≈ 31.9 mm (based
on a standard watch size) and the center frequency fc = 892 MHz. Next, equations
(17) and (15) are applied to compute the minimum Q and the fractional bandwidth,
respectively. These are calculated only for the GSM band (824-960 MHz) and the results
are shown in Table 2.

Table 2: Comparison of requirement and physical limit.

fc [MHz] ka Q FWB [%] Desired FWB [%]
892 0.5952 6.42 17.9 15.25
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According to the results shown in Table 2, it is theoretically possible to obtain the
desired bandwidth. However, in practice, the actual antenna will not utilise all the
space within the sphere of radius a in an ideal way. Also, it will not be a single resonant
and only electric sources will be present. The maximum achievable bandwidth will thus
undoubtedly be lower than the ideal value seen in Table 2. It is seen in Table 2 that
the desired bandwidth is very close to the ideal maximum possible bandwidth. We
therefore conclude that the antenna has to be extended to the bracelet for it to be
physically possible to fulfil the given requirements.

3 Study of a Common Antenna

As a training example In order to get familiar with both the software and the process
of designing an antenna, an introduction phase was included at the beginning of this
project. We modelled a Planar Inverted F-Antenna (PIFA) in CST and studied the
influence of the different parameters. Modifications were later made on the PIFA in
order to make it dual band. A prototype of the final dual-band PIFA was built and
measured in the RF laboratory at Sunway Communication. The design process, results
and analysis are briefly presented below. Extensive studies have already been carried out
on this type of antennas and the influence of its different parameters, see e.g. [29], [30].
Detailed analysis of this antenna is therefore not the aim of this phase but, as mentioned
above, to gain experience with the software and laboratory equipment. The CST models
of the PIFA and the dual-band PIFA are shown in Figure 5 and 6 respectively.

Figure 5: 3D view of PIFA model.
Figure 6: 3D view of dual-band PIFA
model.

The dimensions of the PIFA are based on standard dimensions for such antennas in
mobile handsets (typical ground plane size is around 100×45 mm). Various parameters
were studied; among them the effect of the distance between the feed and the short, here
denominated as d. It was observed that this parameter changes the input impedance
and can therefore be used to match the antenna. The feed-point impedance for three
values of d is seen in the Smith Chart (SC) in Figure 7. To model the feeds in CST we
used a discrete port type having a default impedance of 50 Ω.
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Figure 7: Feed-point impedance of PIFA for different values of d.

It is the impedance locus from 0 to 3 GHz that we see in the SC. Since the PIFA
has a shorting pin the reflection coefficient at very low frequencies is -1 (as for a short-
circuit). Therefore it is seen in Figure 7 that the curves always start at the left end of
the real axis. In the case of dipoles and other antennas looking as open circuits for low
frequencies the starting point would instead be on the right end of the real axis. These
two points are marked in the figure. Note that the locus forms a circle where it first
approaches the center point and then goes away from it. Since only one circle is present,
this corresponds to the single band PIFA. We notice that the change in d clearly changes
the value of the impedance. This parameter can be used to match the antenna. We see
that the blue curve in the SC has a shorter minimum distance to the center than the
two other curves. We also understand that the bandwidth is larger for the blue curve
since a larger portion of the locus remains close to the center.

For the dual-band PIFA the idea of introducing an L-shaped slot in the antenna
element is a commonly used method in the field of multi-band antennas; see e.g. [31].
We adjusted the dimensions so that a resonance at 1.8 GHz and another below 1 GHz
were obtained by simulation in CST. Next, we built a prototype of the dual band
antenna, which is shown in Figure 8. The ground plane was made using a PCB board
while the antenna was built using copper tape supported by a block of polystyrene. The
short was also made with copper tape and soldered on both sides.
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Figure 8: Prototype of dual band PIFA.

We measured the reflection coefficient in a VNA (Vector Network Analyzer) in the
RF laboratory. Before performing the measurement, we calibrated the VNA using a
standard calibration kit and compensated for the length of the transmission line in
order to ensure accurate results. The efficiency of the antenna prototype was measured
in an anechoic chamber. We became more familiar with the usage of both the VNA and
the anechoic chamber at this stage, after having gained experience using the simulation
software CST. These tools are very commonly used in antenna design. The results
obtained from the VNA and the chamber, together with the simulated data of the
reflection coefficient, are shown in Figure 9.

Figure 9: Measured and Simulated S11 for a dual-band PIFA and measured efficiency.

As seen in Figure 9 the measured prototype is in good agreement with the simulation.
We observe that the total efficiency increases close to the resonances. Close to the
resonance frequencies, the reflection coefficient is smaller; thus the mismatch losses
decrease giving an increase in the total efficiency. As mentioned above, there is already
much work done on evaluating the influence of the different parameters of this kind of
antennas; such as the ground plane size, the width of the shorting pin, etc. For some
examples see [32, 33]. Also, an interesting short discussion on how these antennas work
is found in [19].
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4 Concept Study of Bracelet Antenna

In this section an existing bracelet antenna is analysed. It is a concept that has been
shown to have good performance for a smart watch but has not been fully studied and
optimised. Since no further understanding of how it works has been achieved, the design
is not necessarily the most optimum solution we can have. This concept consists of two
rectangular antenna elements placed close together and having a common ground. Both
antenna elements have a shorting wall on the outer part and the whole structure is bent
following the shape of an average human wrist. Also, a short is placed on the long side
for tuning. A model made in CST is shown in Figure 10. The antenna concept has two
feeds in order to excite each antenna element separately. Throughout this section, the
feeds are placed along the side and closest to the slot on each antenna element. The
longer antenna element is used for the high band (HB) while the shorter one is used for
the low band (LB). It can also be thought of as a folded structure fed at two different
points. This antenna design has been developed at Sunway Communication and will be
denoted Sunway Smart Watch Antenna (SSWA).

Figure 10: Model of SSWA.

Next, we describe the decomposition study and the parametric study made on the
SSWA. These were carried out with the aim of understanding how the SSWA functions
and which parameters affect its various characteristics; such as bandwidth, reflection
coefficient, isolation, etc.

4.1 Decomposition

We carried out a decomposition study on the SSWA following the evolution from (a) to
(e) as shown in Figure 11. The SSWA is here built up of simpler structures which were
modified step by step towards the SSWA.
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(a)

(b)

(c)

(d)

(e)

Figure 11: Decomposition of SSWA. (a) LB antenna only, (b) LB antenna with extended
GND, (c) LB antenna with extended GND and second shorting wall, (d) Planar SSWA
with shorter HB antenna and (e) SSWA without tuning short.

The antenna elements of the SSWA, as shown in Figure 10, have a common ground
plane and the ports that excite each antenna are galvanically connected. It is thus
expected that they will interference with each other. Moreover, they are separated by a
small gap, or slot, in between the two antenna elements, which will additionally cause
coupling between the two ports. The input impedance seen in one port is therefore
affected by the presence of the other port. As one port excites one of the antenna
elements, the other antenna element will also be affected due to the coupling mechanisms
mentioned above. The other port, which basically represents a 50-ohm impedance, may
absorb part of the power coming from the opposite port. Thus, the lack of isolation
between the two ports will influence not only the input impedances of each port but
also the radiation efficiency. This must be considered when analysing the behaviour of
two antenna elements coupled in this way.

Since the decomposed model does not contain the additional features except at the
last stage, we concluded that that this approach was not suitable. Due to the importance
of the coupling, the initial steps do not provide an explanation of how the final SSWA
works. Nevertheless, we believe that the decomposed model can be useful if studied using
CMA. The influence of the structure modifications on the various modes present may
bring valuable information. However, we have not conducted such a study. (In spite of
the above-mentioned conclusion, we consider the decomposition study as an important
part of this project). The various studies done on the simpler antennas provided us with
a better general understanding on the different antenna parameters, which was useful
throughout the rest of the project.

4.2 Parametric Study

Next, we carried out a parametric study of the planar version of the SSWA, see Figure
12. These main parameters are the height h, width W , space between the two plates
Gap, length lLB and length lHB where LB stands for Low Band and HB for High Band.
Nominal values for these parameters were set and are listed below in Table 3. Three
values were evaluated for each parameter: nominal, one above and one below nominal.
Throughout this study, the feeds are placed closest to the gap and on the same edge as
shown in Figure 12.
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Table 3: Nominal Values

h =2.5 mm
W =20 mm
Gap =2 mm
lLB = 93 mm
lHB = 38 mm

Figure 12: Planar version of SSWA.

4.2.1 Parametric study of the width W

Figure 13 shows the reflection coefficients and input reactances of port 1 and port 2.
For both ports the reactance shows that the frequency at which the antiresonance takes
place remains unaffected by a change in W while the resonance frequencies are shifted up
as W decreases. As a result of the decrease in input reactance the reflection coefficient
is lower for increased width W .
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(a) (b)

(c) (d)

Figure 13: (a) S11 and (b) input reactance of port 1. (c) S22 and (d) input reactance
of port 2.

In the input reactance of port 2, it is seen that there is a distortion of the curve
forming a minima. This minima occurs at around 2.3 GHz, same frequency as for the
second anti-resonance seen in Figure 13b. Thus, it is concluded that distortion, or the
minima, is a consequence of the proximity to the longer antenna element.

The isolation, shown in Figure 14, worsens with |∆S12| ≈ 5dB at around 2.4 GHz
for increased W from W=14 mm to W=27 mm. This is due to the fact that, as seen
in Figures 13a and 13c, both ports are better matched with wider W . This does not
necessarily provide good radiation performance because one part of the signal sent by
one port will be picked up by the other port instead of being radiated into free space.

Figure 14: Isolation between port 1 and port 2.
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4.2.2 Parametric study of the height h

The reflection coefficients and input reactances of Port 1 and Port 2 for a variation of
h are shown in Figure 15. We considered values of 1, 2.5 and 3.5 mm. For both ports
the reactance shows that the frequencies at which the resonances take place remain
unaffected by a change in h while the antiresonance frequencies are shifted up as h
decreases. Note that this is the opposite to what was seen for a variation of the width
W . The anti-resonances are related to the total length from the gap to the ground plane,
and should therefore be shifted down in frequency as h increases which is in fact what
is observed.

(a) (b)

(c) (d)

Figure 15: (a) S11 and (b) input reactance of port 1. (c) S22 and (d) input reactance
of port 2.

Figure 16 shows that the isolation is better for smaller h. As the height decreases,
the field becomes more concentrated inside the resonator that is being excited and the
relative distance to the other antenna element increases, resulting in better isolation.
The E-field close to the gap was simulated for h = 3.5 mm and h = 1 mm at 2.452 GHz
and it is shown in Figure 17. The conclusion is that a smaller h yields a better isolation,
it can also be seen by looking at Figure 15d. There we see that the distortion at 2.3 GHz
is enhanced as h increases; and as discussed previously, the minima is a consequence of
poor isolation.
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Figure 16: Isolation between port 1 and port 2.

(a)

(b)

Figure 17: E-field close to the gap at 2.452 GHz for (a) h=3.5 mm and (b) h=1 mm.

By looking at the reflection coefficients in Figures 15a and 15c, we see that the
bandwidth tends to decrease as h decreases for the various resonances. The behaviour
of the antenna Qz shown in Figure 18 clearly shows this effect. It has however been seen
that the isolation is poor for increasing h and, as seen for the width W , the improvement
in the reflection coefficient is a consequence of poor isolation. We therefore conclude
that increasing h gives a better bandwidth, but the isolation must be considered for the
overall antenna performance. Note that Qz and the reflection coefficient do not give any
information regarding isolation.
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Figure 18: Antenna Qz in (a) port 1 and (b) port 2.

4.2.3 Parametric study of the length lLB

As the length lLB varies, a frequency shift is observed in port 1; see Figure 19. The
fundamental resonance in port 1 below 1GHz corresponds to λ/4 and its harmonic, at
around 2.3 GHz, to 3λ/4. For a variation of the length lLB , the harmonic has a greater
frequency shift than the fundamental, which we can see in for example Figure 19a.

(a) (b)

(c) (d)

Figure 19: (a) S11 and (b) input reactance of port 1. (c) S22 and (d) input reactance
of port 2.
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However, effects of the variation of the length lLB are also observed in port 2 due to
the coupling to the HB antenna, which has been discussed earlier. It is worth mentioning
that as the length lLB varies, the ground plane size changes. This also contribute to the
variations seen in Figure 19.

When considering the total length of Resonator 1, we note that a variation of the
length lLB does not have the same effects as a variation of the height h. For example,
we have seen that the height h has an important effect on the isolation while the length
lLB does not. If a frequency shift is desired, variation of both these parameters can be
made. However, for practical reasons, we consider that varying the length lLB is more
suitable.

4.2.4 Parametric study of the length lHB

The variation of the length lHB and its influence on the antenna reflection coefficient is
shown in Figure 20. We see mainly a frequency shift in port 2 as the length lHB varies.
As the length lHB is decreased, the resonant frequency of the shorter antenna element
is increased, thus approaching the frequency of the harmonic of the longer antenna
element. This results in a larger bandwidth, as can be seen for the red curve in Figure
20c.

(a) (b)

(c) (d)

Figure 20: (a) S11 and (b) input reactance of port 1. (c) S22 and (d) input reactance
of port 2.

4.2.5 Parametric study of the distance Gap

The variation of the parameter Gap and its influence on the antenna reflection coefficient
is shown in Figure 21. As expected, the parameter Gap influences the coupling between
the two antenna elements. This is firstly seen in Figure 21d, where the minima becomes
more significant as the gap is made smaller. The coupling is also detected by looking at
the current distribution in the structure. Figure 22 shows the current distribution close
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to the gap for two different values of Gap at 2.452 GHz when port 2 is excited. It is
seen that for Gap=1 mm, there is more current present around port 1. This indicates a
higher coupling when the gap is smaller.

(a) (b)

(c) (d)

Figure 21: (a) S11 and (b) input reactance of port 1. (c) S22 and (d) input reactance
of port 2.

LB port HB port

(a)

LB port HB port

(b)

Figure 22: Current distribution close to the gap at 2.452 GHz for (a) Gap=1 mm and
(b) Gap=2 mm.

4.2.6 Study of effect of placing the feeds on opposite sides

Next, we placed the feeds on opposite sides of the antenna in order to study if this had
any effect on the isolation or any other antenna characteristics. A model of the antenna
with the feeds on opposite sides is shown in Figure 23.
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LB port

HB port

Figure 23: Planar version with feeds placed on opposite edges.

The isolation is shown in Figure 24, where nominal refers to the case when the feeds
are placed on the same edge. No general conclusion is drawn regarding the isolation in
this case, but we note that almost no change is detected in the frequencies of interest(824-
960 MHz and 1710-2170 MHz).

Figure 24: Isolation between port 1 and 2.

The current distribution close to the gap at 2.452 GHz ,when only port 2 is being
excited, is shown in Figure 25. The current distribution in the antenna element to the
right has a similar character for both configurations. It however adjusts slightly to the
position of the feed.

There is still coupling because, even though port 2 is moved away slightly, port 1 is
still seen as a 50 Ω impedance that provides a path for the current.

LB port HB port

(a)

LB port

HB port

(b)

Figure 25: Current distribution close to gap at 2.452 GHz for: (a) feeds on edge and (b)
feeds on opposite edges.

4.3 Discussion and conclusions

In order to understand how the SSWA works, we first made a decomposition study.
The different coupling mechanisms present between the ports in the structure were
identified. They consist of a galvanic connection, since these share a common ground,
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and the proximity of the two antenna elements which are separated by a small gap.
These two contributions to the coupling between the antenna elements are first present
in the final stages of the decomposition. Since they are considered to have an important
influence on the way the SSWA works, we concluded that the decomposition method
was not suitable for this purpose.

Secondly, we carried out a parametric study. It showed that variations of the width
W and height h can move the position of resonances and antiresonances, respectively. It
was concluded that poor isolation is a consequence of an increase in W and/or h. Both
these parameters show better matching as they are increased. However, the isolation
suffered from an increase in these parameters. This results in a compromise between
bandwidth and radiation performance.

Next, the lengths lLB and lHB were seen to shift the resonances associated with
the longer and shorter antenna elements, respectively. It was noted that bringing these
closer could result in increased bandwidth.

It was also concluded that the parameterGap influences mainly the coupling, yielding
stronger coupling as it is decreased. Placing the feeds on opposite sides did not show
any noticeable change in the frequency bands of interest. We have summarize these
results in a table for practical use. See Table 4 below.

Table 4: Summary of parametric study.

5 Study of Feed Position

As mentioned in Section 2, different current modes are present in the structure. These
modes can be excited, or oppressed, by placing the feed at certain positions. We have
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carried out a study of the effect of the feed position with the aim of finding the most
adequate positions given the requirements. In order to see the effect of the feed on
the structure, the study was made for each feed separately; in the absence of the other
feed. The presence of the other feed modifies the structure and thus the modes that can
be excited at a certain position, since this represents a 50 ohm impedance across the
opposite antenna element. We used the software CST [25] for this study.

5.1 Position of Low Band Feed

We started by studying the port placed on the longer antenna element, here referred to
as port 1 or LB port. The parameter used here, feedx, corresponds to the position of the
feed relative to where the antenna element ends and the gap begins. This is represented
in Figure 26.

Figure 26: Position of port 1.

As the port was displaced along the structure, the input impedance and the reflection
coefficient were examined. Figures 27 and 28 show the input impedance for two different
frequency bands. In both bands it is seen that the resonance frequency does not change
as the feed is moved but the magnitude of the impedance, relation between E-field and
current at that point, does.

Figure 27 shows the frequency range 0.35-1.2 GHz. We note that the magnitude of
the input impedance always decreases as the feed is moved away from the slot. This
suggests that it is the mode where the length of the antenna element corresponds to
λ/4, here denoted the fundamental mode, that is observed.

(a) (b)

Figure 27: (a) Input reactance and (b) input resistance of port 1 between 0.2-1.2 GHz.

In Figure 28, the frequency range 1.7-2.8 GHz is displayed. Here, the magnitude
of the input impedance first decreases reaching a minimum at around feedx = 30 and
then increases again to finally decrease when approaching the shorting wall. This is
clearly the mode where the length of the antenna element now corresponds to 3λ/4,
here denoted first harmonic.
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(a) (b)

Figure 28: (a) Input reactance and (b) input resistance of port 1 between 1.7-2.8 GHz.

Examining how the input impedance changes gave thus a better understanding of
the modes present at the frequency bands of interest.

Figure 29 shows the reflection coefficient for two frequency bands. In Figure 29a,
the minima seen at around 0.9 GHz corresponds to the fundamental mode mentioned
above. The deeper the minima is, the smaller the VSWR is (shorter distance to center
in Smith Chart); thus, the better the match is. The minima seen at around 1.7 GHz
corresponds in fact to the fundamental mode of the other antenna element, the HB part
of the structure, as will be discussed in the next section. This can also be seen in the
input impedance of port 1 but is unfortunately not within the frequency band displayed
in Figures 27 and 28.

(a) (b)

Figure 29: S11 in port 1 for (a) 0.4-1.8 GHz and (b) 1.7-2.8 GHz.

In Figure 29b it is the first harmonic that is seen. We see that for feedx = 30, the
reflection coefficient is high compared to other positions, yielding a bad match if fed at
this point. Note that at this point the magnitude of the input impedance is low, which
corresponds to a position where the E-field for this mode is low (close to a null). The
position where feedx = 30 is approximately a third of the total antenna element length.
At this frequency, 2.3 GHz, λ/4 ≈ 30 mm. This is a higher mode for which the total
antenna element length corresponds to 3λ/4. Thus, for feedx = 30 at 2.3 GHz, we have
placed the feed at a position where we the E-field is low, and thus the input impedance
is small. Therefore we are cannot efficiently excite the this mode at this position.

5.2 Position of High Band Feed

A similar study was conducted on the shorter antenna element by moving the position
of port 2 or HB port, defined by the parameter feedx 2, as shown in Figure 30.
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Figure 30: Position of port 2.

Following the same method as for port 1, the input impedance was examined and
is shown in Figure 31. Also here, we see that the magnitude of the input impedance
decreases as feedx 2 is moved away from the slot. This indicates that the fundamental
mode, where the length of the antenna element corresponds to λ/4, is perceived at
around 1.65 Hz, as we can see in Figure 31b. In addition, two disturbances are seen in
the input reactance; one below 1 GHz and the other at around 2.3 GHz. These come
from the fundamental and first harmonic modes of the LB part respectively. Thus, the
HB port can excite modes on the LB antenna element. In the same way, we saw in the
reflection coefficient of the LB port the presence of a resonance at around 1.6 GHz. This
is due to the fundamental mode of the HB antenna element.

(a) (b)

Figure 31: (a) Input reactance and (b) resistance of port 2.

Figure 32 shows the reflection coefficient obtained for different positions of the HB
port. We see that the bandwidth changes as the feed is moved. We have seen that at
around 1.6 GHz, the length of the HB antenna element is λ/4; and that at around 2.3
GHz, the length of the LB antenna element is 3λ/4. These two resonances give rise to
what is seen between 1.5 GHz and 2.5 GHz in Figure 32. Large bandwidth is obtained
when both resonances are well matched, as in the case of feedx 2 = 20.

Figure 32: Reflection coefficient in port 2.
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5.3 Discussion and conclusions

We have seen in Section 5 that the position of the feeds has a direct effect on the reflection
coefficient and thus the efficiency. This is due to the fact that the input impedance is
different at each feeding point because of the field and current distribution. The best
feeding point is where the input impedance is as close to 50 Ω as possible.

By examining the variation of the input impedance at different feeding points for
each port, we have concluded that each antenna element is first resonant at frequencies
where their length corresponds to λ/4. We have associated these resonances with modes
that we denote fundamental mode. Within the frequency range studied, we have also
observed a higher order mode corresponding to the length of the LB antenna element
being equal to 3λ/4.

6 Optimization of Feed Position

In this section we optimize the position of the feeds based on the studies made in sections
4 and 5. We do this in order to take advantage of the full potential of the structure
and thus avoid large matching networks. In addition, a shorting pin is added to the
structure on the HB side for tuning, and its effect is studied in detail.

It is desired to cover the 3G (1710-2170 MHz) and Wi-Fi (2.4-2.48) bands, among
others. These two signals are required to be extracted separately since these are directed
into different receivers. In order to do this, different matching networks are needed for
each band. We saw in Figure 32 that a large bandwidth, potentially covering both
these bands, can be achieved. However, it has been found difficult to extract the sig-
nals separately in such a case. For this reason, we concluded that separating the two
resonances (fundamental of High Band and harmonic of Low Band) is more beneficial.
This must be done in a way so that the first Low-Band harmonic goes up in frequency
while the High-Band fundamental goes down. For practical reason, the total length of
the antenna has been given a fix value and can therefore not be manipulated. Note that
by shortening the Low-band length and increasing the High-band length the objective
mentioned above can be accomplished without modifying the total length (can also be
thought of as moving the gap). The Low-band fundamental will also get affected by
such a change but the impact on the harmonic is higher.

Figure 33: Parameter comp.

A parameter called comp is defined. The Low-band length i shortened by an amount
comp while the High-band length is increased by the same amount; see Figure 33. For
the nominal design comp = 0. Figure 34 shows the input reactance in port 2 for three
different values of comp. It is noted that the shift in the resonances is as predicted (the
green curve has its two resonances further apart from each other than the brown curve).
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Figure 34: Input reactance of port 2.

A value of comp = 5 is chosen and the reflection coefficient for different positions of
the feeds (when placed in the absence of one another) is once again examined. These
are shown in Figure 35.

(a) (b)

Figure 35: Reflection coefficients in (a) port 1 and (b) port 2.

Given the requirements of covering both the LB (824-960 MHz) and the HB (1710-
2170 MHz) we concluded after analysing the results shown in Figure 35 that the positions
feedx = 60 and feedx 2 = 25 are most suitable. These, seen in Figure 35, show the
most promising responses for the given requirements and correspond to the black and
red curve on the left and right plot respectively. Note that the low band is basically
already reaching the desired level of matching (-6 dB) in the entire band. However, the
results seen in Figure 35 are from when only one feed is present at a time, while the
other is removed completely. Next,we introduce both feeds simultaneously at the chosen
positions. A comparison of the reflection coefficient obtained at each point with and
without the presence of the other port is presented in Figure 36. In Figure 36a, it is seen
that the resonance at around 1.5 GHz no longer appears when the high-band port is
present in the structure. The existence of port 2 represents a 50-ohm impedance across
the high-band element. Port 1 can therefore no longer excite the mode that before was
present at around 1.5 GHz, which corresponded to the fundamental of the high-band
element. The same effect is seen in port 2, in Figure 36b, where it is seen that the
resonances in the green curve at around 2.4 GHz and below 1 GHz are not present in
the pink curve. These correspond, as explained earlier, to the first harmonic and the
fundamental of the LB structure. Given that port 1 is present, thus representing a 50-
ohm impedance across the LB structure as seen from port 2, the HB port will no longer
be able to excite these modes in the same way as before.
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(a) (b)

Figure 36: Reflection coefficients in (a) port 1 and (b) port 2.

Finally, the S-parameters obtained for the planar version with the optimized feed
positions and comp-value are shown in Figure 37. Note that in the low band, the desired
matching level is achieved and the isolation, represented by S21, is good (normally below
-12 dB is required). The high-band, however, does not reach the desired level of matching
without matching network and the isolation there is slightly above the preferred limit.

Figure 37: S-parameters of optimized planar version without matching network.

6.1 High-Band Short

As seen above, the bandwidth in the high-band is not wide enough and requires a
matching network in order to cover the whole band of interest (1710-2170 MHz). Such
a matching network was designed based on the simulation data using the software AWR
and consisted of four components. As the first prototypes were built it was noticed that
the actual bandwidth obtained in the HB port was narrower than shown by simulation.
The previously designed matching network was thereby no longer suitable and a modi-
fication in the structure was required in order to improve the bandwidth and make the
matching possible.

Different modifications were made on the prototype and their effect were directly
examined on the VNA. It was observed that the placement of a shorting wall on the
high-band side, as shown in Figure 38, seemed to give a wider bandwidth in port 2
without affecting port 1. Such a configuration was later simulated in order to reach a
better understanding of its effect.
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Figure 38: Planar antenna with short on HB side.

We define a parameter called L short. It represents the distance of shorting place-
ments along the long side. This is illustrated in Figure 38. The width of the shorting
wall was found to have no significant effect and was set to 5 mm.

(a) (b)

Figure 39: (a) Reflection coefficients and (b) input reactance in port 2 for planar antenna.

In Figure 39, the plot to the left shows the reflection coefficient in port 2 for different
positions of the shorting wall and the plot to the right shows the input reactance in
port 2 with and without shorting wall. The input reactance reveals that the presence of
the shorting wall causes a frequency shift in the resonance related to high-band element
(where the shorting wall is placed) while it does not have any effect on the resonance
related to the low-band element. Thus, this resonance can now me moved independently.
Note that this was not possible when varying the parameter comp. Also, the magnitude
of the input reactance decreases, bringing it closer to zero for a wider range which
may explain the increase in bandwidth. The choice of position is made by looking at the
reflection coefficient in Figure 39a. A value of L short = 32 mm, the red curve, is chosen
considering the given requirements. The S-parameters obtained with the shorting wall
are shown in Figure 40. The bandwidth in the HB has clearly increased as compared to
the case without the shorting wall. The LB is unaffected by the presence of the shorting
wall. Note that the isolation in the LB has improved (below -16 dB) while it is slightly
worst in the HB (right below -10 dB).

31



Figure 40: S-parameters in port 1 and 2 with HB short.

As discussed in section 2, the value of Qz can be examined in order to estimate the
bandwidth capabilities. The values of Qz in port 1 and 2 have been computed for both
the case with and without shorting wall. These are shown in Figure 41. To the left, the
results in port 1 are displayed. No change at all is seen for frequencies around 1 GHz, as
is expected from the results presented above. However, it is noted that the Qz in port 1
decreases for frequencies between 1.5-2 GHz with the HB short. On the other hand, the
Qz in port 2 shows no change around 2 GHz, but it increases for the lower frequencies
when the HB short is added. This could explain the change seen in the isolation (S21)
from Figure 37 to 40, where the isolation improves in the low band but gets worse in the
high band when the short is introduced. According to the Qz, however, the bandwidth
in the high band does not increase with the short, contradicting the observed result in
Figure 40.
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Figure 41: Qz in port 1 and 2 with and w/o HB-short.

6.2 Characteristic Mode Analysis

In this section, the Characteristic Mode Analysis (CMA) has been applied to identify the
different modes present in the structure and to further analyse the effect of the shorting
wall. Firstly, the planar structure without short is analysed. Secondly, the same analysis
is done on the modified structure, which includes the short, and a comparison is made.

32



6.2.1 Planar antenna without high-band short

For the characteristic mode analysis only the Modal Significance (MS) is presented here,
which is calculated according to equation (12). The MS for the planar structure without
short in two separate frequency ranges is shown in Figure 42. The simulations were run
in two frequency ranges because of the large amount of memory required. The software
used for these simulations was FEKO [16].
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Figure 42: Modal significance of different characteristic modes in two frequency ranges.

As seen in Figure 42, various distinct modes are present in this structure and they
present somewhat different characteristics. For example, the mode (a) has clearly a
smaller bandwidth than mode (b) since it remains close to MS=1 for a shorter frequency
range. Mode (c), on the other hand, radiates very well over a shorter range while it has
an acceptable radiation performance (MS of around 0.75) over a much broader frequency
range.

The current distributions at the frequencies where MS=1 for the modes marked as
(a)-(e) are displayed in Figure 43.

(a) (b)

(c) (d)

(e)

Figure 43: Current distributions of the modes a, b, c, d and e.
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By looking at Figure 43 we deduce that mode (a) corresponds to the total length
being equivalent to λ/2 (total length being 2lLB + 2lHB + gap + 2h; see Figure 12).
However, the resonance frequency would have to be around 0.55 GHz if this were the case,
which is much lower than the actual resonance frequency. Nevertheless it is observed
that this mode has higher currents in the longer antenna element than in the shorter
one. Perhaps it is due to the folded nature of the structure or the fact that the antenna
elements have different lengths, that the resonance is found at a higher frequency.

For the mode (b), it appears as though the total length were equivalent to λ, a full
wavelength. Computing the total length and setting it equal to λ gives a frequency of
around 1.1 GHz, at which point mode (b) has MS≈0.9. Thus, this is considered as a
reasonable physical interpretation. The shift may be due to similar reasons as mentioned
for mode (a).

Looking at the current distribution for mode (c) in Figure 43 it is seen that all
the current is concentrated in the high-band part of the structure. This suggests that
mode (c) may be what has earlier been referred to as the fundamental mode of the
HB. By computing the length of the HB element, 2lHB + h, and setting it equal to
λ/2, a frequency of around 1.68 GHz is obtained. In Figure 42 it is seen that the
resonance frequency of mode (c) is close to this frequency, thus supporting the explained
interpretation. Even though no currents flow in the low band part of the antenna when
this mode is resonant (MS=1), the existence of this part could be responsible for the
plateau seen in this mode after the resonance. This has however not been further
investigated.

It is also probable that mode (b) is what has earlier been referred to as the fun-
damental mode of the LB. It is possible that mode (a) has not been detected in the
previous sections because it has not been properly excited.

Mode (d) appears to resonate at a frequency where the total length is close to 2λ.
Calculations anticipate a resonance frequency of around 2.21 GHz for such a case which
again is not far from what is found in Figure 43. Lastly, mode (e) is clearly what has
earlier been referred to as the first harmonic of the LB.

6.2.2 Planar antenna with high-band short

In this section, the same analysis is carried out but this time on the structure including
the shorting wall. Figure 44 shows the MS of various modes over two different frequency
ranges. Note that this time the plot to the left reaches up to 1.6 GHz.
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Figure 44: Modal significance of different characteristic modes in two frequency ranges.

It is firstly noted, after looking at Figure 44, that no new modes are resonant in
the frequency range of interest as a consequence of the presence of the shorting wall.
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In addition, comparing modes (a) and (b) in Figure 44 and Figure 42, it is clear that
they have not been affected by the modification, which is consistent with what has been
seen earlier. The resonance frequency of mode (c), however, which before was found at
around 1.6 GHz, has now been shifted up to about 1.73 GHz. The plateau looking shape
is yet present after the resonance. Note, however, that the MS of mode (c) decreases
rapidly at around the same frequency as before, right above 2.4 GHz. It means that
mode (c) has not been shifted with the same amount everywhere. This leads to the
conclusion that the shorting wall moves primarily the peak, the resonance frequency, of
mode (c). This should however be verified by running the CMA for various positions of
the short.

It is also observed that mode (d) has been slightly influence by the short at the
frequencies below resonance.

6.3 Discussion and conclusions

In section 6, a variation of the parameter comp, corresponding to shifting the gap, was
shown to shift the resonance frequencies of the modes discussed in section 5. An optimal
value of comp = 5 mm was chosen. A re-examination of the feed position was conducted
and optimal positions were set; feedx = 60 mm and feedx 2 = 25 mm.

Next both feeds were placed at the optimal positions. It was concluded that the
presence of port 2 at the chosen position inhibits port 1 from exciting the HB funda-
mental mode. In the same way, the presence of port 1 at the chosen position inhibits
port 2 from exciting the low band first harmonic mode.

In order to increase the bandwidth in Port 2, a shorting wall was added on the high
band antenna element. The input reactance shows that the position of the shorting
wall controls the resonance frequency of the high band fundamental mode while not
affecting the resonances resulting from the low band element. From the input reactance
it is noticed that apart from the shift in frequency, the magnitude of the reactance also
decreases for the resonance taking place between 1-2 GHz. It is the combination of
these two effects that stands for the bandwidth improvement. An optimal value for the
position of the short was chosen as L short = 32 mm.

Even though the bandwidth in port 2 has clearly increased using the shorting wall,
no improvement was detected when looking at the Qz.

Next the Characteristic Mode Analysis was applied. It helped to better visualize the
bandwidth and position in frequency of the various modes present within the frequency
range of interest. A previously unnoticed mode was found resonant at around 0.75 GHz
and presented a quite narrow bandwidth. It was verified in the CMA study, that the
high-band short indeed shifts the resonance frequency of mode (c), or the high-band
fundamental mode, and does not affect the other modes that have been studied.

7 Prototyping

In this section, the various prototypes that were built are presented. The difficulties
encountered with each prototype are discussed and a total of four prototypes are built.
Once the final prototype is introduced, the design of the matching network for the high-
band is explained in detail. Lastly, the various measurements performed on the final
prototype are presented and discussed.

Various prototypes of the planar antenna were built and are shown in Figure 45. Pro-
totypes (a) and (b) were made by attaching copper tape to the surface of a rectangular
box made of polystyrene (low-permittivity material). For better mechanical stability,
a piece of PCB was attached to the ground plane. The main issue encountered with
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these prototypes was the fact that the polystyrene melted quite quickly at the moment
of soldering. Thus, the antennas suffered of severe deformations due to this and were
no longer considered reliable.

(a) (b)

(c) (d)

Figure 45: Different prototypes of planar antenna with shorting wall.

The following prototype, (c) in Figure 45, was built using a strip of aluminium. The
strip was cut out of a can and folded according to the shape and dimensions of the planar
antenna. The copper tape was then attached to the aluminium surface. This prototype
was shown to be more robust than the previous. However, at this point, the sensibility
of the design with respect to the height h was revealed. It was observed in prototype
(c) that small fluctuations in this parameter along the antenna had a bigger impact on
its response than expected. The aluminium sheet was rather thin and made it difficult
to keep the height at a constant and uniform value along the length. In addition, a
non-uniform height caused the dimensions of the gap to vary. Another consequence of
the thinness of the aluminium sheet was twisting around the horizontal axis.

When the structure of the antenna is modified, the near fields around it change. As
mentioned earlier, the reactive fields give rise to the input reactance of the antenna. In
turn, the stored energy in the reactive fields changes as the fields change. According
to equation (13) the antenna quality factor would then also vary and with it also the
bandwidth. Big changes are seen in the VNA for small variations of the parameter h
for prototype (c). It can be concluded that the induced fields on this structure are very
sensitive with respect to small variations of its geometry.

In order to achieve a more robust antenna, the next and final prototype, (d) in Figure
45, was built. Prototype (d) was made of folded copper sheet having a thickness of about
0.7 mm. This prototype showed good results considering what was expected from the
simulations; specially in the LB. The S-parameters for prototype (d) were measured in
the lab using a VNA and are shown in Figure 46. In general, good agreement is found
between measurement and simulation. However, the bandwidth in Port 2 was narrower
than expected from simulation. This indicates that the quality factor for that mode is
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larger than predicted which could be due to additional stored energy in the near field.
The isolation, on the other hand, was better in the prototype.

Figure 46: S-parameters obtained for measurements on prototype d and in simulation.

7.1 Matching Network

As mentioned earlier, a matching network is required in the HB port in order to reach the
required level of matching (RL > 6 dB) over the entire band (1710-2170 MHz). For the
purpose of designing and optimizing a matching network, the software AWR was used.
A schematic of the matching network used in the final prototype is shown in Figure 47
where also a Smith chart representation of the impedance seen from different reference
points is displayed. In this manner, the approach taken to match the antenna can be
more easily understood. Note that the curves seen in Figure 47 are from simulation in
AWR based on the measured data from prototype (d). In addition, the components
used in the simulation are defined as ideal.
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Figure 47: HB-schematic and matching sequence.

In reality, the components in the matching network are not ideal and their imperfec-
tions can have a big impact on the overall performance of the network. Apart from the
non-ideal behaviour of the components it is important to keep in mind that the pieces
of microstrip line between the components will also affect the impedance and introduce
losses. When implementing the matching network of Figure 47 into prototype (d), the
impedance measured at each reference point was slightly different than shown in the
smith chart above. Before placing the last capacitor (C2), at point (d) in the schematic,
the impedance was somewhat shifted in the clockwise direction along the impedance
circle. This represents the existence of a series inductance. In order to compensate
for this effect, an extra component was added to the network: a capacitance in series
between L2 and C2. Finally, the input impedance of the matched prototype is shown
as the green curve in Figure 48.
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The orange curve in Figure 48 is the one obtained through simulation in AWR. The
green curve corresponds to the measurement, using real components, on prototype (d).
We see that full agreement with simulations is not achieved. This is due to the fact
that real components have always certain tolerances on the values, and also due to their
non-ideal behaviour.

7.2 Measurements on Final Prototype

The total free space efficiency of the matched prototype was measured in the anechoic
chamber at Sunway Communication. The efficiency and the return loss of the final
matched prototype are shown in Figure 49. The total efficiency remains above -4 dB
over both frequency bands. Note that the low band is not using any matching network.

These results show that the antenna radiates very well and fulfils the requirements
in free space.
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As the title of this project indicates, the studied antenna concept is intended to be
used in wearable devices. It is therefore of great importance to study how the antenna
behaves when positioned close to the human body. For this purpose, four cubes with
characteristics similar to human muscle were placed right behind the ground plane as
shown in Figure 50. The reflection coefficient obtained in this case is plotted in Figure
51 along with the values from the measurement in free space.
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Figure 50: Measurement set-up with four lossy cubes.

It is seen in Figure 51 that no detuning occurs when the antenna is in close proximity
to the cubes. The high band shows very satisfactory results since the RL remain below -
6 dB for practically the entire band. The low band, however, loses a substantial portion
of its original bandwidth. Nevertheless, it is the absence of a detuning effect that is
emphasized in these results. This quality makes the antenna more robust and suitable for
wearable applications. It confirms that the antenna has indeed very low back-radiation,
which is why it does not get affected.
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Figure 51: Measured S11 of final prototype in free space and close to the cubes.

8 Effect of high permittivity material

In this section, the effect of adding a higher permittivity material to the optimized
structure is studied. Two different ways of doing this are investigated and the results
are presented and followed by a discussion. This is done with the aim of studying the
possibility of reducing the total size of the antenna. The material used in both cases is
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PC-ABS with a relative permittivity of εr = 2.66.

The use of higher εr materials is common in microstrip antennas because it offers the
possibility of miniaturization apart from providing mechanical support to the structure.
The miniaturization is due to the fact that the wavelength in the high dielectric medium
is shorter. However, for microstrip antennas, the bandwidth reduces and the losses due
to surface waves increase as the dielectric constant increases [34].

8.1 Evenly distributed PC-ABS layer

The first configuration studied was the one obtained by adding a layer of the material
following the shape of the structure on the inside, where the field is concentrated. This
is illustrated in Figure 52. The thickness of the layer of PC-ABS is k. A comparison of
the reflection coefficient obtained in each port for the case with and without the PCABS
layer is shown in Figure 53.

Figure 52: Side view of planar antenna with layer of PC-ABS material. Light blue
indicates the PC-ABS layer.

As expected, a shift down in frequency is observed when the layer is present. This
shift increases as the layer gets thicker. Note that the level of matching also changes as
a result of the presence of the PC-ABS layer. However, it is believed (but has not been
carried out) that by relocating the feeds once again, a better matching may be achieved.
Nevertheless, it is the shift in frequency that is emphasized in this study.

(a) (b)

Figure 53: Reflection coefficient in (a) port 1 and (b) port 2 with PC-ABS layer.

8.2 PC-ABS box

The second configuration that was studied is represented in Figure 54. It consist of
placing a box of solid PC-ABS material inside the structure and right below the gap.
The box has the same height and width as antenna but its length is k1 +gap+k2, where
k1 and k2 are the amounts by which the box length exceeds the gap on the side where
port 1 and port 2 are placed, respectively; see Figure 54. Here k1 = k2 = 5 mm. The
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reason why the box is placed close to the gap is because the field is often strong in that
region. A comparison of the reflection coefficient obtained in each port for the case with
and without the PC-ABS box is shown in Figure 55.

Figure 54: Planar antenna with PC-ABS box.

A similar effect as for the layer is noted when using a box. The expected shift in
frequency is present and the level of matching changes even in this arrangement. For the
LB, this arrangement shows basically the same result as obtained for k=0.5 in Figure 54
for the previous arrangement. The HB, on the other hand, resembles in shape more to
the result seen for k=1 previously but slightly better matched in this case. It is noticed
that the shift in frequency is greater in port 2 than in port 1.

Figure 55: S11 and S22 with PC-ABS box.

In order verify that this technique can be used, the size of the antenna has been
reduced to 80% of its original size. The return loss obtained for the smaller antenna are
shown in Figure 56, where the dashed curves are the results from the original size. The
configuration has a PCABS layer where the thickness k is a third of the height of the
antenna.
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Figure 56: S-parameters for shrinked planar antenna using PCABS layer compared to
original w/o PCABS.

From Figure 56 we see that the resonances appear in the desired frequency ranges.
However, the level of matching and bandwidth in both ports have severely worsened.
Thus, there is a compromise between size reduction and bandwidth.

8.3 Discussion and conclusions

PC-ABS material has been added to the optimized planar antenna in two different
configurations and the desired frequency shift is perceived in both cases. Larger impact
is obtained when placing the PCABS material where the field is high. Both arrangements
may thus be considered for miniaturization. They both provide a kind of mechanical
support to the structure which makes these arrangements more feasible in practice.
Other practical or financial constrains may however favour one arrangement over the
other.

9 Effect of Bending

In this section we present a study of the effect of bending the optimized structure. The
bending was performed on a circular surface of radius R=25mm. The bent antenna is
illustrated in Figure 57. In the model, the dimensions of lLB and lHB were kept the
same as for the optimal planar antenna. This implies that the ground plane is now
shorter as compared to the planar version.

The feeds are located in a radial fashion at a angle such that the previously chosen
values for feedx and feedx 2 correspond to the distance from the feed points to the
open end on the upper (or outer) plates.
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Figure 57: Antenna bended on circular surface.

9.1 Input Reactance and Qz

Firstly the input reactance is examined. Figure 58 illustrates a comparison between
the values for the planar and bent version, where the dashed curves represent the bent
antenna. We see a frequency shift in both resonances in port 1. The resonance frequency
of the modes have increased as compared to the planar case. In addition to the frequency
shift, a significant increase in the input reactance is found for the LB fundamental mode.
This indicates that the amount of stored energy in the near field has increased. Some
additional coupling must therefore be present in the bent antenna. This could be due
to the fact that the two ends are brought closer by bending, as suggested in [35] where
this effect is modelled by a increased capacitance. For the mode resonant at around 2.5
GHz, the input reactance has instead slightly decreased. This indicates that this mode
stores less energy in the bent structure than in the planar one. In port 2, similar effects
are observed. The shift in frequency is present and the input reactance has slightly
increased in this case.

(a) (b)

Figure 58: Input reactance in (a) port 1 and (b) port 2.

Next, the Qz is studied for the planar and bent antenna. Figure 59 shows the results
obtained in port 1 and port 2, where again the dashed curves correspond to the bent
version. In port 1, a shift is seen at the first minima around 1 GHz. Note also that
the lower value for this first minima is higher for the bent antenna than for the planar.
This is consistent with what has been discussed regarding the input reactance. A higher
Qz can be a consequence of more stored energy or lower losses (here lower radiation
resistance since the model is made in PEC) and for this mode, it was noted that the
stored energy had increased. Similarly, the second minima (right below 2 GHz) reaches
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a somewhat lower value of Qz, which is also in accordance with the observations made
on the input reactance at that frequency.

In port 2, the curve is also shifted both in frequency and in Qz. The change in Qz is
however much larger for the HB fundamental mode than for the LB fundamental mode,
although the change in reactance was greater for the LB mode. This indicates that the
radiation resistance of the mode excited by port 2 may have decreased as compared to
the planar structure (it could also be that the radiation resistance of the LB mode has
increased).
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Figure 59: Qz in (a) port 1 and(b) port 2 for planar and bent version.

In practice, it is of interest to look at the reflection coefficient and impedance band-
width of each port. For this reason, the S-parameters for both the planar and the bent
version were computed and are shown in Figure 60. Note that now the dashed lines
correspond to the planar version.

In port 1, the frequency shift is clear and the level of matching has severely decreased.
Similar effect are found in port 2 where the matching is found poor.

In general, the isolation has become worst (higher S21) for the bent antenna as
compared to the planar version. As mentioned earlier, this could be the result of bringing
the ends closer together when bending. For the LB, the isolation is still at an acceptable
level (below -12 dB) while it is above the limit in the HB. Repositioning the feeds could
potentially help achieve a better match.
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Figure 60: Scattering parameters for bent and planar antenna.

9.2 Characteristic Mode Analysis

The effect of bending the structure has also been studied using Characteristic Mode
Analysis and the results are presented in this section. Only the case for R=25 mm has
been simulated due to the long simulation time. As has been done for the previous
results of CMA, only the Modal Significance is examined. Figure 61 shows the MS for
the different modes present in two frequency ranges.
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Figure 61: Modal significance of different characteristic modes in two frequency ranges
for the bent antenna.

In Figure 61 it is seen that the modes (a), (b) and (c) are still present. However,
these present now a narrower bandwidth as compared to Figure 44. As discussed earlier,
modes (b) and (c) correspond to the low band fundamental and the high band funda-
mental, respectively. The Qz for both these modes had increased for the bent version,
which makes the decrease in bandwidth seen in Figure 61 a positive verification. As a
result of the decrease in bandwidth, the plateau shape seen in mode (c) is now at a
level of MS ≈ 0.5, as compared to MS ≈ 0.75 in the planar case. Thus it will no longer
radiate as efficiency in that frequency range. Mode (e) on the other hand, which has
earlier been identified as the harmonic of the LB, has a larger bandwidth in the bent
structure than in the planar one. Again, this can be expected from the results seen in
the input reactance. The frequency shift is present for the all modes marked (a), (b)
and (c).
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10 Conclusions

In this thesis we have investigated an existing antenna concept for the SmartWatch
application in detail. The given antenna concept is denoted Sunway Smart Watch
Antenna (SSWA). The SSWA consists of a ground plane, two antenna elements separated
by a slot and two feeds.

To analyse the behaviour and characteristics of the SSWA, we first applied a decom-
position method. This approach is shown not be suitable due to the fact that it does
not include the coupling mechanisms present in the SSWA until the very last stages.

Next we investigated the effect of five different parameters by a detailed parametric
study of the planar SSWA. We found that increasing the height of the antenna gives
a bandwidth improvement but worsens the isolation, thus resulting in a compromise
between bandwidth and radiation performance. It was also found that the length of
each antenna element changes the resonance frequency of the corresponding resonator.
A summary of the influence of the various parameters studied is found in Table 4.

To further analyse the SSWA, a study of the feed position was undertaken. We found
that both the matching of each port and the isolation between them can be improved by
changing feed positions. Optimal values for the feed positions and the position of the slot
separating the two antenna elements were chosen based on these studies and considering
the given requirements. Adding a shorting pin to the HB side of the structure is shown
to improve the matching of the HB port.

A total of four prototypes of the optimised planar antenna were built. In the first
and second prototype, we had difficulties in achieving a smooth and even surface using
copper tape on polystyrene. It was found that the design is sensitive to the local height
fluctuations of the antenna and a more robust prototype was needed for this reason.
The final prototype was thereby made using a copper sheet of 0.7 mm and showed good
agreement with the simulations. A matching network consisting of four components was
designed in the software AWR for the HB port while no matching network was necessary
for the LB port. In practice, we needed to add an extra component to the designed
matching network to compensate for the series inductance caused by the microstrip
line. The final prototype of the planar antenna was measured and was shown to fulfil
the bandwidth and efficiency requirements in both LB and HB.

Further, the possibility of miniaturizing the antenna was considered by studying the
effect of using higher permittivity material; here PCABS. Two different arrangements
were proposed and simulated.Both provide mechanical support to the structure and can
potentially be used for miniaturization. It is shown by simulation that using one of
these arrangements the antenna can be reduced to 80% of its original size. However the
matching and bandwidth worsens as the antenna is reduced.

Lastly, we study the effect of bending the optimised planar antenna. This is done
only by simulation in CST [25] and we find that the isolation between the ports becomes
worst as the structure is bent. We conclude that this is due to the additional coupling
caused by the fact that the ends are located closer together. Also the matching becomes
worst when the structure is bent.

We conclude that the suggested modification to the planar SSWA along with the
designed matching network result in an antenna that fulfils the given requirements on
bandwidth and total efficiency in free space. The total efficiency on-user has not been
measured and therefore we cannot draw conclusions regarding this requirement.

The approximation of the antenna quality factor, Qz, was evaluated as part of the
various studied performed in this project. However, this parameter was not found par-
ticularly useful in the process of understanding and improving the SSWA.

The characteristic mode analysis was first applied at a later stage of the project. For
this reason, the modifications made on the planar SSWA were not based on the CMA
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results shown by the software FEKO. Nevertheless, these results were found useful when
investigating the effect of adding the HB short and of bending since they enabled us to
study the change in each mode separately.

Since we had no previous knowledge of the functioning of the SSWA, one of the
major challenges in this project consisted on proposing relevant studies of the SSWA
that would provide valuable information.
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11 Discussion and Outlook

In this thesis, we analysed an antenna concept in detail through simulations and derived
the essential behaviour of the antenna as a function of its geometry. We also gained
practical experience through prototype building for this antenna type. However, there
are still many aspects of this project that require further investigation. The decompo-
sition method could for example be reconsidered, but using CMA as the main tool. A
deeper insight into the nature of the modes and how to change them can be achieved in
this way. Additional CMA studies should be made for various positions of the HB short
in order to verify its effect on the resonance frequency of the mode (c). One could also
further investigate the nature of the plateau looking shape of some of the modes seen in
the CMA studies. Further analysis of the bent version of the antenna must be carried
out. It would for example be interesting to find a way to compensate for the effects of
bending. Looking into miniaturization is interesting since less bending is required to fit
the antenna around a wrist if the antenna is smaller. A prototype of the bent antenna
should thereby be built and tested.

The addition of other frequency bands to the antenna such as BT, GPS, 4G, etc.
must also be further investigated. To approach manufacturing, it is necessary to analyse
the costs and the construction of this design.
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[11] Á. C. Aznar, L. J. Roca, S. B. Boris. ”Antenas”, Univ. Politèc. de Catalunya,
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A Antenna Geometry

A.1 Planar

A.2 Bent
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B Current Distributions on Bent Antenna

The current distributions at the frequencies where MS=1 for the modes marked (a)-(e)
for the bent antenna are displayed below.

(a) (b)

(c) (d)

(e)

Figure 62: Current modes on bent version.
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