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Abstract

The Long Term Evolution (LTE) standard for wireless communication de-
vices requires the use of multiple-input multiple-output (MIMO) technol-
ogy in user terminals. However, since mobile phones are small in size,
the design of multi-antennas is challenging. Moreover, the influence of
user proximity and propagation environment must also be considered in
the design. In addition, due to the non-stationary nature of the user and
propagation channel, the multi-antennas must adapt to changes in order
to achieve optimal performance. The major aim of the thesis project is to
evaluate and compare the performance of three multi-antenna prototypes
equipped with adaptive impedance matching networks. We estimate the
capacity gain from employing this adaptive method in realistic scenar-
ios. The user scenarios are achieved with a homogeneous hand model
whose posture can be conveniently manipulated to emulate different hand
grips. The first phase of the project involved the design of three different
dual-band, dual-antenna prototypes for LTE bands 7 and 13. The antenna
elements used in the prototypes are planar inverted-F antennas (PIFAs)
and slot-monopole antennas. In the second phase, the prototypes were
evaluated at the low frequency band in four user scenarios which are: one
hand (data mode, talk mode), two hands and free space. Finally, capacity
gains from applying adaptive impedance matching were calculated and
analysed for the low band. The results show that the first prototype of-
fers the highest capacity improvement at the center frequency (i.e., 27%),
obtained for the talk mode scenario. In addition, the mean capacity is
improved by 22% over the band of interest.
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Chapter1
Introduction

1.1 Background

To make radio communication more robust, various diversity techniques
are employed in communication systems. These diversity techniques can
be in different domains such as time diversity, frequency diversity and
spatial diversity. Spatial diversity techniques demand the use of multiple-
input multiple-output (MIMO) systems. Moreover, MIMO technology can
be used to increase data rate (spatial multiplexing).

The purpose of spatial diversity is to make the transmission more ro-
bust. There is no increase in the data rate. This mode uses redundant data
on distinct sets of propagation paths. Spatial multiplexing is not intended
to make the transmission more robust; rather it increases the data rate. To
do this, the data is divided into separate streams; the streams are trans-
mitted independently via separate antennas. Even though MIMO systems
have high reliability and high data rate, the design of these systems is more
complex compared to conventional single-input single-output (SISO) sys-
tems. In the context of terminal application, the user terminal’s limitation
in size does not give so much freedom in terms of implementation space
to antenna designers. In addition, coupling and correlation among the
antennas become important considerations for compact multiple antenna
terminals.

1.2 Objective

The major aim of the thesis project is to evaluate and compare the per-
formance of three multiple antenna prototypes with adaptive impedance
matching networks. We estimate the capacity gains from employing this
adaptive method in realistic user scenarios. The user scenarios are achieved
with a homogeneous hand model that can be brought to any pose. The
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4 Introduction

first phase of the project involved the design of three different dual-band
dual antennas for LTE bands 7 and 13. The antenna elements used in the
prototypes are Planar Inverted-F Antenna (PIFA) and Slot-Monopole. In
the second phase, the three prototypes were evaluated in four user sce-
narios which were: one hand (data mode, talk mode), two hands and free
space. The capacity gain results from adaptive impedance matching were
calculated in the last phase.



Chapter2
Antenna Design

2.1 MIMO antenna overview

Recent developments in communication systems have increased the need
for MIMO antennas, due to the demand for higher spectral efficiency,
higher channel capacity, etc. However, designing and implementing mul-
tiple antennas in compact terminal devices is challenging, since it involves
both practical and fundamental design tradeoffs [1].

Space constraint- This is a very important issue for multiple antenna
design in mobile terminals, since it forces antennas to be closely spaced.
Consequences will be the high spatial correlation and strong mutual cou-
pling of which the latter reduces the radiated and received power (and
influences spatial correlation) and the former reduces spatial degrees of
freedom (DoFs) [3].

Bandwidth- To comply with wireless communication standards, an-
tenna designers should consider the co-existence of multiple antennas that
cover the same frequency band(s) within a given terminal device [3].

Mobile chassis- Recent studies [1] show that the mobile chassis has
significant effects on antenna performance. Based on Characteristic Mode
Analysis, the influence of the mobile chassis is found to be the most critical
design factor for multiple antenna terminals at frequency bands lower than
1 GHz. Based on the characteristics of ground plane excitation, multiple
antennas can be appropriately located on the ground plane to achieve low
coupling [1].

In this project, dual-antenna prototypes are enclosed in a volume of 126 x
66 x 7.5 mm3, which corresponds to the size of a typical smart phones today.

5



6 Antenna Design

The first antenna (port 1) is a dual-band slot-monopole (Slot-M), which has
been tuned for LTE-band 13 (from 746 MHz till 787 MHz) and LTE-band 7
(from 2.5 GHz till 2.69 GHz) [8]. Port 2 is a dual-band Planar Inverted-F
Antenna (PIFA). More details about these antennas are provided in the
following section.

2.2 Antenna types

2.2.1 PIFAs

PIFAs have been extensively used in mobile communication devices, such
as mobile phones and laptop computers, as a result of low cost, small size
and multi-band properties [5].

The principle behind the PIFA is that, if you assume a half-wavelength
patch antenna, the current distribution on the patch is at its peak at the
center and goes to zero at the edges (ends), because current has nowhere
to flow. On the other hand the voltage distribution is out of phase with
the current distribution. It peaks at the edge and it has a zero value at the
center. Therefore right at the center of the half-wavelength patch we have
zero voltage and maximum current which actually leads to short circuit
(Z=V

I ). As a consequence of that, we do not really need the half section of
the patch, so we can make short-circuit at the center and delete half of the
patch surface, with the remaining half still maintaining the same current
and voltage distributions.

Hence a PIFA is the result of shrinking a patch antenna, as a result it
resonates at a quarter-wavelength. The price for reducing the size is a loss
in bandwidth.

In this project, a modified dual-band PIFA based on the design in [1]
is used. The original design in [1] is for the ground size of 100 x 40 mm2

and in this work, the PIFA is retuned for the chassis size of (126 x 66 mm2).
More details about the tuning of the antenna will follow in the antenna
prototype section.

2.2.2 Slot-monopole antenna

A slot-monopole antenna can be obtained by cutting out a slot at the edge
of the ground plane and leaving it with an open end. The slot length should
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be a quarter of the wavelength at the desired frequency of resonance. Slot-
monopole antennas have an open end which decreases the size of the
antenna and makes it promising for mobile handset applications.

Slot-monopole antennas are derived from half-wavelength slot anten-
nas. The principle behind the half-wavelength slot antenna is that the slot
length is much larger than the width, and the entire slot is enclosed in the
ground plane. The voltage at the two ends of the slot has to be very close
to zero because of small slot width. Therefore we can assume zero voltage
at the edges and maximum voltage at the center.

For the current distribution the peak values are at the ends and zero
at the center, consequently for radiating antenna we need the current to
add up in phase or the voltage to add up in phase. For slot antennas,
the current distributions cancel out, though the voltage adds up in phase,
so the antenna can radiate. The impedance has the maximum value at
the center and minimum value at the edges. Therefore the feed point can
be chosen between these points to match the characteristic impedance of
the feed cable. Moreover from the duality theory, a slot antenna is the
complementary antenna of the dipole, because the dipole is a metal wire
surrounded by air, while the slot antenna is an air gap surrounded by
ground plane. So the duality principle says that the radiation pattern will
be the same in terms of magnitude. Slot-monopole antenna is the modified
version of the slot antenna which occupies a smaller space on the mobile
chassis.

In this project, a dual-band slot-monopole antenna has been designed
based on [1] and [2], and we will refer to it as Slot-M antenna.

2.3 Antenna prototypes

In this section, different combinations of antenna locations are studied
to clarify the effect of location on antenna matching and on the isolation
between the two antennas.

In all the simulations, the two antennas (Slot-M and PIFA) are inte-
grated onto the same chassis of the dimensions of 126 x 66 mm2. The
Slot-M antenna is fixed at one short edge, and the PIFA is placed in three
different positions (center, rotated center and the other short edge). The
design has been modified from [1], which has been done for a smaller
ground plane size (100 x 40 mm2). All the simulations have been done with
CST Microwave Studio using the Time-domain Solver.
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2.3.1 Prototype I-PIFA center

In this subsection, we present a dual-antenna design of the Slot-M antenna
and PIFA for dual-band operation, which are LTE Band 13 (with center
frequency Fc of 750 MHz) and LTE Band 7 (with center frequency Fc of
2.65 GHz). The reason for choosing the 750 MHz as the center frequency is
that the PIFA in this prototype has a very narrow bandwidth and it can not
cover the whole bandwidth; therefore we have shifted the center frequency
to the left to cover the downlink bandwidth.

The chassis consists of a 0.1 mm top copper layer and a 1.55 mm bottom
FR4 layer with a permittivity of 4.7 and a loss tangent of 0.015 [1].

Slot-M antenna

Figure 2.1 shows the dimensions of the proposed Slot-M antenna for
mobile phone application. The two monopole slots are chosen for different
frequency bands, the shorter slot used for the high band and the longer
one (bent into the inverted-L shape to fit to the ground plane) is for the
low band.

Figure 2.1: Geometry of Slot-M antenna:Ls1=46.5mm,
Ls2=1mm, Ls3=38mm, Ls1=46.5mm, Df=55.2mm,
Df1=34.7mm, Lf=27.2mm, Lf1=9.7mm

The lower band can be controlled by Ls1+Ls2 and the upper band by
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Ls3. These slots have a width of 5 mm (WS), which determines the widening
of the bandwidth for the lower and upper bands.

It has been conclusively shown in [2] that WS1 has a considerable effect
on the return loss for the lower and upper bands and a value of 4 mm is
suggested. Thus to achieve good return loss behaviour WS1 and WS2 are
chosen to be 4 mm and 7 mm, respectively.

To excite the two monopole slots, a 50-Ω microstrip feed-line is used to
feed the two slots at the optimized locations along the slots (see Fig. 2.1)
The width of tuning-stub (Wf ) is chosen to be 2.8 mm. A parametric study
of the Df value in [2] shows that Df has a large impact on the return loss. A
proper selection of Df is thus essential to achieve good excitation for both
monopole slots. For a larger value of Df better matching for the upper band
has been obtained. Since our ground plane size is larger than the older
candy-bar phones (100 x 40 mm2), Df, Lf and Ws2 have been modified to
achieve good matching for both bands.

We have replaced the straight strip line (Lf ) in [2] with a meandered
strip line as shown in Figure 2.1. The reason behind this change is that
the current distribution for the low band as shown in Figure 2.2a has to
flow from the closed end of the strip to the open end of the strip to have
acceptable matching. Therefore according to the current distribution and
parametric study in [2], Df and Lf have been divided into the two parts
(Df = Df1+Df2 and Lf = Lf1+Lf2) and the exact values for Lf1, Lf2,Df1 and
Df2 were optimized by trial-and-error.

(a) Current distribution (Fc=0.75 GHz) (b) Current distribution (Fc=2.65 GHz)

Figure 2.2: Current distributions of Slot-M antenna

PIFA

Figure 2.3 shows the PIFA structure with the corresponding geometries for
Prototype I. The PIFA is integrated onto a hollow carrier (i.e., the shaded
part), which is commonly used in mobile phones. The simulated carrier
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has a thickness of 1 mm, a permittivity of 2.7 and a loss tangent of 0.007
[1].

A dual-band quarter-wavelength patch antenna generally has two
branches for the lower and upper bands. As it can be seen from the
structure in Figure 2.3 the shorter branch with the length of L3 controls
the resonant frequency for the upper band, whereas on the other side the
longer branch with the length of L5 determines the lower resonant fre-
quency. For both bands, the widths (W3 and W5) control the antenna
bandwidth.

Figure 2.3: Geometry of the PIFA:L1=7.4mm, L2=8.5mm,
L3=20.6mm, L4=1.65mm, L5=64mm, W1=W2=3.78mm,
W3=5.14 mm, W4=W5=6.37mm

In the design of the PIFA, the input impedance is generally controlled
or tuned by changing the width of the shorting pin and the gap between the
feeding point and shorting pin. Based on the current distribution shown
in Figure 2.4, the width of the shorting pin should be large enough to let
the current flow into the longer branch. On the other hand, it should not
be too large, since it will degrade the matching for the upper band. So we
should consider this trade-off to achieve a proper value for both bands.
Another essential parameter is the feeding point distance FP, where for
small distances the lower band is well tuned and for large values the
upper band has better performance, so the final value has been found by
trial-and-error.
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(a) Current distribution (Fc=0.75 GHz) (b) Current distribution (Fc=2.65 GHz)

Figure 2.4: Current distributions of PIFA

The other parameters that should be considered for good matching are
L2 and L4. For small values of L2, the lower band works well but the upper
band will be de-tuned. The reason behind this behaviour is that the small
surface of the first strip line does not let the current flow properly through
the high frequency branch. The value for L2 has been chosen for both the
low and high frequency bands by a parameter sweep. The value for L4
should be small according to the current distribution. A small value will
lead to the current flowing both into the lower and upper band branches.
On the other hand, if the value is large, e.g., 3 mm, the main current will
flow through the low frequency branch and the upper band will have poor
performance. The optimum value for this length is chosen to be 1 mm.

S-parameters results

Generally for mobile phone antennas, the reflection coefficient threshold
is defined to be -6 dB. Therefore the antenna bandwidth of antenna i is
defined as the frequency range where the reflection coefficient Sii is less
than the threshold.

The scattering or S parameters for the first prototype in free space are
shown in Figure 2.5 for Band 13 and Band 7. Figure 2.5a shows the results
for Band 13 with the center frequency of 0.75 GHz. The Slot-M antenna
is located on port one and the PIFA is located on port two. As it can be
seen from the results, Slot-M is relatively wide-band as compared to the
narrow-band PIFA. The results for the Band 7 are shown in Figure 2.5b. In
this band the PIFA has a larger bandwidth as compared to the low band.
The center frequency for this band is fixed at 2.65 GHz.
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Figure 2.5: S parameters for Prototype I in free space

This prototype has high antenna isolation of above 15 dB, although this
phenomenon contradicts the usual relationship between the inter-antenna
distance and isolation. This result can be explained by Characteristic
Mode Analysis [1], which shows that the total electric field of the first
characteristic mode of the chassis has the maximum E-field value at the
short edges and the minimum value at the center. Therefore the chassis
is not efficiently excited by the PIFA and it is only utilized as the main
radiator by the Slot-M antenna at the chassis edge.

2.3.2 Prototype II-PIFA rotated-center

In the second prototype, the PIFA is positioned at the center. But it is
rotated by 90◦ with respect to the PIFA of Prototype I and it is positioned
along the chassis long edge. The Slot-M antenna is located at the short
edge of ground plane, as illustrated in Figure 2.6. Since the location of
the PIFA was changed with respect to Prototype I, the new prototype
needed additional tuning in order to fulfil the bandwidth requirements.
For Prototype II and Prototype III, the center frequency was tuned to 767
MHz for Band 13.
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Figure 2.6: Structure of Prototype II

It can be observed from Figure 2.6 that the length of the longer branch for
the PIFA is changed and the proper value for L5 (see Fig. 2.3) is determined
to be 67 mm. The Slot-M antenna has the same position and dimensions as
the one in Prototype I.

The results obtained from the preliminary simulation of the antennas,
S-parameters for Prototype II are shown in Figure 2.7. In the low band the
PIFA and Slot-M antenna have a reflection coefficient of -12 dB and -13 dB,
respectively, at the center frequency. Due to the antenna location along the
chassis edge, the PIFA has a larger bandwidth at the center-rotated position
as compared to the center position. The upper band is well matched for
both antennas. As seen on Figure 2.7b, the PIFA and Slot-M antennas
have a reflection coefficient of -15 dB and -16 dB, respectively, at the center
frequency.
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Figure 2.7: S parameters for Prototype II in free space

The maximum coupling between the antenna elements is -13 dB, which



14 Antenna Design

is higher than for Prototype I. The higher coupling is due to the ground
plane effect. The E-field distribution on the ground plane has its maximum
value at the short edges and minimum value at the center. Therefore when
the antenna is rotated at the center, the ground plane will be more excited
by the PIFA then in the case of Prototype I and as a result the coupling
between the antenna elements will become higher.

2.3.3 Prototype III-PIFA edge

The following subsection shows the last prototype investigated in this
project. The PIFA is located at the short edge of the mobile chassis, while
the Slot-M is located at the other short edge of the ground plane. The
structure is shown in Figure 2.8.

Figure 2.8: Structure of Prototype III

The results of the S parameters for Prototype III in free space are il-
lustrated in Figure 2.9. Figure 2.9a indicates that both antenna elements
are well matched and cover the entire Band 13. On the other hand, the
coupling is the highest among all three prototypes. From our discussion
in Section 2.3.2 on E-field distribution, we know that the maximum E-field
value will be at the short edges of the chassis. Therefore, with the geometry
of Prototype III, both antennas will excite the ground plane simultaneously
and this will result in high bandwidth and high antenna element coupling.
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Figure 2.9: S parameters for Prototype III in free space

The results for the high band are shown in Figure 2.9b. Both PIFA and
Slot-M antenna are tuned for the center frequency of Band 7 (Fc = 2.65
GHz). In this frequency band the antenna coupling is very low (∼ -26 dB).

2.4 Measures of performance

2.4.1 Efficiency

The total radiation efficiency is decomposed into reflection losses and ma-
terial losses [7]. Reflection losses is due to impedance mismatch between
the transmission line and the antenna. Material losses consist of conduc-
tion and dielectric losses. Total efficiency can be written as

etot = ere f eced, (2.1)

where
etot = Total efficiency
ere f = Reflection efficiency
ec = Conduction efficiency
ed = Dielectric efficiency.

Generally ec and ed are difficult to compute separately and it is usually
more convenient to consider them as a single term called radiation effi-
ciency

erad = eced. (2.2)
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Therefore, a simplified equation for the total radiation efficiency can be
written as

etot = eradere f = erad(1 − |S11|
2
− |S21|

2). (2.3)

The simulated results on radiation efficiency and total efficiency at the
center frequency for both antennas of the three prototypes are shown in
Table 2.1 and Table 2.2, respectively, for the free space scenario.

Case P1 (%) P2 (%) P3 (%)
Radiation efficiency of PIFA 76.62 66.25 67.82

Radiation efficiency of Slot-M 76.66 86.75 90.82

Table 2.1: Radiation efficiency (free space)

Case P1 (%) P2 (%) P3 (%)
PIFA 63.52 62.9 46.77

Slot-M 72.43 68.5 63.11

Table 2.2: Total efficiency (free space)

As it can be seen from Table 2.1 and Table 2.2, the radiation efficiency
of Prototype III is the highest among the other prototypes for the Slot-M
antenna element. On the other hand for the PIFA, Prototype I has the
maximum radiation efficiency. Although Prototype III has the highest
radiation efficiency for the Slot-M antenna element, the total radiation
efficiency is the lowest for this prototype. This can be explained by the
fact the Prototype III has the lowest isolation among the three prototypes,
which leads to high coupling loss and low total efficiency.

2.4.2 Correlation

The study of correlation is essential for multiple antennas which are closely
spaced due to the mobile chassis size limitation. To enable diversity for
a MIMO system, the signals received at the antennas should be as inde-
pendent of one another as possible. In other words they should have
low correlation. In real world systems, the received signals are never
completely independent of one another. Therefore, the concept of the cor-
relation becomes increasingly important when we discuss realistic MIMO
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systems. Usually, there are two methods to calculate envelope correla-
tion in a uniform propagation environment. One is based on the far-field
patterns and another one is based on the S parameters.

The envelope correlation based on far-field patterns is defined as [9]

ρe =
(
∫

(XPR EθX(Ω)E∗θY(Ω))Pθ(Ω) + EφX(Ω)E∗φY(Ω))Pφ(Ω))dΩ)2∫
(XPR GθXPθ(Ω) + GφXPφ)(Ω)dΩ.

∫
(XPR GθYPθ(Ω) + GφTPφ)(Ω)dΩ,

(2.4)

where Ω = (θ, φ), dω = sin(θ)dφdθ, Gθ = Eθ(Ω)E∗θ(Ω), EθX(Ω) and EθY(Ω)
are the θ polarized complex radiation patterns of antenna X and antenna
Y (similar definitions apply to the φ-polarized parameters). Pθ(Ω) and
Pφ(Ω) represent incident power spectrum for both polarization and XPR
is the cross polar discrimination [9].

Computation of the correlation metric described above requires radia-
tion pattern calculations and involves integral calculations, therefore it is
a very time consuming method. The other method which is based on S-
parameters is much faster than the far-field method and has been derived
in [10].

ρe =
|S∗11S12 + S∗21S22|

2

(1 − (|S11|
2 + |S21|

2))(1 − (|S22|2 + |S12|
2)).

(2.5)

In this project the correlation has been calculated by the far-field pat-
tern method, since it is more accurate. This is because the S-parameter
approach assumes lossless antennas, which is hardly the case for the an-
tennas studied in this thesis. The correlation results for the three different
cases are shown in Table 2.3.

Case P1 P2 P3
Envelope correlation 0.0289 0.0408 0.38

Table 2.3: Correlation coefficient (free space)

The best place to locate the antenna in order to have low correlation
coefficient is at the center according to the correlation results in Table 2.3.
This can be explained by the way the ground plane is being excited. It has
been mentioned in Section 2.3.3 that the maximum value of the E-field is at
the short edges of the chassis. Therefore, if the PIFA is placed at the center
it will not be exciting the chassis simultaneously along with the Slot-M
and this would result in low correlation. Prototype III has the highest
correlation coefficient, because both antennas are located at the short edge
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and are exciting the ground plane simultaneously. Finally, Prototype II has
a correlation coefficient between Prototype I and Prototype III and that can
be attributed to the antenna locations on the mobile chassis.

2.4.3 Radiation Pattern

An antenna radiation pattern or antenna pattern is defined as a "math-
ematical function or a graphical representation of the radiation properties
of the antenna as a function of space coordinates" [7]. We have used the
3D patterns, which are mapped to 2D figures.

Prototype I radiation pattern

It can be concluded from Figure 2.10 that both antennas have almost
omnidirectional patterns.

(a) Slot-Monopole antenna (b) PIFA

Figure 2.10: Radiation pattern of Prototype I at 750 MHz

Prototype II radiation pattern

In Figure 2.11 we see that the Slot-M antenna for Prototype II has a similar
radiation pattern as Prototype I with a slightly lower maximum E-field
magnitude. On the other hand, the PIFA has a different radiation pattern
than that in Prototype I due to the location of the antenna.
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(a) Slot-M antenna (b) PIFA

Figure 2.11: Radiation pattern of Prototype II at 767 MHZ

Prototype III radiation pattern

For the last prototype, we can expect the same pattern for the Slot-M
antenna, because of the same location of the antenna. Meanwhile, the
radiation pattern of the PIFA is different pattern compared to the other
prototypes as shown in Figure 2.12.

It can be concluded from the radiation pattern results that Prototype I
has the highest maximum E-field magnitudes as a result of the high total
efficiencies for both antennas.

(a) Slot-Monopole antenna (b) PIFA

Figure 2.12: Radiation pattern of Prototype III at 767 MHz
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Chapter3
User Effect Study

3.1 User effect overview

User interaction is very important in wireless and mobile systems. In fact
handheld phones experience significantly higher losses in the link budget
as compared to the similar car mounted phones [11]. These losses are
mainly attributed to body-loss, which is the ratio of the received power
by the mobile device with the user present to the power received in the
absence of the user.

There are four factors that contribute to the body-loss [11]

• Absorption, usually presented as Specific Absorption Rate (SAR)

• Antenna detuning

• Change of radiation direction

• Change of polarization state

Absorption is dependent on the person who holds the mobile device and
is the main cause of the body-loss. Variations in the absorption caused by
users can be classified according to: hand position, head to phone distance,
phone tilt angle, hand and head shape, age, gender, etc. [11]. Since our
focus is on antenna parameters such as radiation efficiency and antenna
mismatch loss, we will not focus on SAR results.

Having a realistic hand model is essential for evaluating antenna per-
formance. In the beginning of this project, CST hand models were chosen
for our study. There are two types of CST models: the fixed grip model
suitable for the "bar" mobile-phone size (100 x 40 mm2), and the flexible
grip model, which can be adjusted for different mobile-phone sizes.

21
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Even though these models are used by CTIA (Cellular Telecommunica-
tions Industry Association) to define specific hand grips, they do not cover
the multiple grip positions that we planned to test in this study. Therefore,
we came with an alternative solution that is a custom designed hand model
done in the Makehuman 3D-software.

Three different scenarios are chosen to evaluate the designed antenna
prototypes: data mode (one hand), game mode (two hands) and talk
position (one hand). The grip positions used in this study are based on [4].
The investigation on user effect is only performed for LTE Band 13, since
the user induced performance degradation is much more significant for
lower frequencies.

3.2 Hand phantoms

3.2.1 Models

In this section we address the difficulties in using hand models for differ-
ent hand postures and propose a solution for it. CST Microwave Studio
provides two types of hand models. The first type is the inhomogeneous
model that can only be used for "bar" mobile-phone sizes (usually chassis
of 100 x 40 mm2). The second type is the homogeneous model with flexible
grip, which do not provide complete freedom to change the grip position
in different directions. Instead, this model only allows for changes in the
hand grip opening, so that different mobile phone sizes can be accommo-
dated. The advantage of this model is that the mobile device can be easily
located on the spacer, which is included in the model.

Both of these models do not satisfy our requirements, which are appro-
priate models for three different user scenarios.

3.2.2 Makehuman models

Makehuman is a 3D-modeling software, which has an easy user-interface
and provides total freedom to change the hand grip to any realistic position.
It has an option to change the sex, body mass and body shape. Once
the model has been modified, it can be exported as an object file (.obj).
Moreover there is an option for saving customized poses, so that it can
be applied to another future model. The model can be easily imported to
CST Microwave Studio and the material properties of the hand can then be
defined. The hand material is chosen according to the CST homogeneous
hand model.
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Figure 3.1 shows a screen shot from the Makehuman software, which
shows the hand model, as well as the interface and the options.

Figure 3.1: Makehuman software

3.3 One-hand scenarios

To cover more scenarios for the one hand case, two grip positions were
chosen: data mode and talk mode.

3.3.1 Talk Mode

The grip style for the talk mode is based on [4]. The investigation in [4]
shows that most of the users hold the phone according to Figure 3.2. While
talking, the index finger is located in the back region of mobile phone.
The thumb usually holds the phone from the side and is located in the
middle. On the other hand, the middle finger is located at the same level
as the thumb on the other side of the phone. The little finger may not be in
contact with the phone and is located at the right-end of the phone. Finally
the ring finger is located above the little finger. It can be concluded that
the hand holds the phone with only the distal phalanges.
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Figure 3.2: One hand talk mode scenario

The results of the antennas simulation for the talk mode scenario are
shown in Figure 3.3, Figure 3.4 and Figure 3.5.

Prototype I

The results of the antennas simulation for the talk mode scenario are
shown in Figure 3.3. It can be seen that the reflection coefficient of the
PIFA is shifted to below the center frequency. Due to the effect of the
palm on the PIFA, it is detuned at the center frequency. On the other
hand, the Slot-M antenna is not as much affected by the hand and is still
well-matched at the center frequency with S11 = -13 dB.
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Figure 3.3: S parameters of Prototype I in talk mode

Prototype II

Figure 3.4 presents the simulation results for the second prototype. In this
prototype, the PIFA has a better performance as compared to Prototype I.
However, it is still detuned at the center frequency ( S11 = -4.5 dB). The
Slot-M antenna is still well-matched at the center frequency. The mutual
coupling is higher than the previous case and is equal to -15 dB.
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Figure 3.4: S parameters of Prototype II in talk mode
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Prototype III

Figure 3.5 presents the S-parameter results of Prototype III. It is observed
that the Slot-M antenna and PIFA are working at the center frequency
with the return losses of -16.45 dB and -7.5 dB, respectively. However,
this prototype has the highest coupling among the other prototypes with
a value of -9.26 dB.
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Figure 3.5: S parameters of Prototype III in talk mode

3.3.2 Data Mode

For the data mode, the grip position which is shown in Figure 3.6 is slightly
different from the talk mode. In this case, the thumb is located on the top
of the screen region. The pinky is at the bottom of the phone and is holding
the phone. The middle and ring fingers are above the little finger and are
located close to the center of the chassis width. The index finger is a bit
further away from the middle finger.
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Figure 3.6: One hand data mode scenario

Prototype I

It can be seen from Figure 3.7 that the PIFA is severely detuned. This is
due to the fact that the antenna is entirely covered by the hand in this user
scenario. Nevertheless, the Slot-M antenna is barely affected by the hand
and is well matched at the center frequency (S11 = -10 dB). It is noteworthy
that the coupling is below -25 dB in this case.
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Figure 3.7: S parameters of Prototype I in data mode
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Prototype II

The performance of Prototype II in the data mode scenario is illustrated in
Figure 3.8. Both antennas are detuned at the center frequency, due to the
strong influence of the hand grip.
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Figure 3.8: S parameters of Prototype II in data mode

Prototype III

Figure 3.9 presents the S-parameter results for the last prototype. This
prototype shows the lowest isolation of 15 dB. In addition the Slot-M
antenna is detuned at the center frequency due to the hand affect. On the
other hand, the PIFA is not affected by the hand and is still well-matched
at the center frequency as it can be seen from the S parameters.
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Figure 3.9: S parameters of Prototype III in data mode

3.4 Two-hand scenario

Another grip style is when the right and left hands are involved. In
this scenario the phone is rotated by 90◦ and the hands are holding the
phone at both short edges. The grip position is designed according to the
experiment done in [12]. As it can be seen from Figure 3.10, the index and
middle fingers are holding the phone from the back side, while the ring
finger and pinky are holding the phone from the bottom. This scenario
can also be referred to as game mode.

Figure 3.10: Two hand (or game mode) scenario

The results obtained from CST Microwave Studio simulations for the
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three different cases are presented in Figure 3.11, Figure 3.12 and Fig-
ure 3.13. In all the cases, the PIFA is affected by the hands and is not
resonating at the center frequency. Prototype I has the lowest performance
among the other prototypes. On the other hand, the Slot-M antenna is still
working in all the cases with similar matching characteristics for all three
prototypes (S11 ∼ -11 dB). Moreover, the first and third prototypes have
the lowest and highest mutual coupling values, respectively.
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Figure 3.11: S parameters of Prototype I in game mode
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Figure 3.12: S parameters of Prototype II in game mode
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Figure 3.13: S parameters of Prototype III in game mode
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Chapter4
Adaptive Impedance Matching

4.1 Introduction

In this project we propose adaptive impedance matching as a method
to improve antenna performance. Impedance matching can be used to
optimize different criteria e.g. to maximize transferred power, to mini-
mize reflection coefficient, maximize capacity, etc. Therefore based on our
project goal, we have focused on capacity improvement and applied the
proposed method to optimize capacity. The algorithm used in this analysis
assumes limited number of impedance states, as can be seen in Figure 4.1.

Figure 4.1: Considered states in Smith chart

In total there are 96 states, which start from 50 Ω (Initial state) and end
with the 96th state located on the most outer part on the Smith chart. For
each state, the antenna radiation pattern is updated and from the radiation
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pattern other performance metrics such as efficiency and correlation are
calculated.

4.2 Principle of Operation

The antennas with the adaptive impedance matching (AM) networks are
shown in Figure 4.2.

Figure 4.2: Antennas and adaptive impedance matching net-
works

The embedded element pattern for a single antenna element in a multi-
port antenna is the radiation pattern, when the selected antenna element is
excited and all the other antenna elements are terminated with the standard
50Ω impedance. For the 2x2 MIMO antenna system in this project the
evaluation algorithm is as follows [13].

1. Excite element 1 and terminate element 2. Compute E1 (embedded
element pattern for element 1)

2. Excite element 2 and terminate element 1. Compute E2 (embedded
element pattern for element 2)

When the impedance matching networks are added, the embedded
element patterns for the antennas with the networks can be calculated from
the case without the networks, given the S parameters of the networks [13].
This calculation is updated for every matching state and the corresponding
antenna parameters such as efficiency and correlation are calculated from
radiation patterns with matching networks. The efficiency is divided into
two components: radiation efficiency and total efficiency. The radiation
efficiency is the ratio of the antenna gain to the antenna directivity. The total
efficiency is calculated from the S parameters and the radiation efficiencies.
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As mentioned in Section 3.4.2., correlation is computed from surface
integrations of the far-field patterns.

4.3 Numerical study

4.3.1 Capacity

Considering a MrxMt MIMO channel H, the channel capacity with no chan-
nel information at the transmitter (i.e. equal transmit power allocation)
can be expressed as [15]

C = log 2(det(IMr +
ρ

Mt
HHH)), (4.1)

where IMr is the identity matrix of size MrxMr, ρ is the signal-to-noise ratio
and Mt (Mr) is the number of transmit (receive) antennas which in this
project is two. The propagation environment here is assumed to be inde-
pendent and identically distributed (i.i.d.) Rayleigh fading channel Hw.
The entries of Hw are zero-mean circularly symmetric complex Gaussian
random variables. Correlation effects in the receive antennas are included
in the channel according to the Kronecker model and follow the derivations
in [16]

H = R1/2Hw, (4.2)

where R is the receive correlation matrix. It takes into consideration an-
tenna total efficiency and correlation to

R = Λ1/2RΛ1/2, (4.3)

where R is a normalized correlation matrix whose diagonal elements are
one, and the off-diagonal elements R(i,j) denote the complex correlation
coefficient between the 3-D radiation patterns of the ith and jth antennas
[16]. Λ is a diagonal matrix given by

Λ = diag[η1, η2] (4.4)

where η1 and η2 are the total efficiencies of the first and second antenna,
respectively.

In this project we have assumed an SNR of 20 dB for calculating MIMO
capacity. For each state the capacity is calculated according to ( 4.1). Finally,
the state providing maximum absolute capacity is chosen as the optimal
matching state
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Chapter5
Results

Since the correlation between antennas is mostly low (i.e., less than 0.5)
in the considered user scenarios, the capacity results are mainly influenced
by the total efficiencies of the antennas. Therefore, in the following discus-
sions, the focus will be on the impact of efficiency results on the capacity
results.

5.1 Prototype I

5.1.1 Talk mode

In Figure 5.1a, the capacity for the 50 Ω state and the capacity for the
optimal states (over both antennas) are shown for the talk mode scenario.
Capacity is calculated over the entire LTE Band 13 (i.e., 40 MHz bandwidth)
with the optimal and 50 Ω matching states determined for the center fre-
quency. Total antenna efficiency results are shown on Figure 5.1b. The
blue curves represent total efficiency results for the Slot-M antenna (with
adaptive matching (AM) and without), while the red curves show the
corresponding efficiency results for the PIFA.
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Figure 5.1: Capacity and efficiency for one hand talk mode (Pro-
totype I)

It can be concluded from the capacity results that the absolute ca-
pacity decreases over the bandwidth for both 50 Ω and the optimal states.
The gap between the 50 Ω capacity and the optimum capacity decreases
as the frequency increases. This can be explained by the fact that capacity
is dependent on the efficiency and the gap between the antenna efficiency
for these two cases is decreasing as well. Moreover, the PIFA has a larger
effect on the capacity, since it has the lower efficiency resulting from the
user interaction. Furthermore, the S-parameter results in Figure 3.3 show
that while the PIFA response is shifted to the left of the center frequency,
the Slot-M antenna is well matched and not as severely influenced by the
user. Detailed results for the talk mode scenario are shown in Appendix
A.

5.1.2 Data mode

The results from the data mode simulations show the same trend as the
talk mode scenario in terms of capacity and efficiency. Nevertheless, some
minor differences can be observed. For instance, the Slot-M antenna in the
data mode scenario has a higher efficiency as compared to the talk mode
scenario. This is a result of the hand position in these two scenarios. In
these two cases the hand covers both antennas in a different manner. In the
data mode scenario, the antennas are facing the fingers, while in the talk
mode scenario they are facing the palm which has a stronger effect on the
antennas performance. The PIFA has a lower efficiency in the data mode
than in the talk mode. The efficiency loss is due to the strong influence
of the hand. Mean capacity gain over the bandwidth for the talk mode
case is higher than the data mode, since the hand has a larger effect on
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the talk mode and we can expect higher capacity gain for this scenario.
The corresponding mean capacity values (over the 40 MHz band) for talk
mode and data mode scenarios are 21.6 % and 19.2 %, respectively. Detailed
results for the data mode scenario are shown in Appendix A.

5.1.3 Two hands

Figure 5.2 illustrates the capacity and efficiency of Prototype I (PIFA at the
center) for the 50 Ω and optimal states.

0.75 0.76 0.77 0.78

6

6.5

7

7.5

8

8.5

9

Frequency[GHz]

C
ap

ac
ity

[b
ps

/H
z]

 

 

Capacity(max)
Capacity(50 Ω)

(a) Capacity

0.75 0.76 0.77 0.78

10

20

30

40

50

60

Frequency[GHz]

E
ffi

ci
en

cy
(%

)

 

 

Efficiency ant1(AM)
Efficiency ant1
Efficiency ant2(AM)
Efficiency ant2

(b) Efficiency

Figure 5.2: Capacity and efficiency for two hands (Prototype I)

From the results, it can be seen that at the start frequency (0.746 GHz),
the absolute capacity for the initial state (50 Ω) and optimal state is similar.
Nevertheless, the gap between these two matching states increases until
its maximum which occurs at the center frequency of operation.

This tendency can be explained by the S-parameter and efficiency re-
sults. From the S parameters, it can be concluded that the PIFA has a better
matching condition (S11 = -5 dB) at the start frequency, while for the rest of
the band this condition deteriorates. Moreover, the efficiency of the PIFA
at the start frequency is higher for the 50 Ω state compared to the optimal
state. The highest capacity gain occurs at the center frequency, due to the
fact that the adaptive impedance matching network is optimized for the
center frequency. The mean capacity gain (over the 40 MHz band) for the
two-hand scenario is 12.4%. Detailed results are given in Appendix A.

In general, the absolute capacity for Prototype I is considerably higher
than for the rest of the prototypes, due to low correlation and high isolation.
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5.2 Prototype II

Figure 5.3 shows the results obtained from the capacity and efficiency
calculation for the second prototype (PIFA rotated at center) over the 40
MHz band in the talk mode scenario. As it can be seen from the capacity
results in Figure 5.3a, the absolute capacity for the 50 Ω state has a higher
value at frequencies below 0.762 GHz as compared to the optimal state
capacity.

This can be explained by the S-parameter and efficiency results. The
S parameters show that the PIFA has a better performance in frequencies
below 0.762 GHz. Therefore, we expect to have a low capacity gain for
frequencies below 0.762 GHz. These observations are confirmed by the
efficiency results in Figure 5.3b, where the PIFA efficiency at the 50 Ω state
is higher than that at the optimal state.
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Figure 5.3: Capacity and efficiency for one hand talk mode (Pro-
totype II)

The absolute capacity and capacity gain corresponding to the data
mode and game mode (two hands) scenarios have a common tendency
over the bandwidth with slightly different values. Differences in the hand
grips in the data mode and game mode cause different values for the
efficiency and capacity. In the data mode, the hand covers both antennas
which degrades the antennas performance dramatically. As a consequence
the mean capacity gain for the data mode has the highest value among all
the user scenarios (18.1 %). For the talk mode and game mode, the antennas
are less affected by the hands. The mean capacity gain of the talk mode is
similar to that of the data mode with a value of 4.8%. The game mode has
the lowest mean capacity gain among all the scenarios (2%). Additional
results for the data mode and game mode can be found in Appendix A.
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5.3 Prototype III

5.3.1 One hand data mode

The results for the data mode for Prototype III are shown in Figure 5.4.
It can be concluded from Figure 5.4a that the capacity gap between the
50 Ω states and the optimal state is highest in the proximity of the center
frequency of operation. This result is expected since the matching networks
are optimized for the center frequency.
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Figure 5.4: Capacity and efficiency for one hand data mode (Pro-
totype III)

The efficiencies of both antennas are shown in Figure 5.4b. In this
scenario, the hand grip has a stronger effect on the Slot-M antenna per-
formance as compared to the PIFA. Therefore, the efficiency of the PIFA is
higher then the Slot-M antenna. The highest capacity gain is obtained at
the center frequency (6%), while the mean capacity over the bandwidth is
improved by 4%.

5.3.2 One hand talk mode

In Figure 5.5, the results of the capacity and antenna efficiency in the talk
mode are illustrated.

From Figure 5.5b it can be seen that the PIFA has a higher efficiency
than the Slot-M antenna, since the hand grip has a larger affect on the
Slot-M antenna. Nevertheless, both antennas are still well-matched at the
center frequency.

For frequencies below 0.757 GHz, the capacity for the initial state has
higher values than for the optimal states. This indicates that both antennas
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have a good performance in this region. For frequencies above 0.757 GHz,
the performance of the Slot-M antenna and PIFA starts to degrade and
the capacity gap between the optimum state and 50 Ω state increases.
The mean capacity for the PIFA at the edge (Prototype III) is 4.85 %. It
is noteworthy that in this scenario the envelope correlation coefficient is
about 0.4 over the bandwidth due to low isolation. As a consequence, the
absolute capacity becomes low in the talk mode. The correlation results
are shown in the Appendix A.
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Figure 5.5: Capacity and efficiency for one hand talk mode (Pro-
totype III)

5.3.3 Two hands

The results for the two-hand scenario (game mode) are illustrated in Figure
5.6. As shown in Figure 5.6b, the PIFA in the 50 Ω state has a lower
efficiency then the Slot-M antenna. Whereas for the optimal state the
PIFA has a higher efficiency than the Slot-M antenna. This shows that the
impedance matching network improved the PIFA efficiency more than the
Slot-M efficiency.

On the other hand, the S-parameter results show higher return loss
values as compared to the other scenarios, which leads to a high capacity
gain with the mean value of 8% over the bandwidth.
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Figure 5.6: Capacity and efficiency for two hands (Prototype III)

5.4 Prototypes Comparison

5.4.1 Over the bandwidth-Two hands

In Figure 5.7 the efficiency results over the bandwidth for the three pro-
totypes are shown. As seen from the results, Prototype I has the highest
total efficiency for the Slot-M antenna. The third prototype has the lowest
efficiency for this antenna and Prototype II has a moderate performance.
In the case of the PIFA, Prototype I and Prototype II have the lowest and
highest total efficiencies, respectively.

At the center frequency, Prototype I has the highest improvement in
capacity among all three prototypes (23%). In particular, we can expect
high capacity gain for the first prototype because it is severely affected by
the hands. Prototype III has the lowest absolute capacity for the optimal
matching states, due to the highest correlation in this prototype. Finally,
the capacity gain of Prototype II is not as that of high as the other prototypes
since this prototype is less affected by the hand grips.
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Figure 5.7: Efficiency for two hands (game mode)

It can be seen on Figure 5.8a that the second prototype has the highest
average absolute capacity (for optimal states determined for the center
frequency) around the center frequency as compared to the first and third
prototypes. Due to the small influence of the hand grips in this proto-
type, both antennas have good performance in terms of efficiency and
matching. Prototype I has a slightly lower average capacity around the
center frequency as compared to Prototype II. Moreover, Prototype III has
the lowest average capacity around the center frequency, due to the low
efficiencies of the antennas and high correlation.
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Figure 5.8: Correlation and capacity comparison
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5.4.2 Results at the center frequency

The results of the antenna performance metrics (capacity, correlation and
efficiency) are shown in Table 5.1 and Table 5.2 for the center frequency.
The capacities and envelope correlation coefficients are shown for the 50 Ω
state and the optimal states. The capacity gains are presented as percentage
values for all prototypes in free space (FS), data mode (DM), talk mode (TM)
and two-hand (TH) scenarios.

Metrics/Case Capacity(50Ω -Max,bps/Hz ) Capacity Gain(%) Correlation coeff.(50 Ω-Max)

P I

FS 10.1 10.5 2.1 0.02 0.01
TM 6 7.7 27 0.25 0.29
DM 6.2 8 26.5 0.15 0.142
TH 7.7 9.5 23 0.019 0.016

P II

FS 10.1 10.3 2 0.07 0.04
TM 7.6 8.4 7 0.25 0.13
DM 5.9 7.5 23 0.03 0.01
TH 8.7 9.2 5.7 0.22 0.1

P III

FS 9.2 9.4 2 0.37 0.17
TM 6.8 7.1 4.5 0.22 0.4
DM 7.87 8.3 5.7 0.04 0.038
TH 7.4 8 8 0.47 0.42

Table 5.1: Capacity and correlation at center frequency

Metrics/Case Efficiency(Slot-M)(50Ω,Max)(%) Efficiency(PIFA)(50Ω,Max)(%)

P I

FS 63.5 72.9 72.3 75
TM 33.36 35 4.2 21.8
DM 47.3 52 2.9 16
TH 56 60 10.5 42.9

P II

FS 62.9 65.5 68.56 75
TM 25.4 23.7 45 54.1
DM 10.56 15.72 24.5 37.1
TH 44.3 43.2 52.4 58

P III

FS 48.23 46.4 63.3 60
TM 17 21.3 28.9 34
DM 9.7 15 64 64
TH 37.5 34.6 27 43

Table 5.2: Total efficiency of the three prototypes at center fre-
quency
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From the results at the center frequency, it can be concluded that Pro-
totype I has the highest absolute capacity for the optimal states in most
of the user scenarios. The capacity gain for this prototype is over 20% in
all the hand scenarios. The high absolute capacity comes from the high
efficiency of the antennas in this prototype, especially the Slot-M antenna.

On the other hand, the PIFA has a low performance and is detuned
at the center frequency; therefore we can expect high capacity gains from
adaptive matching. The results in Table 5.1 confirm this conjecture.

For Prototype II, the absolute capacity is slightly lower as compared to
that of the prototype with PIFA at the center (Prototype I). The capacity
loss comes from the efficiency difference. In Prototype II, the capacity gain
is lower compared to the first prototype, since it is less affected by the
hands and the antennas have better matching at the center frequency. The
correlation for Prototype II and Prototype I are consistently low for all the
user scenarios.

The last prototype has the lowest absolute capacity and capacity gain
in most of the cases. This can be explained by the low efficiencies of the
antennas which lead low absolute capacities. On the other hand, Prototype
III has the largest bandwidth among all the prototypes, which makes it
more robust to user effects. Nevertheless, the correlation in this prototype
is relatively higher than that in the other prototypes due to the ground
plane excitation phenomenon described earlier in the report.



Chapter6
Conclusion

In this thesis project, we have designed three different dual-antenna pro-
totypes for the LTE Band 7 and Band 13. These prototypes have been
evaluated in four user scenarios. Furthermore, adaptive impedance match-
ing is proposed in order to compensate for user and coupling effects on
the antenna performance. During this project we focused mainly on in-
vestigating MIMO capacity performance for the different prototypes and
user scenarios. From the results, the highest capacity improvements are
achieved when the PIFA is at the center. In addition for the talk mode
scenario, we have achieved the highest improvement in capacity from
adaptive matching (27% at the center frequency).

In terms of absolute capacity, the first and second prototypes have the
highest capacity in most of the user scenarios. Moreover, Prototype II has
a larger bandwidth as compared to the first prototype. On the other hand,
Prototype III has the lowest capacity gain and absolute capacity in most of
the cases. Nevertheless, this prototype has the largest bandwidth.

Therefore, if we only aim for the high capacity gain at the center fre-
quency, the first prototype is the right choice. Nevertheless, it is impractical
to employ this prototype since it does not cover the desired bandwidth.
The second prototype can be the most promising prototype, since it has
high capacity gains, with the highest improvement of 22 % in the case of
data mode. In addition, it also has high absolute capacities and covers
more than half of the desired bandwidth.

Prototype III, on the other hand has the largest bandwidth and is more
robust than the other prototypes to hand interaction. The drawbacks are
the low absolute capacities and high correlation.
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AppendixA
Impedance Matching Results

A.1 Prototype I

A.1.1 Free space
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Figure A.1: Capacity for Prototype I in free space
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Figure A.2: Efficiency and correlation of Prototype I in free space

A.1.2 One hand data mode
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Figure A.3: Capacity for Prototype I in data mode
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Figure A.4: Efficiency and correlation of Prototype I in data mode

A.1.3 One hand talk mode
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Figure A.5: Capacity for Prototype I in talk mode
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Figure A.6: Efficiency and correlation of Prototype I in talk mode

A.1.4 Two hands
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Figure A.7: Capacity for Prototype I in game mode
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Figure A.8: Efficiency and correlation of Prototype I in game
mode

A.2 Prototype II

A.2.1 Free space
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Figure A.9: Capacity for Prototype II in free space
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Figure A.10: Efficiency and correlation of Prototype II in free
space

A.2.2 One hand data mode
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Figure A.11: Capacity for Prototype II in data mode
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Figure A.12: Efficiency and correlation of Prototype II in data
mode

A.2.3 One hand talk mode
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Figure A.13: Capacity for Prototype II in talk mode
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Figure A.14: Efficiency and correlation of Prototype II in talk
mode

A.2.4 Two hands

0.75 0.755 0.76 0.765 0.77 0.775 0.78 0.785

6

6.5

7

7.5

8

8.5

9

Frequency[GHz]

C
ap

ac
ity

[b
ps

/H
z]

 

 

Capacity(max)
Capacity(50 Ω)

(a) Capacity

0.75 0.755 0.76 0.765 0.77 0.775 0.78 0.785

−10

−8

−6

−4

−2

0

2

4

6

8

Frequency[GHz]

C
ap

ac
ity

ga
in

(%
)

(b) Capacity gain

Figure A.15: Capacity for Prototype II in game mode

A.3 Prototype III

A.3.1 Free space



Impedance Matching Results 57

0.75 0.755 0.76 0.765 0.77 0.775 0.78 0.785
10

20

30

40

50

60

Frequency[GHz]

E
ffi

ci
en

cy
(%

)

 

 

Efficiency ant1(AM)
Efficiency ant1
Efficiency ant2(AM)
Efficiency ant2

(a) Efficiency

0.75 0.76 0.77 0.78
0.05

0.1

0.15

0.2

0.25

0.3

Frequency[GHz]

C
or

re
la

tio
n 

 

 

Corr.(max)
Corr.(50 Ω)

(b) Correlation

Figure A.16: Efficiency and correlation of Prototype II in game
mode
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Figure A.17: Capacity for Prototype III in free space

0.75 0.755 0.76 0.765 0.77 0.775 0.78 0.785

20

25

30

35

40

45

50

55

60

Frequency[GHz]

E
ffi

ci
en

cy
(%

)

 

 

Efficiency ant1(AM)
Efficiency ant1
Efficiency ant2(AM)
Efficiency ant2

(a) Efficiency

0.75 0.76 0.77 0.78

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

Frequency[GHz]

C
or

re
la

tio
n 

 

 

Corr.(max)
Corr.(50 Ω)

(b) Correlation

Figure A.18: Efficiency and correlation of Prototype III in free
space
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A.3.2 One hand data mode
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Figure A.19: Capacity for Prototype III in data mode
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Figure A.20: Efficiency and correlation of Prototype III in data
mode
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A.3.3 One hand talk mode
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Figure A.21: Capacity for Prototype III in talk mode
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Figure A.22: Efficiency and correlation of Prototype III in talk
mode
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A.3.4 Two hands
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Figure A.23: Capacity for Prototype III in game mode
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Figure A.24: Efficiency and correlation of Prototype III in game
mode
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