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Effects of propagation and Antenna Arrangement on

Indoor MIMO Capacity

Student : Kuei-Fu Chang Advisor: Dr. Jenn-Hwan Tarng

Department of Communication Engineering
National Chiao Tung University

Abstract

Multiple-input-multiple-output (MIMO) systems have the potential to achieve very
high capacities, depending on the propagation environment. The use of multiple antennas
offers extended range and higher. ‘throughputs .than conventional single antenna
communication systems. Large capacity.is-obtained via the potential decorrelation in the
MIMO radio propagation channel since afully correlated MIMO radio channel only offers
one subchannel, while a completely decorrelated MIMO radio channel potentially offers
multiple subchannels. The decorrelation effect is dependent on propagation and array
arrangement. In this paper, effects of transmitting antenna spacing, multipath angular
spreading, signal bandwidth and Tx-Rx distance on the MIMO capacity are investigated
through measuremts in indoor environments such as along corridors and classrooms. It is
found that (1) When the standard deviation of Tx element spacing is ranging from 1 A to
1.5 A, unequally antenna array spacing may have larger capacity than that of the equal
spacing; (2)The MIMO capacity increases as the array element spacing increases and it
saturates when the spacing is larger than one wavelength. This reveals that the correlation
distance between the elements in indoor environments is about one wavelength; (3)
Capacity is increased when the propagation distance decreases, or when rms angle spread



increases, or when number of received paths increases. (4) Higher signal bandwidth obtains
higher capacity, since more multipath components are resolved, which leads to less spatial

correlation.
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Chapter 1 Introduction

Chapter 1

Introduction

Multiple-Input Multiple-Output (MIMO) communications systems using multi-antenna
arrays simultaneously during transmission and reception have generated significant interest
in recent years. Multiple antenna technologies are being considered as a viable solution for
the next generation of mobile and wireless local area networks (WLAN). The use of
multiple antennas offers extended range, improved reliability and higher throughputs than
conventional single antenna communication systems. MIMO systems also have emerged as
one of the most promising approaches for high-data rate wireless systems, MIMO
communication architecture which-employs multiple. antennas at both the transmitter and
the receiver, has recently emerged as ia new-paradigm of extremely spectrum-efficient
wireless communications in rich multipath-environment. MIMO wireless systems have been
shown theoretically to have significantly higher capacity than more traditional single-input
multiple-output (SIMO) systems. Large capacity is obtained via the potential decorrelation
between the channel coefficient of the multiple-input/multiple-output (MIMO) radio
channel, since a fully correlated MIMO radio channel only offers one subchannel, while a
completely decorrelated radio channel potentially offers multiple subchannels depending on
the antenna configuration and propagation effects. Increase in the correlation coefficient
results in capacity decrease and, finally, when the correlation coefficient equals to unity, no
advantage is provided by the MIMO architecture.

In the MIMO systems, for a completely uncorrelated channel matrix, the MIMO
capacity reaches its maximum and scales roughly linearly as the number of antennas. The
capacity of MIMO systems has been shown to increase linearly with the number of antennas

1



Chapter 1 Introduction
in an ideal i.i.d. channel [1],[2]. Thus to investigate effects of propagation and array
arrangement on the correlation of the channel matrix, which will affect MIMO capacity,
will be an interesting and important subject. The effect of antenna spacing is reported in
reference [3] that the antenna spacing has little effect on capacity when the antenna spacing
exceeds 0.5 wavelength, However, our measurement results and the result shown in
reference [3] found that the antenna spacing actually affects significantly. In the reference
[3], it show that when the antenna array spacing exceed 0.5wavelength , the capacity will
increase very slowly, but according to our research , we find that when antenna array
spacing exceed one wavelength > capacity will saturation > but between 0.1 wavelength to the
1 wavelength , the capacity will linearly increase when antenna array spacing increase. In
most of the paper, the antenna array spacing. is equal, but we find that the unequally array
spacing maybe obtains the greater capacity thanthe equal array, in the reference [4], we can
observe the same result. In other literatures, the distance between the transmitter and
receiver not analyzes in detail. In this thesis‘we-will also investigate the capacity versus
distance between the transmitter and the receiver, ‘and compare the result with reference [5].
In the reference [6] and [7], capacity of uncorrelated channel is greater than correlated
channel and large antenna spacing has lower correlation coefficients. We also obtain the
same result according to our measured data. The above mentioned works are summarized in
Table I.

In this thesis, we will introduce the correlation properties of MIMO channels and
analyze the measured indoor MIMO channel data to investigate the effects of antenna
spacing, multipath, angle spread and Tx-Rx distance. We also compare the capacity of equal
antenna array spacing and unequal antenna array spacing.

In our research, effects of transmitting antenna spacing, multipath angular spreading

and Tx-Rx distance on the MIMO capacity are investigated through measure in indoor



Chapter 1 Introduction
environments such as along corridors. It is found that (1) Most unequally antenna array
spacing cases have larger capacity than that of equal spacing; (2) Capacity is highly
correlated with the neighboring elements spacing. However, this phenomenon is not so
obvious when the spacing is larger than one wavelength; (3) Capacity is increased when the
propagation distance decreases, or when angle spread increases,
or when number of received paths increases.

This thesis is composed of 5 chapters as following: In chapter 2, the fundamental
theory of MIMO systems will be introduced. The general Shannon capacity formula is used
to compare the capacity performance of MIMO systems . Chapter 3 is the MIMO channels
measurement in the hallway. We will describe the MIMO channels measurement system
and the measurement sites. In chapter 4, according to the measured data , the capacity and
correlation coefficients of MIMO channel will be defined and calculated. The effects of
antenna spacing, angle spread, equally antenna array and unequally antenna array, and

Tx-Rx distance at both ends will be considered.-A-brief conclusion is provided in Chapter 5.
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Review of related result

Ref.| Freq. Related Measurement
Measurement Environment
No. | (GH2) Result
[3] |5.1-5.3 |1. entrance hall The capacity will
2.Tx and Rx are 10m apart increase slowly when the
antenna element spacing
exceed 0.5 wavelength
[4] |5.8 Indoor environment Unequal array spacing
(virtual transmitter| antenna and receiver|may obtain the optimum
antenna array) capacity
[5] [1.95 |Along hallway, Tx-Rx distance 270ft Capacity decreases with
distance increases
[6] 2.4 1.Indoor environment Capacity of uncorrelated
channel is greater than
2.2x2 MIMO system correlated channel
[7] |0.6-6 |l.Indoor environment Large antenna spacing

2.2x2, 4x4, 10x10 MIMO systems

has lower correlation
coefficients
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Chapter 2

MIMO Systems

Multiple-input multiple-output (MIMO) wireless systems have been shown to be a
very promising solution for high data rate and/or high performance future wireless
networks and services. It was demonstrated that, by means of receive diversity, the
impairment due to a rich scattering environment could be actually exploited to obtain
independent fading signals, thus enhancing the quality of the received signal by means of
optimum combining [8]. On the other hand when'multiple antennas are employed at both
sides of the communication link, it was shown that,:in presence of a rich multipath, there
is considerable potential for obtaining extremely high capacities.

In this chapter we will introduce-fundamental theory of MIMO system and compare
single-input-single-output (SISO), single-input-multiple-output (SIMO), and MIMO

capacities.

2.1 Why Use MIMO?

There are many reasons making MIMO systems such a promising solution for future
wireless communications. As it will be shown the main advantage is given by the huge
capacity/spectral efficiency these systems can achieve, thanks to the multiple spatial
subchannels opened through the use of multiple transmit and receive antennas. It is not
the only one though, another important characteristic is the higher diversity order that can
be reached by means of multiple independent replicas of the transmitted signal, and some

more advantages exit.
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2.2 MIMO Architecture

Consider the MIMO setup pictured in Fig.2-1 with M antennas at the BS and N
antennas at the MS. The signals at the BS antenna array are denoted by the vector

y() =Ly, (1), Y, (), ..., ¥, 1)]", where yn(t) is the signal at the mth antenna port and [ - 1

denotes transposition. Similarly, the signals at the MS are  S(t) =[s,(t),s, (t),...,s, (1)]" .

Base station (BS) Maobile station (M3)

! 4 La.m'\

W \Lm/f

M-antennas MN-antennas

Figure.2-1 MIMO systemin:a scattering environment

The MIMO radio channel H e C™™ that describes the connection between the MS

and BS can be expressed as

hll h12 ° th
H = .h21
hMl th' hMN

where hn, is the complex transmission coefficient from antenna n ate the MS to antenna

m at the BS. For simplicity, it is assumed that hy,, is complex Gaussian distributed with



Chapter 2 MIMO Systems

identical average power. Thus, the relation between the vectors y(t) and s(t) can be

expressed as  Y(t)=H(t)s(t)+n(t)

Y1 h, S n
l . o0 N
S N | D P B
hMl hMN
L Ym | EYNEALLYE

where n is zero-mean complex Gaussian noise.

From Shannon formula we can obtain the MIMO capacity can be express as

C = log, (det{l,,_+ Ni HH"Y)  (bps/Hz)
where Ntand Ng are the number of Tx and, RX antenna array elements, respectively, and
Iy, 1S Nr-by-Ng identity matrix, H is‘the Ng-by-Nr channel transfer matrix with its
element h;; representing the channel gain between j-th Tx and I-th Rx, and the superscript

“H” means transpose and conjugate. If in the frequency domain the formula becomes :

C(f) =log, (det(l, + £ H(HH(1)") ...z
Note that the channel matrix H is normalized to remove the path and yields [8]:

Z| hij |2 =N,
]

2.3 Spatial Correlation Coefficient

The complex correlation coefficient is a complex number that is less than unity in
absolute value. Let a,b be two complex random variables. The complex correlation

coefficient of a and b is defined as
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E[ab’]- E[a]E[b"] ~
\/(E[‘a‘z —‘E[a]‘z})(E‘b‘z —‘E[b]‘z) .................

Where * denotes the complex conjugate operation. It is assumed that all antenna elements

<a,b>=

in the two arrays have the same polarization and the same radiation pattern. The spatial

complex correlation coefficient at the BS between antenna m; and m, is given by

BS _
/Omlm2 =< hmln ! hmzn >
where <a, b> computes the correlation coefficient between a and b. The spatial complex

correlation coefficient observed at the MS is similarly defined as

P, =By, >

mn, ? ' 'mn,

Given (2-2-1) and (2-2-2), one can define the following symmetrical complex correlation

Matrices
B S BS
Joit o Ry oY
R - '
BS  BS BS
An Az A )
and
MS MS MS
P1 P PiN
Rws =| ’ :
MS MS MS
Pni o Pi2 PN o
P D oo D
M (M _1) ! MMy e, (2-3)
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Pnn

P “N(N - 1)(Z

i=1,j=1
i)

Receiver correlation describes the local scattering around the receivers, whereas
transmitter correlation describes the correlation of the transmitted signals as seen at the

receiver and does not provide insight into the scattering of the environment close to the

transmitter array.

2.4 Capacity Formulas Of Four Different System

A. Single-Input-Single-Output (SISO) system

For a 1*1 (SISO) system the-capacity 1S given by

=log, @+ p [HDE (bps/H)

Tx Data J; 1 Rx Data

— 1 TX Rx [

Figure 2-2 SISO system

where C is the capacity, p is the signal-to-noise ratio (SNR) and H is the normalized
channel power transfer function. For 1-D case H is simply a complex scalar. The capacity

increases slowly with log,(SNR).
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B. Single-Input-Multiple-Output (SIMO) system

For a SIMO system the capacity is given by

C=1log,d+M*p) (bps/Hz) (2-5)

Tx data j Rx data
\ 4

v . Rx

Figure 2-3 SIMO system

Compared with SISO system, the capacity of SIMO system shows improvement.
The increase in capacity is due to the spatial diversity, which reduces fading and SNR
improvement. However, the SNR improvement is limited; since the SNR is increasing
inside the log function.
C. Multiple-Input-Single-Output (MISO) system

For a MISO system the capacity is given by

N 2
C= I0g2(1+ﬁn§‘hn‘ ) (bps/Hz)

Tx data A 4 Rx data
— : Rx [

Tx

Figure 2-4 MISO system

10



Chapter 2 MIMO Systems

D. Multiple-Input-Multiple-Output (MIMO) system

For a MIMO system with Nt transmit and Nr receive antennas, it is shown that

the capacity is derived from

C =log,(det{l,, +=HH"})  (bpsiHz)

T

Tx data Rx data
. 4 . 4
| 2 2
TX :
\ 4 ) 4 RX
N M

Figure 2-5 MIMO system

Here , we can see that the advantage of MIMO systems is significant in capacity. As

an example, for a large Nt=Ng=N, HH"/N — Iy, so the capacity is asymptotic to

C = Nlog, (1+ SNR)[bps/ Hz]

Therefore, the capacity increases linearly with the number of transmit antennas. Figure
2-6 shows the capacity for various multiple antennas systems. It is show that SIMO
systems offer smaller capacity gain than MIMO systems. For example, MIMO system
with Nt=Ng=2 provides higher capacity than SIMO system with Nt=1 and Ng=4 [3]

11
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Chapter 3

Measurement System and Environment

MIMO radio channel access based on dual antenna arrays at both the mobile
station (MS) as well as base station (BS) is considered to be the ultimate means to
increase the available capacity for high bit rate wireless links. By this technique the
spatial diversity of multipath channels in a rich scattering environment is optimally
exploited. Several results have been published showing the MIMO capacity gain in
theory (e.g.[1],[10]). Some results were based on wvirtual array application and hence a
static channel had to be presumed.

In this chapter we will describe the measurement systems and the measurement

sites.

3.1 Measurement Systems

For measurement of the time-varying and directional mobile channels, RUSK vector
channel sounder is employed [9], whose system diagram and equipment are shown in
figures 3-1 and 3-2. The sounder system consists of a mobile transmitter (Tx) that is
omni-directional, and a fixed receiver (Rx) with an 8-element array antenna. Periodic
multi-frequency excitation with 120MHz bandwidth is used, i.e., the time resolution is
8.3ns. The Doppler bandwidth of up to 20kHz allows complete statistical analysis of the

time varying radio channel with respect to different azimuthally directions of the

13



Chapter 3 Measurement System and Environment
impinging waves. In the case of a remote link measurement, Tx/Rx synchronization is
maintained the tracking error of the measurement system and as a result of phase and
delay normalization. Allowing the system a warm-up time about 60 minutes to stabilize
oscillator amplifier minimizes temporal drift of the measurement system. The telemetry
allows remote of the digital receiving unit (DRU) from portable transmitting station (PTS)
location. The device operates at 2.44 GHz and permits real-time measurements of the
complex channel impulse response with a bandwidth of 120 MHz. The measurement
principle is based on periodic multi-frequency excitation signals, the recorded signal
vector consists of integer periods of the received excitation signal response, it can be
transformed to the frequency domain by FFT processing. Then , the measurement results
can be directly interpreted as a time-dependent sequence of the channel frequency
response estimates. The data is captured by simultaneous multiplexing of the receive
antennas employing fast RF switches. Thereby rubidium reference oscillators at both
transmitter and receiver achieve timing-and-switching frame synchronization between
receiver and transmitter during the complete measurement.

The channel impulse responses of the antenna array are recorded as “vector
snapshots” in rapid succession. After receiving by Rx, signals are gathered to DRU and
sent to a personal computer( PC) to analyze by using Unitary ESPRIT with sub-array
smoothing technology. An overview about array signals processing including estimation

of the AOA and a comparison of ESPRIT with other algorithm can be found in [10].

3.2 Measurement Setup
For the measurements, we used the wideband vector channel sounder RUSK ATM
with a measurement bandwidth of 120 MHz at a center frequency of 2.44 GHz. At the

receive side a A /2 spaced 8-element uniform linear patch array (ULA) with two

14



Chapter 3 Measurement System and Environment
additional dummy elements was used. Each single patch antenna had a 3dB beamwidth of
120 degree and was consecutively multiplexed a single receiver chain. At the transmit
side, a omni-directional antenna was moved along the measured path, we can form 8
virtual Tx antenna array without mutual coupling.

The receiving antenna was mounted on a rooftop at 2.44GHz with the transmission
power of 1W. The transmitter antenna was carried in a trolley and was 1.8 meter above
the road. In order to get multipath components, we sampled data by fixed-point and

moving measurements along selected routes with walking speed

Mobile Transmitter Antenna Array Receiver
Fad
1 utilExer L | —
drect o =g sige e R recsver DigitaldemndulatorImrrelatur_‘> i
Omnicirectional Stachastic
artenna - . : If &
fire variant

mulpath

C- my ; £ ; e

o b
channel []
&+2 elemert
DAT
Local ULA patch amay Locd _Jl>

o cillatar oscillator
R ubidium
frequency
LA ﬁ\ Rubidum ﬁ\

frequen
st refarenge Postion
(GPS, wheel sensrs) (dlata telemetry)

Figure 3-1 System diagram of the RUSK Channel Sounder
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Chapter 3 Measurement System and Environment

Figure 3-2 pictures of the RUSK Channel Sounder. (a) transmitter with an omnidirectional antenna;
and (b) the rece,iv':er' with 'ug-%elem‘ent 'I"i'r]ear antenna
Ii "‘

| ]

3.3 Measurement Envir"'onm"eh"t'Des']cription

The measurement was performed in 9" floor "(site A), 2" floor (site B), 3% floor (site
C), 4% floor (site D) and 5* floor (site E) of the 4™ Engineering Building at the National
Chiao-Tung University, Hsinchu, Taiwan and the layout is shown in Figs. 3-3 to 3-6.

At site A, path 1 and path2 is measured in the corridor, thus LOS always exists in
path 1, instead LOS, the NLOS exists in path 2.At site B pathl is the LOS environment
and the distance is longer than the site A, we will observe how the long distance affect
the capacity.

Site D and site E is measured also in the hallway, but at the site E, the wall is
constructed of the glasses and at site D is concrete wall. We will explore the different

material how to affect the capacity.
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Lab907 Lab906 Lab904

Om
[ : plasterboard wall M . wooden wall [ :evelator
‘window = yeceiving spot

Figure 3-3 Floor layout of site A located on the second floor of Engineering Building No4
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.‘.—
Om 10.03m
classroom?203  classroom202  classmoom 201

. ‘concrete wall m : wooden wall -:evelatm
-window =  yeceiving spot

Figure 3-4 Floor layout of site B located on the second floor of Engineering Building No4
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i

i,

£ SRSSRSS N0 (0 SRS S I S S

Un 10.0%m
B concrete wall H wooden door.
B window « :receiving spots+

Figure 3-5 Floor layout of site C located on the second floor of Engineering Building No4
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R

| SRSENR IO EERNTES N SRR SR SR N

R S R PR R

S

_‘—
om 10.0%m

B concrete wall H-wooden door.
B window < :receiving spot+

Figure 3-6 Floor layout of site D located on the second floor of Engineering Building No4
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Table 2 Measurement situation

hallway Frequency |Power |Bandwidth [Sample point |Distance(m)
SiteA |Pathl [244GHz  |1W 120 MHz  |21900 24
Path2 |2.44GHz 1w 120 MHz  |43000 53
Site B |Pathl |2.44GHz 1w 120 MHz  |26550 42
SiteC  |Pathl |2.44GHz |1W 120 MHz  |22100 48
SiteD  |Pathl |2.44GHz |1 W 120 MHz  |23500 48

21
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Chapter 4

Effects of Array Element Spacing and
Multipath Propagation on MIMO Capacity in
Indoors

In this chapter, the effects of transmitting/receiving array spacing, propagation
conditions (LOS and NLOS), and local scatterer distribution and signal bandwidth on
MIMO capacity are investigated through the measurement. The complex correlation

coefficients of the MIMO channel frequency-response will be introduced and evaluated.

4.1 MIMO capacity evaluation
From Eq. (2-1), the 8x8 MIMO capacity is-given by

C(f) =log, (det(l, +%H(f)H(f)“))
The capacity is calculated with y =30 dB and the measured 8x8 MIMO channel matrix, H,
which is realized through the measurement by the RUSK channel sounder systems.
During the measurement, a virtual 8-element linear array at transmitting site is formed by
grouping 8 associated Tx positions with chosen neighboring-position spacing.

From equation (2-3), the spatial correlation coefficient at the transmitter between

elements is calculated.
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4.2. Propagation distance and array-element spacing effects

To investigate propagation and the element spacing effects on the MIMO capacity and
Tx-Rx element correlation, the measurement routes have been selected to consider LOS and
NLOS scenarios at Site A.

A. Propagation range effect

Figures 4-1 and 4-2 illustrate the MIMO capacity versus Tx-Rx distance for LOS and
NLOS scenarios, respectively. In each figure, the array element spacing, A, is equal to 0.1
A, 02A,....,0r LOA. The figures show that the capacity is decreased as the Tx-Rx
distance increases for both LOS and NLOS cases. It is because that when the Tx-Rx
distance decreases, the rms angle spread of AOA increases, which reduces the correlation
between the Tx and Rx elements, i.e., enhances the capacity. In the next section, we will
analyze the relation of angle spread and MIMO. capacity. Figures 4-3 and 4-4 show the
correlation coefficient versus propagation: distance for LOS and NLOS scenarios,
respectively. The spatial correlation coefficient increases as the Tx-Rx distance increases.

B. Element spacing effect
From figures 4-1 to 4-4, it is also found that larger element spacing leads to lower
correlation coefficient, i.e., higher MIMO capacity.

To further investigate the effect of element spacing, figures 4-5 and 4-6 illustrate
capacity versus element spacing for LOS and NLOS scenarios, respectively. It is found
that the capacity increases as the element spacing increases and it saturates when the
spacing is larger than one wavelength. This reveals that the correlation distance between

the elements in indoor environments is about one wavelength.
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C. Effect of unequal element spacing

In the MIMO system, channel capacity may be improved by adaptively changing the
element spacing. Changing the element spacing is a way to provide spatial diversity to a
MIMO link without increasing the number of antenna array elements [4]. In this thesis,
we consider adapting the location of elements at both ends of the link. Here, we adjust the
element spacing of the virtual antenna arrays at the transmitter to investigate how the
capacity varies with small changes in element locations.

To investigate how the channel capacity changes with element spacing, and how
much benefit we can get by the adaptive array. From measured data of site A, we
synthesized virtual 141-element uniform linear arrays, whose neighboring element
spacing is 0.1 4. At the receiver the number-of.antenna arrays is fixed to 8 and the
antenna array spacing is 0.4 A (Folowing the RUSK sounder specification). The channel
matrices of unequally spaced array elements-can _be determined as subsets of the
measured (141,8) MIMO channel. We randomly: choose 8 element at transmitter to form
an 8x8 MIMO without mutual coupling. Figures 4-7 and 4-8 demonstrate MIMO
capacities of unequal- and equal- spacing arrays for LOS and NLOS cases, respectively.
The element spacing of the equally spaced array is equal to 2 A . The figures show that
the unequal spacing arrays always lead to an optimum capacity, which is better than that
of the equal spacing arrays.

The reference [4] mentioned that if both transmitter antenna array spacing and
receiver antenna array spacing is unequal; the capacity will reach the maximum. Now we
also change the transmitter array spacing and receiver array spacing. Because the receiver
antenna array is fixed to 8 elements, a 4x4 MIMO system is chosen to have an allowance

to change the receiver array spacing. From figures 4-9 and 4-10, we can observe that
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when the spacing of transmitter array and receiver array is unequal, the capacity may
reach maximum. The reference [4] explains that the correlation of unequal antenna
spacing is lower than equal antenna spacing. So lower correlation coefficient result in
high capacity. Figures 4-11 and 4-12 illustrate the capacity versus Tx standard deviation

for LOS and NLOS, respectively. The standard deviation of element spacing is expressed

1 & —\2 |2 . .
as o, = {_Z (ai - a) } , Where N is the number of antenna array; a;is element
i=1

array spacing.The measured results show that the MIMO capacity is optimized When the

standard deviation of Tx element spacing is ranging from1 A to1.5A.
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4.3 Angle spread effect

To investigate the propagation environment effect on capacity and spatial correlations,
we will introduce angle spread to observe the relation of capacity and propagation
distance. The reference [12] mentions that for the large values of the angle spread will
result in low correlation coefficient, low correlation coefficient obtains high capacity. We
will observe the relation of capacity and angle spread during the measurement of site B,
site C and site D.

At site B, the measurement carries out in the 2nd floor of the 4™ Engineering
Building. The measured path and Rx position illustrates in figure 3-3. From figure 4-13, it
shows that capacity decreases along the hallway, but at the distance from 10m to 15m, we
find that the capacity goes down suddenly. In-order to explain this phenomenon, we can
observe the measured map from figure 3-3, @ lobby locates at the measured route from
10m to 15m and the lobby is an apen area..WWe guess that in this open area, the angle
spread decrease suddenly and the channel becomes correlated, so the capacity goes down
suddenly. At figure 4-14, we plot the angle spread versus the propagation distance. We
find that angle spread also decrease when the Tx-Rx distance increase. At 10m to 15m,
angle spread also decrease suddenly. The measured result is as same as and reference [12],
large angle spread may obtain more multipath. In multipath richness environment, the
channel correlation will become lower and the capacity will be larger.

To prove the angle spread how affects the capacity. We carry out the same
measurements at different floor. Site C and site D measured in 4™ floor and 5" floor of
the 4™ Engineering Building, respectively. The measured route illustrate at figure 3-5 and
figure 3-6. The 4" floor and 5™ floor have the same structure, but in the 5" floor the wall
is constructed of glass and the wall of 4™ floor is made of concrete. We will observe the

different material of wall how affects the capacity.
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From figure 4-15 and figure 4-17, we find that capacity also decrease when
propagation distance increase. But under the same antenna array spacing, the capacity of
site C is always larger than the site D. We guess that the wall of concrete will reflect more
multipath than glass and angle spread of site C will also be larger than site D. Figures
4-16 and 4-18 show angle spread versus propagation distance for different floors. We find
that in figure 4-16, angle spread is significant lager than figure 4-18. So under rich
multipath and lager angle spread environments between each transmitter and receiver
antenna pair, MIMO wireless communications systems achieve significant capacity gains

over conventional single antenna systems.
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4.4 Bandwidth effect

In this section, we investigate the impact of the signal bandwidth on the MIMO
capacity. We choose 120M and 20M signal bandwidths to see how it affects the capacity.
The experiment carried out in different floors (site C and site D). From figures 4-19 and
4-18, we can find that capacity of 120M-bandwidth is always greater than the
20M-bandwidth. Because the time resolution of 120M is 8.3ns and 20M is 49.8 ns, when
bandwidth becomes large, time resolution decrease; hence array resolved more
multipaths and channel becomes uncorrelated, uncorrelated channel results in high
capacity.

Figures 4-21 and 4-23 illustrate multipath number versus distance; the result shows
that multipath numbers of 120M-bandwidth-is always greater than 20M-bandwidth; the
measured results prove that highzbandwidth: will resolve more multipath numbers.
According to section 4-3, angle spread is also in proportion to capacity. On different
bandwidth, we also observe the variation of angle spread versus MIMO capacity. From
figures 4-22 and 4-24, we find that on different bandwidth, the angle spread almost
similar. So the capacity bases on different bandwidth, the main effect are multipath

numbers, in multipath richness environment, the capacity will be higher.
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4.5 Local scatterer effect

In this section, we analyze the local scatterer how affects the MIMO capacity. The
figure 4-25 descried the measured environments. We measured at each receiving 9 points
for each room, the broadside direction of receiving linear array points at three individual
directions with 120" interval. Therefore, 3 MIMO capacity values are shown for each
point. Figure 4-25 illustrates that direction of receiving array is not significant effect on
capacity. At figure 4-26, we place two scatterers at each room and observe the variation
of capacity, it shows that when the receiving array is directional to scatterer, the capacity
is significant higher than others direction, it is because the scatterer reflect more
multipath , more multipath result in low correlation coefficient and obtain higher capacity.
But from figure 4-26, we also find «that scatterer only has significant effect on
neighboring receiving array. At figure 4-27- we analyze how far the scatterer affects
MIMO capacity. We measured at each receiving 12 points for each room, the broadside
direction of receiving linear array pointto scatterer. The interval distance of each receiver
is 0.5m; figures 4-27 and 4-28 show MIMO capacity with scatterer and no scatterer
condition, respectively. After comparing to measured results, we find that when the
receiver within 1.5m from scatterer, MIMO capacity significant increases. In indoor

environment, the effect distance of scatterer is about 1.5m.
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Chapter 5

Conclusion

In this thesis the analysis of the impact of various conditions on 8x8 and 4x4 MIMO
systems, capacity and correlations has been presented, including antenna spacing, angle
spread, Tx-Rx distance, bandwidth and local scatter. The measurement using the RUSK
channel sounder was carried out in the National Chiao Tung University campus. In this
research, some phenomena are reveal and listed as following.

(1) Antenna array element spacing effect: antenna spacing may affect MIMO capacity and
correlations significantly. The MIMO capagcity increases as the element spacing increases
and it saturates when the spacing is larger than one wavelength. This reveals that the
correlation distance between the elements in indoor environments is about one wavelength.
It is also found that when the standard deviationiof Tx element spacing is ranging from 1 A
to 1.5 A . The capacity of the MIMO with unequal array spacing is always larger than equal
spacing. (2) Propagation distance effect: MIMO capacity is also decreased as the Tx-Rx
distance increases for both LOS and NLOS cases. It is because that when the Tx-Rx
distance decreases, the rms angle spread of AOA increases, which reduces the correlation
between the Tx and Rx elements. (3) Bandwidth effect: MIMO capacity will increase as the
signal bandwidth increases. It is because that signal bandwidth becomes larger so that time
resolution smaller; hence the antenna array resolves more multipath components, channel
which leads to lower correlation among spatial channels, i.e., is higher capacity. (4) Local
scatterers effect: MIMO capacity increases due to transmitted signals disturbed by local

scatterers so that the angle spread increases, large angle spread leads to high capacity. This
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phenomenon can be observed at section 4.5. In indoor environments, when receiver is away
from local scatterers about 1.5m, local scatter has no significant effects on MIMO capacity.

Some phenomena already shown in references [3], [4] and [5]. Our research demonstrates
something new, we also found that (1) MIMO capacity saturates when the spacing is larger
than one wavelength. (2) When the standard deviation of Tx element spacing is ranging
from 1 A to 1.5 A. The capacity of the MIMO with unequal array spacing is always larger
than equal spacing. (3) Reference [14] mentions that larger angle spread leads higher
capacity, but not to proved it. Our research calculates the angle spread and proves the

results. (4) It is also found that signal bandwidth has significant effects on MIMO capacity.
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