H IR @A

X

TMk e [C 2%zt & £ 95558 3

M+t W X

GRS i R g -

Radio Channels Characterization and Modeling of UWB Body Area Networks

Iz

b ERB LT NF £ A



REABAREBRHEBZ A TRERTHEE

Radio Channels Characterization and Modeling of UWB Body Area Networks

I A A
¥ EHIR

/Y Student : Szu-Yun Peng
ERER Advisor : Jenn-Hwan Tarng

EI A ST N =
BRI IC %3t £ XA L3
G d

A-Thesis
Submitted to College,of Electrical and Computer Engineering
National Chiao Tung University
in partial Fulfillment of the Requirements
for the Degree of
Master

in

Industrial Technology R & D Master Program on
IC Design

July 2007

Hsinchu, Taiwan, Republic of China

FERBEALTNFEA



4

BERAARERERZ &R TREETHERE

&

B il RLEMLRE IC Rt EHEmE LI

1% E3

BRAPRBAAERAEREARESRERBEEHE  dFMERTREL A
EURARIR T A A X RRIERE  BAFF S A MR RT > BloRHE
B G BIE ® o AR AT 5 AL MR BUR A ER MK o WBIHEIRBEL
FLLARA MABGYRIRT RIFR - BIbEAFZ s gey 2R+ » BEHRE
B EERIBE S o A3 38 E £ Al (Akaike Information Criterion) 45 H ¥ #0%
R il 6 P AR ABL SN RO

ERPARTIRSL AN S ARG REREEZ R Bl R 7H E
SRFFNBEZZTHNBSORMEL T RO ATm - AR A SRR IO
HIR o R BACE RGN SWMASHEAREBREBELZANET IR
BERK 2R BRI B S B AT LA B A BRI E 5 % & ey R

HE - RIFVTURER G RE R wiGBE R Z D » £ B AR EFE0 L
SRR G R b e E AR EREEN I B GNESIRREH
IBAEIFRIBE NI RE S48 459 » RBEARA BRK ° Bk » R M) T R3Y

M ARGHBEEEARTARK °

=
=

RS wEHR O ERR



Radio Channels Characterization and Modeling of UWB Body Area
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student : Szu-Yun Peng Advisor . Dr. Jenn-Hwan Tarng

Industrial Technology R & D Master Program on IC Design
of Electrical and Computer Engineering College
National Chiao Tung University

ABSTRACT

For channel modeling of UWB SISO BAN, it is found that the diffracted wave is
the dominant propagation path in the¢ open space observed from the temporal response.
However, when the Rx places on*the backof the body that is surrounded by dense local
scatterers, the scattering due to the“local scatterers becomes the dominant propagation
mechanism and the received signal strength'is much larger than that of without local
scatterers. Therefore, the path loss expenent in-the room with dense local scatterers is
smaller than that in open space. The AIC indicates that the Lognormal distribution is the

best one in modeling the small scale fading distribution.

For MIMO BAN measurement, the capacity of Rx antenna array elements placed
on the back of the body is higher than that placed on the front of the body. This is due to
the received signal obstructed by the body, which yields reduction of the spatial channel
correlation at the Rx antenna. The influence of environment on the capacity of BAN
MIMO system is not significant. However, the capacity of Rx placed on the front of the
body is more easy affected by the local environment than that placed on the back of the
body. It is found that the capacity of the MIMO BAN decreases as the element spacing
increases. It is because that although the increasing element spacing may reduce the
correlation of Rx or Tx and leads capacity increase, the signal strength of the
subchannel decreases a lot due to large diffraction loss and yields little contribution of
the subchannel. Therefore, element spacing increases may not contribute to the MIMO

channel capacity.
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Chapter 1 Introduction

Chapter 1  Introduction

1.1  Background and Problems

Using wireless sensors around;the body-tormenitor-health information is a promising
new application made possible by recent:advances in ultra low power technology. Each
sensor placed on human body or in close proximity such as everyday clothing
continuously measures parameters of interest and sends the data to a central device such
as personal digital assistant (PDA).The large diversity and potential of these

applications makes it an exciting new research direction in wireless communications.

The IEEE 802.15.4a committee is developing a low-power UWB standard and
includes body area networks (BANs) as a relevant scenario [1]. The Task Group
802.15.4a has the mandate to develop an alternative physical layer for sensor networks
and similar devices, working with the IEEE 802.15.4 MAC layer. The main goals of
this new standard are energy-efficient data communication with data rates between one

Kbit/s and several Mbit/s. More details about the goals of the task group can be found in
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the IEEE 802.15.4a PAR [1]. The Federal Communications Commission (FCC) has

recently legalized a spectral mask between 3.1-10.6GHz for UWB radios.

1.2 Related Works

UWB radio channel characterization and modeling of Body area networks have
been presented in the following literatures. In [2], electromagnetic wave propagating
around a human body is simulated with a finite-difference time-domain (FDTD)
simulator at 2.4GHz. It is found that the main mechanism of wave propagation
around the body is via creeping waves, which can be modeled a single path. For
simplification, a dual-slope model can be used to describe the averaged path loss. In
[3], body area channel consists of theiinitial cluster. of components diffracting around
the body, followed by subsequent clusters::of ‘components reflecting off of
surrounding object in the office.“The channel described by a high path loss exponent
at 3 — 6 GHz, and the Multipath‘components-cluster is modeled by Lognormal
distribution. Ref. [4] focus on transmission at the head, the attenuation of the head is
about 5 — 10 dB at 1.5 — 8 GHz. The measurement result illustrate that head is
absorbing most energy that is transmitted into its direction, and the diffraction is the
dominant propagation mechanism around the head. In [5], the components
diffracting around the body are well modeled using correlated lognormal distribution

and Nakagami-m distribution can be use to incorporate the influence of arm motion.

1.3 Motivation

Most literatures only focus on 3-6 GHz band and measure in indoor environments. In

order to consider UWB frequency band completeness, measuring at 3.1 - 6, 6 — 10, and
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3.1 — 10 GHz bands makes the whole measurement and the model in the integrity.
Except the indoor environment with plenty scatterers, measuring the body in the open
space and space with little scaterers can get more channel characterizations.

To extend our result, not only to characterize and model the BAN UWB channel for

Single-input, Single-output (SISO) application, we also the explore MIMO case.

1.4 Organization

The thesis is organized into six chapters including the introduction. Chapter 2 gives
an overview of the body area network propagation channel models, and definitions of
the channel parameters that will be used in later chapters. Chapter 3 introduces
ultra-wideband antenna implementation and measurement environment. Chapter 4
construct the path loss model and-analysisithexmeasured results for BANs. Chapter 5
describes the characterization o UWB MIMO radio channels. Chapter 6 concludes the

thesis and improvements are suggested for future work.
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Chapter 2 Fundamental Theory of UWB Body Area

Networks Propagation Channel Models

2.1 Path Loss Model

Both theoretical and measurement-based propagation models indicate that average
received signal power decreases logarithmically with distance, whether in outdoor or
indoor radio channels. Such models have been used extensively in the literature. The
average large-scale path loss for an arbitrary T-R separation is expressed as a function of

distance by using a path loss exponent, n

PL(d) « (di)" @.1)

0

PL(dB) = PL(d,) +10n 1og(di) (2.2)

0




Chapter 2 Fundamental Theory of UWB Body Area Networks Propagation Channel Models

Where n is the path loss exponent which indicates the rate at which the path loss

increases with distance, d,, is the close-in reference distance which is determined from
measurements close to the transmitter, and 4 is the T-R separation distance. The bars
in Equations (2.1) and (2.2) denote the ensemble average of all possible path loss values
for a given value of ¢ . Where plotted on a log-log scale, the modeled path loss is a

straight line with a slope equal to 10n dB per decade.

Table 2.1 Path loss exponents for different environments

Environment Path Loss exponent, n
Free space 2
Urban area cellular radio 2.7t03.5
Shadowed urban cellular radio 3to5
In building line-of-sight 1.6to 1.8
Obstructed in building 4t06
Obstructed in factories 2t0 3

The value of n depends on the specific propagation environment. For example, in
free space, n is equal to 2, and when obstructions are present, n will have a larger
value. It is important to select a free space reference distance that is appropriate for the
propagation environment. Table 2.1 lists typical path loss exponents obtained in various

mobile radio environments.
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2.2 Small Scale Distribution
2.2.1 Rayleigh Fading

When the composite received signal consists of a large number of plane waves, the

received envelope has a Rayleigh distribution, i.e.

(x) = expd - x* (2.3)
p. o> p 252 :
For a Rayleigh distributed envelope, the average power isQ | = 207, so that

()= X ex * 2.4
pz _Qp p 0 ()

p

Rayleigh fading usually applies to any scenario where there is no LOS path between the

transmitter and receiver antennas:s

2.2.2 Nakagami -m Fading

The Nakagami distribution was selected to fit empirical data, and is known to
provide a closer match to some experimental data than either the Rayleigh, or Ricean

distributions. In essence, the Nakagami distribution describes the received envelope, i.e.

(x)_mexz’”"(K+l)eX _mx’ m>l 5 s
P T T e P ) 2:5)

The Nakagami distribution is often used to model multipath fading for the
following reasons. First, the Nakagami distribution can model fading conditions that are
either more or less severe than Rayleigh fading. When m=1, the Nakagami distribution
becomes the Rayleigh distribution, when m=1/2 it becomes a one-sided Gaussian

distribution. Second, the Rice distribution (which does have physical significance) can
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K+1)* :
be closely approximated by using the relation m = EZK;i) , between the Rice factor K
+

and Nakagami parameter m.

2.2.3 Lognormal Distribution

The log-normal distribution is the probability distribution of any random variable
whose logarithm is normally distributed. If X is a random variable with a normal

distribution, then exp(X) has a log-normal distribution.

A variable might be modeled as log-normal if it can be thought of as the
multiplicative product of many small independent factors. For example the long-term
return rate on a stock investment can be’considered to be the product of the daily return

rates.

The log-normal distribution has the probability density function

—(nx=f )2/ 26%)

fxwe) =

(2.6)

For x > 0, where p and o are the mean and standard deviation of the variable's

logarithm (by definition, the variable's logarithm is normally distributed).

2.2.4 Weibull Distribution

The Weibull distribution is a probability distribution with the probability density

function

k x ok
,'k,?\. Y il k-1 _—(x/\) 27
c f(xk,\) K(K) e (2.7)

For x>0 and f(x; k, A) = 0 for x < 0, where k > 0 is the shape parameter and A >

7
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0 is the scale parameter of the distribution.

The Weibull distribution is often used in the field of life data analysis due to its
flexibility—it can mimic the behavior of other statistical distributions such as the
normal and the exponential. If the failure rate decreases over time, then k < 1. If the
failure rate is constant over time, then k = 1. If the failure rate increases over time, then

k>1.

2.2.5 Exponential Distribution

The exponential distributions are a class of continuous probability distribution. They are
often used to model the time between independent events that happen at a constant

average rate.

The probability density function (pdf) of an exponential distribution has the form

e ™ x>0
xh)= ! ’ 2.8
Flx) { prees. (2.8)

where A > 0 is a parameter of the distribution, often called the rate parameter.

2.2.5 Akaike Information Criterion

Akaike's an information criterion (AIC) is a measure of the goodness of fit of an
estimated statistical model. It is grounded in the concept of entropy. The AIC is an
operational way of trading off the complexity of an estimated model against how well

the model fits the data. In the general case, the AIC is
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AIC =2k —-2In(L) (2.9)
where k is the number of parameters, and L is the likelihood function.

Over the remainder of this entry, it will be assumed that the model errors are normally
and independently distributed. Let n be the number of observations and RSS be the

residual sum of squares. Then AIC becomes

AIC =2k +nin(RSS/n) (2.10)

Increasing the number of free parameters to be estimated improves the goodness of fit,
regardless of the number of free parameters in the data generating process. Hence AIC
not only rewards goodness of fit, but_also .includes a penalty that is an increasing
function of the number of estimated,parameters. This penalty discourages overfitting.
The preferred model is the one with the lowest AIC value. The AIC methodology
attempts to find the model that best.explains the data with a minimum of free

parameters.

2.3 Generalized UWB-MIMO Capacity Formula

Consider a UWB-MIMO system with M transmits elements and N receives elements.

The baseband input-output relationship is given by
¥(z)= H(z)x5(r) +ii(z) (2.11)

where 5(r) is the transmitted signal, y(z) is the receiver signal, 7i(z) is AWGN
(Additive White Gaussian Noise) and x denotes convolution. Each element of the

channel impulse response matrix H (r) is the impulse response from a transmit
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antenna to a receiver antenna.

When the transmitted power is equally allocated to each transmit element and

frequency subchannel, the UWB-MIMO channel capacity can be expressed as [17], [31]

c-L j 1og2det(1n +£H(f)H*(f)jdf bits/s/Hz (2.12)
W foon

T

where n, and n, are the numbers of Tx and Rx antenna array elements, respectively,
and W is the overall bandwidth of the MIMO channel, H(f) is the normalized

frequency response matrix of each narrow-band subchannel, * is the complex conjugate,

and p is the average SNR at each receiver branch over the entire bandwidth. Since the
measured UWB-MIMO matrices include the pathloss, we have to do a normalization to
set the average receiver SNR to a specific value. Here, we normalize the frequency

response of every narrow-band subchannel-uising a common factor such that

| E(“H(f I )f’f =Wnn, (2.13)

w

We also write capacity formula into another form [10]

1 Y% ;
C = N—Zlogz(de{lm +£Hi’in’f D bits/s/Hz (2.14)
f

! T
where N, is frequency components and i is the time or snapshot index.

The normalization factor for each UWB-MIMO measurement snapshot T, (i is the

time or snapshot index) was calculated separately. This removed the effect of large-scale

spatial fading, which can be significant for dynamic measurements, and ensured that

only the small-scale: spatial fading was observed. T, has dimensions of n, xn, xN,,
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where n,, n,, N, are the number of receive antennas, transmit antennas and

frequency components respectively. Each 5x5 measured channel snapshot had
dimensions of (5x5x801), thus providing a sufficient number of independent samples for

normalization. The normalized UWB-MIMO channel H,; was calculated from (2-8)

and (2-9), where 77, is the normalization factor estimate.

T
e (2.15)
R
) 1 Ny e ”T‘ ‘2
"N, lir 2.16
g anTNf ;;; if.j.k ( )

The goal of channel normalization is, usually to. scale the channel response so that the

expectation of its power is unity.-We refer to this as unity-gain normalization.

2.4 Complex Spatial Correlation Coefficient

In addition to capacity, we also considered the correlation at both transmit and
receive side. To estimate the receive and transmit correlation matrix we let h;; be the
channel complex gain between j-th Tx element and i-th Rx element. The complex

correlation coefficient between h;; and hy; is given as [21]

Elab"]- E[a]E[b"]
JEllal? —1E[a]*1E[lb * —| E[b]I*]

p(a9b) =

(2.17)

where * denotes the complex conjugate operation and @ = h;; and b = hy;. The complex
correlation coefficient is a complex number that is less than unity in absolute value. In
the following figures we will only present its absolute value. Also, it is assumed that all

antenna elements in the two arrays have the same polarization and the same radiation

11
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pattern. To describe the propagation environments around Tx and Rx, the correlation

coefficients of Tx and Rx are explored and given by [21], respectively,

Pr. = p(h;,h;) (2.18)

P Ry p(hlj 9hkj) (2.19)

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.

It is noted that prx and pryx are-first averaged over the index elements (j, 1) or (I, k)
then over the element indices i (receiving elements) and j (transmitting elements)

respectively.
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Chapter 3  Measurement System and Scenarios

3.1 UWB Antenna Implementation.and Measurement

Here we follow the design ‘done by-[7{-to-implement an UWB antenna for BAN
channel measurement. Figure 3.1 illustrates-the UWB antenna, which is a modified
bow-tie antenna using a binomial function to describe its contour. The binomial function

can be represented as:

g vy Xx=0
x
fx)= g+L[Wj O<x<x, 3.1
g+L =X

The antenna is fabricated using FR4 dielectric material (thickness = 0.8 mm,
dielectric constant = 4.4) and analyzed by using Ansoft HFSS. Length and width of the
bow-tie antenna is 20 mm and 30 mm, respectively. Length and width of the ground
plane is 50 mm and 52 mm, respectively. N =4 is set for the binomial function to

yield optimal performance [7].
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Figure 3.2 Measured return loss versus frequency.
Figure 3.2 shows the measured return loss versus frequency of the antenna. The

antenna shows good performance in the range of 3 — 10 GHz. Figures 3.3, 3.4, and 3.5

14
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are its measured far-field radiation patterns of x-z, y-z and x-y planes, respectively.
The radiation pattern is omni-directional. Figure 3.6 is its measured near-field patterns

of x-z plane.

(+2) —— E-total at 3.1GHz
e E-total at 4GHz
E-total at 5GHz

E-total at 6GHz +2) — E-total at 9GHz
é=0 | ____ E-total at 7GHz E-total at 10GHz

E-total at 8GHz

(b) (c)

Figure 3.3 Measured far-field radiation pattern in the x-z plane (a) E-total at 3.1, 4,
and 5 GHz (b) E-total at 6, 7, and 8 GHz (c) E-total at 9 and 10 GHz.
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(+2) —— E-total at 3.1GHz
o [ E-total at 4GHz
E-total at 5GHz

i
40 3020100} s0(4y)

\

E-total at 9GHz
E-total at 10GHz

E-total at 6GHz
e E-total at 7GHz
E-total at 8GHz

270 -40 -30 - 0.1 90 (+y)

(b) (c)

Figure 3.4 Measured far-field radiation pattern in the y-z plane (a) E-total at 3.1, 4,

and 5 GHz (b) E-total at 6, 7, and 8 GHz (c) E-total at 9 and 10 GHz.
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(+y) —— E-total at 3.1GHz
E-total at 4GHz
E-total at 5GHz

(a)

E-total at 6GHz ¢j';yo’ —FE-otal at 9GHz
¢=90 | ____. E-total at 7GHz [ E-total at 10GHz

E-total at 8GHz

-40 -30 =100 ¢ (+x)

(b) (c)

Figure 3.5 Measured far-field radiation pattern in the x-y plane (a) E-total at 3.1,4,

and 5GHz (b) E-total at 6, 7, and 8 GHz (c) E-total at 9 and 10 GHz.
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—— E-phi
—— E-theta

(a) (b)

() (d)

Figure 3.6 Measured near-field pattern in the x-z plane at (a) 3.1 GHz, (b) 8 GHz,

(¢ )9 GHz, and (d)10 GHz.
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In order to explore the influence of antenna radiation patterns by human bodies, the
near and far fields of an UWB antenna near a plastic bottle full of normal saline are
measured in the chamber. Figure 3.7 illustrates a picture of near-field measurement
set-up. The measurement chamber is located in Wireless Communications & Applied
Electromagnetics LAB of the National Taiwan University of Science and Technology.

Compare with Figure 3.5 and Figure 3.10, it indicates that the radiation is
fluctuated by the human body. It is noted that there are strong fluctuation in the x-y

plane.

» NEI200%:286 Rlam@r #Cwlindrical
w NeagFigld Measurement System

Figure 3.7 A picture of near-field measurement set-up. The distance between the
open-ended waveguide probe and the UWB antenna is only 9 cm during

the measurement.

19
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(+2) —— E-total at 3.1GHz
=0\ E-total at 4GHz
E-total at 5GHz

E-total at 6GHz +2) —E-total at 9GHz
E-total at 7GHz E-total at 10GHz
E-total at 8GHz

(b) (c)

Figure 3.8 Measured far-field radiation pattern of the antenna attached to a bottle
of normal saline in the x-z plane (a) E-total at 3.1, 4 and SGHz (b)

E-total at 6, 7 and 8 GHz (c) E-total at 9 and 10 GHz.
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(+2) — E-total at 3.1GHz
e E-total at 4GHz
E-total at 5GHz

(a)
E-total at 6GHz (+2) —E-total at 9GHz
E-total at 7GHz e E-total at 10GHz
E-total at 8GHz

270

(b) (c)

Figure 3.9 Measured far-field radiation pattern of the antenna attached to a bottle
of normal saline in the y-z plane (a) E-total at 3.1, 4 and 5 GHz (b)

E-total at 6, 7 and 8 GHz (c) E-total at 9 and 10 GHz.
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(+y) —— E-totalat 3.1GHz
E-total at 4GHz
E-total at 5GHz

E-total at 6GHz (+y) —FE-otal at 9GHz
E-total at 7GHz E-total at 10GHz
E-total at 8GHz

40 30 -20 0 (+x)

(b) (c)

Figure 3.10 Measured far-field radiation pattern of the antenna attached to a
bottle of normal saline in the x-y plane (a) E-total at 3.1, 4 and 5 GHz

(b) E-total at 6, 7 and 8 GHz (c) E-total at 9 and 10 GHz.
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—— E-phi
—— E-theta

(a) et (b)

() (d)

Figure 3.11 Measured near-field pattern of the antenna attached to a bottle of

normal saline at (a) 3 GHz, (b) 8 GHz, (¢)9 GHz, and (d) 10GHz.
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3.2 BAN Channel Measurement System

The system diagram of the BAN channel measurement system is shown in Figure
3.12. One pairs of UWB antennas and an 8719ET vector network analyzer (VNA)
composing the measurement system described in Figure 3.13. VNA measures the
channel frequency response (S21 parameter) between two antennas in the range
3.1GHz-10GHz. The two antennas are connected to the VNA using 4 meter low-loss
coaxial cables. The VNA measures the magnitude and phase of each frequency
components allowing the ease of obtaining time domain response by Inverse Discrete

Fourier Transform (IDFT).

i % %ﬂt. Rx Ant.

Agilent 8719ET
Vector Network Analyzer
50MHz-153.5GHz

=
Low loss cghle T’ m Low loss cable

Port 1 Port 2

Figure 3.12 System diagram of the measurement system.
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Figure 3.13 A picture of the measurement system.

1

The power delay profile (PDP) represents the‘ amount of energy collected at the
receiver (Rx) of a multi-path channel and the delays associated with this reception.
Figures 3.14 and 3.15 illustrate the PDPs of the base-line test, which is done in an
anechoic chamber, with Tx-Rx distance equal 20 cm and 50 cm, respectively. In the
both figures, the estimated distances are fit in with true distance, a little error caused by
the time resolution of frequency bandwidth. Table 3.1 illustrates the true and estimated

distance for Figure 3.14 and 3.15

According to above data measured in a chamber, it seems that the noise level of the

measurement system is about -80 dB.
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Figure 3.14 PDP for Tx-Rx distance equal to 20cm at (a) 3.1-6, (b) 6-10, (c¢) 3.1-10

GHz.
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Figure 3.15 PDP for Tx-Rx distance equal to 50cm at (a) 3.1-6, (b) 6-10, (c¢) 3.1-10

GHz.

Table 3.1 The true and estimated distance for Figure 3.14 and Figure 3.15

Tx-Rx distance Delay time of the Estimated Tx-Rx
(cm) directed wave (ns) distance (cm)
Figure 3.14 (a) 20 0.99 29.7
Figure 3.14 (b) 20 0.75 22.5
Figure 3.14 (c) 20 0.71 21.3
Figure 3.15 (a) 50 1.98 59.4
Figure 3.15 (b) 50 1.75 52.5
Figure 3.15 (¢) 50 1.704 51.12
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3.3 Measurement Setup for BANs

3.3.1 Setup for SISO measurement

Figure 3.16 shows the setup for measurements near the body. In all cases, the body
is in a standing position with arms hanging along the side. The Agilent 8719ET VNA
measures S21 parameter between two antennas attached on the body. The two antennas
are connected to the VNA using low-loss coaxial cables. The antennas are mounted on
the body as shown in Figure 3.17. The Rx positions are marked with white circles, while
the transmitter (Tx) position is marked with black circle. The Tx is always placed on the
front of the body, and the Rx is placed at various positions on the body. Figure 3.18
shows where the Tx and Rx are placed on the body. All parameters are extracted from
measurements performed in six planes separated by Scm along the z axis of the body.

Figure 3.19 shows where the antennas aresplaced on the body for each plane.

Figure 3.16 Setup of UWB channel measurement.




Chapter 3 UWB Antennas Measurement systems

Z |

Elastic
“‘*—T E

-

1 '_
¥x
' /' i T_ﬁ‘f]‘?: antenna
.l Dielectric \ i

_ Coaxial cable

Figure 3.17 The UWB antennas mounted on the body.

Front
@ : the position of Tx antenna
() : the position of Rx antenna
Figure 3.18 The locations of Tx"and Rx. antennas for each body-sector
measurement. The Tx antenna is fixed and the Rx antenna is moving

around the body during the measurement.

6 planes
- 5cm

110cm

Figure 3.19 Six body —sector measurements are done. Neighboring cross-planes are

separated by 5 cm.
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3.3.2 Setup for MIMO measurement

With a SISO system, we have simulated a 5x5 MIMO channels around the body by
moving the Tx and Rx antennas to the ULA (uniform Linear Array) fixed point, the
space of antennas elements is 3 cm. Figure 3.20 shows where the Tx and Rx are placed
on each body-sector. The Tx elements are always placed on the front of the body, and
the Rx elements are placed at four positions such as MIMO_1, MIMO_2, MIMO_3 and
MIMO_4 on the body. Table 3.2 lists the main parameter in the SISO and MIMO

measurement.

Back

MIMO_4 IMO_1
RX Rx

Tx
Front

Figure 3.20 The locations of Ti‘::'é'li'gl,.R‘X ,,elélﬁents placed on a body-sector for

MIMO measurement.

Table 3.2 Main parameters in the measurement

Parameter Value
Frequency band 3.1-10GHz ~ 3.1-6GHz ~ 6-10GHz
Bandwidth 7GHz ~ 3GHz ~ 4GHz

Number of points over the band | 801

Transmitted power 0dBm

Antenna gain 3.49dBi
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3.4 Measurement Environment

The measurement was performed at 1% (sites A and B) and for the LOS tests , ond
(site C and D) for BANs and 8" for both LOS and BANSs of the Microelectronic and
Information System Research Center (MISRC) at the National Chiao-Tung University,

Hsinchu, Taiwan. The floor layouts of these measurement sites are shown in Figure 3.21

Ceiling :3.375m

The height of antenna :1.2m
Wall 1

— 4dm

Tx Rx
71| JE—— - [rE— T ;

Distance

C I 7.75m il

Figure 3.21 (a) Floor layout of site A (LOS without nearby local scatterers ), which

is located at 1% floor of MISRC.
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wall 1
=) 1.5m 7
) Tx Re ()
- b e
v i 18I Trtesscamsasazans I'dl'stal‘l'ce'l'""""""’"‘“'"
\é
_/,l| {
l_::.-" 10.75m

Ceiling :3.375m
The height of antenna: 1.2m

]

|

Figure 3.21 (b) Floor layout of site B, (LOS near a wall, the distance between the

divect path and wall Lis 1.5m), Whlch iﬁ?‘fﬂat&l’ at.1 floor of MISRC.
' A 8

Lab213

boardroom

1Al

|

[

N1 mmiY.

l;f

‘ LA

Figure 3.21 (c) Floor layout of site C (without local scatterers ), which is located at

2" floor of MISRC.
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Figure 3.21 (d) Floor layout of site D ( near a wall
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Figure 3.21 (e) Floor layout of site E ( with dense local scatterers), which is located

at Lab 810 of the 8" floor of MISRC.
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3.5 The LOS Measurement for UWB Radio Channels

(Without Body Effect)

In order to know the UWB BAN radio channel measurement system is correctly,
we measured the LOS situation at site A, B and E. In a typical indoor environment, due
to reflection, diffraction and scattering of radio waves by structures inside a building,
the transmitted signal most often reaches the Rx by more than one path, resulting in a
phenomenon known as multipath fading. The propagation path is classified due to

different mechanisms:

Cat. I : directed path

Cat. II : path due to ground reflection
Cat. III: path due to ceiling reflection
Cat. IV: path due to wall reflection

Cat. V : multipath cluster due to scattering

3.5.1 The Measurement Result at Site A and Site B

We can know where the multipath reflected from obviously, if we convert the
arrived time of the effective signal path to estimated distance. There are no local
scatterers around the antennas at site A, therefore, except the directed wave (I), there are
ground (IT) and ceiling reflection(III) shown in Figures 3.22 and 3.23 (a), (c) and (e). At
site B, the measurement scenario is near a wall and no other scatterers. The wall
reflection (IV) would be observed in Figures 3.22 and 3.23 (b), (d) and (f). Table 3.3

illustrates the true and estimated distance of Figure 3.22 and Figure 3.23. The error of
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true and estimate distance is no more than 18 cm.
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Figure 3.22 PDP for Tx-Rx distance is equal to 1m at
(a) site A, at 3.1 -6 GHz, (b) site B, at 3.1 — 6 GHz,
(c) site A, at 6 — 10GHz, (d) site B, at 6 — 10GHz,
(e) site A, at 3.1 - 10 GHz (f) site B, at 3.1 — 10 GHz
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Figure 3.23 PDP for Tx-Rx distance is equal to 4m at

(a) site A, at 3.1 -6 GHz, (b) site B, at 3.1 — 6 GHz,

(c) site A, at 6 — 10GHz, (d) site B, at 6 — 10GHz,

(e) site A, at 3.1 - 10 GHz (f) site B, at 3.1 — 10 GHz

36



Chapter 3 UWB Antennas Measurement systems

Table 3.3 The true and estimated distances of Figure 3.22

True distance (m) Estimated distance (m)

! I m | v I il m | v
Figure 3.22(a) 1 2.45 4.37 - 1.09 2.69 4.55 -
Figure 3.22 (b) 1 2.6 446 | 3.16 | 1.09 2.67 4.55 | 3.17
Figure 3.22 (¢) | | 245 | 437 | - | 105 | 263 | 45 -
Figure 3.22 (d) 1 2.6 446 | 3.16 | 1.05 2.63 4.5 3.23
Figure 3.22 (e) 1 2.45 4.37 - 1.02 2.64 4.47 -
Figure 3.22 (f) 1 2.6 446 | 3.16 | 1.02 2.64 4.47 3.2
Figure 3.23(a) 4 4.66 59 - 4.06 4.75 5.94 -

Figure 3.23 (b) | 4 466 | 5.9 5 | 406 | 475 | 594 |5.05

Figure 3.23 (c) 4 4.66 5.9 L 4.05 4.65 5.93 -

Figure 3.23 (d) | 4 4665 | 5.9 5. 1405 | 472 | 593 |5.03

Figure 3.23 () | 466 | 5.9 - 11396 | 464 | 592 | -

Figure 3.23 (f) 4 4.66 4:5.9 5 4 464 | 592 |5.03

3.5.2 The Test Result at Site E

The principal purpose is observes the heavy cluster at site C. In addition to the
directed wave, ground and ceiling reflection, the multipath components caused by

scatterers (V') around the antennas can be observed in Figure 3.23.

To making a comprehensive survey of above test data, we can make sure the

measurement system is correctly.




Chapter 3 UWB Antennas Measurement systems

PDP (dB relative to transmitted power)

PDP (dB relative to transmitted power)

PDP (dB relative to transmitted power)

-100

-110 4

— LOS at site E in 3.1-6GHz 0.5m \

s
1
PDP (dB relative to transmitted power)

. . . T . )
0 20 40 60 80 100
delay (ns)

(a)

—— LOS at site E in 6-10GHz 0.5m |

2
1
PDP (dB relative to transmitted power)

120 . T . ; . T

1
0 25 50 75 100

delay (ns)
(©)

—— LOS at site Ein 3.1-10GHz 0.5m

=
1
PDP (dB relative to transmitted power)

. " T )
40 60 80 100
delay (ns)

(e)

40 A

[ ——LOS atsiteEin 3.1-6GHz 2m |

T T T T 1
20 40 60 80 100

delay (ns)

(b)

—— LOS atsite E in 6-10GHz 2m |

-100 4

delay (ns)

(d)

—— LOS at site E in 3.1-10GHz 2m

Figure 3.24 PDP for Tx-Rx distance is equal to

(a) 0.5m at 3.1 - 6 GHz, (b) 2m at 3.1 - 6 GHz

(¢) 0.5m at 6 — 10 GHz, (d) 2m, at 6 - 10 GHz

T . T T !
20 40 60 80 100
delay (ns)

®

(e) 0.5m at 3.1 — 10 GHz, (f) 2m at 3.1 — 10 GHz at site E.
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Chapter4  Measurement and Modeling of UWB SISO
BAN Channel

4.1 BAN Channel Modeling

Figure 4.1 shows the measured:and computed path losses versus distance. The
distance is the wave-traveling distance around the perimeter of the body. The computed
result is done by using the path loss model described by

PL(d) = PL(d,)+ 10n10g(diJ 4.1)

0

n: path loss exponent
do: reference distance

d: Tx-Rx separation distance

It is found that the measurement results are fitted well by the model as shown in
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Figures 4.1, 4.2 and 4.3. The standard deviation, o ,which is the average variation of
the computed and measured data, is no more than 2.7dB. The result is consistent with
other research results [3]. Compared with free space (n=2), the path loss exponent near
the body at 3.1-10 GHz is much higher (n=5.69). Except the diffracted wave, there is a
reflected wave from the ground at site C. This makes the exponent smaller than that of
the chamber. The little difference between exponents of site C and site D is because that
at site D there is one more reflected wave received. Due to multipath induced by local
scatterers, the exponent at site E is smaller than other sites. To summarize, Table 4.1
shows the channel parameter n and prediction accuracy o with dy equals to 0.06m. The
path loss in the three frequency bandwidths at the same site has small difference, which

may be due to the effect of antenna radiation patterns measured in chapter 3.
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Figure 4.1 Measured and computed 3.1-10 GHz path losses versus the distance

around the body, (a) in the chamber, (b) at site C, (c) at site D, (d) at site E.
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Figure 4.2 Measured path loss around the body (a) in the chamber, at (a) site C, (c)

site D, (d) site E at 3.1-6 GHz.
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Figure 4.3 Measured path loss around the body (a) in the chamber, at (a) site C, (c)

site D, (d) site E at 6-10GHz
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Table 4.1 n and g with dy = 0.06m

3.1-10GHz 3.1-6GHz 6-10GHz
n o (dB) n o (dB) n o (dB)
Chamber 5.69 2.37 5.86 2.2 5.28 2.52
Site C 5.55 1.48 5.84 1.25 5.2 1.7
Site D 54 2.53 5.71 1.9 4.93 2.7
Site E 4.5 2.41 4.66 2.7 4.4 2.51

4.2 Analysis of Measured Temporal Responses

The Averaged Power Delay Profile (APDP) is obtained by averaging a number of

PDP of the same excess delay, which is defined by:

N
APDP(t;)=1/ N PDP,(t,)

k=1
ti: i-th time step (sampling point)
N: Number of samples of the same excess delay

The propagation path is classified due to different mechanisms:
Cat. I : diffracted path
Cat. II : path due to ground reflection
Cat.III : path due to wall reflection

Cat.IV: multipath cluster due to scatterer

4.2.1 Averaged Power Delay Profile Measured in Anechoic Chamber

We measured the radio channel of body area network in an anechoic chamber as
base line. There is only a diffracted wave around the body as shown in Figure 4.4. In

order to observe the valid signal, the effective range in computing APDP is equal to
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20ns. The mean APDP, which is equal to the averaged value of APDP within 20ns, has

shown in Table 4.2.
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Figure 4.4 APDP versus delay in the chamber. The receiver placed on the

front of the body at (a)3.1 — 10 GHz, (b)3.1 - 6 GHz, (c)6 — 10 GHz;

side of the body at (d)3.1 — 10 GHz, (e)3.1 - 6 GHz, (f)6 — 10 GHz; and

back of the body at (g)3.1 - 10 GHz, (h)3.1 - 6 GHz, (i)6 — 10 GHz.
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Table 4.2 Mean of APDP in the anechoic chamber

U dB 3.1-10GHz 3.1-6 GHz 6-10 GHz
Receiver
Position
front -27.40 -23.47 -33.56
side -63.53 -62.03 -66.41
back -81.64 -77.79 -83.51

4.2.2 Averaged Power Delay Profile Measured at Site C

The site C is an open space without local'scatterers. The diffracted wave around the
body and the reflected wave by the ground are observed in the Figure 4.5. When the
receiver placed on the back of the body, the reflected wave by the ground would be
obstructed by body and can not be found in Figure 4.5(c)(f)(i). Table 4.3 is the mean of

APDP from site D.
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Figure 4.5 APDP versus delay at site C. The receiver placed on the
front of the body at (a)3.1 — 10 GHz, (b)3.1 - 6 GHz, (¢)6 — 10 GHz.
side of the body at (d)3.1 - 10 GHz, (e)3.1 - 6 GHz, ()6 — 10 GHz.

back of the body at (g)3.1 - 10 GHz, (h)3.1 - 6 GHz, (i)6 — 10 GHz
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dB 3.1-10GHz 3.1-6 GHz 6-10 GHz
Receiver
Position
front -31.78 -23.74 -36.46
side -61.52 -56.89 -73.50
back -80.15 -75.034 -83.1

4.2.3 Averaged Power Delay Profile Measured at Site D

In addition to the diffracted wave and reflected wave of the ground, there is a
reflected wave of the wall at site D:shown in Figure 4.6(a)(b)(d)(e)(g)(h). The reflected
waves of the ground and wall would-be obstructed when the receiver placed on the back
of the body shown in Figure 4.6(c)(f)(1)—Fable-4.3 illustrates the mean of APDP from

site D.
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Figure 4.6 APDP versus delay at site D. The receiver placed on the

front of the body at (a)3.1 — 10 GHz, (b)3.1 - 6 GHz, (¢)6 — 10 GHz.

side of the body at (d)3.1 - 10 GHz, (e)3.1 - 6 GHz, (f)6 — 10 GHz.

back of the body at (g)3.1 - 10 GHz, (h)3.1 - 6 GHz, (i)6 — 10 GHz
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Table 4.3 Mean of APDP from site D

(L dB 3.1-10GHz 3.1-6 GHz 6-10 GHz
Receiver
Position
front -33.48 -25.78 -36.7
side -63.12 -58.8 -73.9
back -85.35 -77.3 -85

4.2.4 Averaged Power Delay Profile Measured at Site E

Site E is differ greatly from other sites with the plenty scatterers around the
environment. Figure 4.7 shows the diffracted wave and multipath cluster caused by

scatterers. Table 4.4 illustrates the mean of APDP from:site E.
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Figure 4.7 APDP versus delay at site E. The receiver placed on the

front of the body at (a)3.1 — 10 GHz, (b)3.1 - 6 GHz, (¢)6 — 10 GHz.

side of the body at (d)3.1 - 10 GHz, (e)3.1 - 6 GHz, (f)6 — 10 GHz.

back of the body at (g)3.1 - 10 GHz, (h)3.1 - 6 GHz, (i)6 — 10 GHz
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Table 4.4 Mean of APDP from site E

(L dB 3.1-10GHz 3.1-6 GHz 6-10 GHz
Receiver
Position
front -26.48 -21.78 -30.7
side -66.12 -61.8 -69.9
back -82 -81.3 -82
4.3 Small Scale fading

To characterize the small-scale statistics .by fitting the received energies in each
time at site E, the Dual Slope Model,Weibull distribution, Lognormal distribution,
Nakagami-m distribution and Rayleigh distribution are used. The Akaike Information
Criterion indicates (AIC) the trade off between the complexity of a model and how the

model fit well compared.

4.3.1 Dual Slope Model

Traditionally, clusters are assumed to decay exponentially with arrival time.
However, the second group of clusters decays more rapidly than the first group and
there is significant variance around the average trend. Therefore, the following dual

slope model is more appropriate:

G () I't +G,n 7, <7,
T =
dB 1
F1pr +F2<Tl —pr)-f-GJI’l 7,27,
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G,;(7,) represents the magnitude of the cluster arriving at excess delay 7,

expressed in decibels. I, and I, are the cluster decay rates of the first and second
group while G is the standard deviation around the average trend. n is a unit mean. The
cluster decay rates and standard deviation of this model in the three frequency band
extracted from our measurements are given in Table 4.5. Figure 4.8 shows the clusters
extracted from the measurement taken when the receiver is worn on the front, side and
back of the body at the three frequency band, while the vertical axis shows the

magnitude of the first time in each cluster corresponding to the cluster peak.
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Figure 4.8 Dual Slope Model of observed clusters. Receiver placed on the

(a) front, (b) side, and (c) back of the body at 3.1 — 10 GHz.

(d) front, (e) side, and (f) back of the body at 3.1 - 6 GHz.

(g) front, (h) side, and (i) back of the body at 6 — 10 GHz.
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Table 4.5 Parameter of Dual Slope Model

Front Side Back
3.1-10GHz I 0.148 0.29 0.23
(dB/ns)
top 30 30 -
(ns)
I 0.51 0.48 -
(dB/ns)
G, 2.99 3.53 2.52
(dB)
n -70.4 -76.4524 -81.36
3.1-6 GHz I 0.13 0.21 0.24
(dB/ns)
top 30 30 -
(ns)
I 0.57 0.45 -
(dB/ns)
G, 3 3.1 24
(dB)
n -71.43 -75.51 -80.26
6 — 10 GHz I 0.14 0.26 0.27
(dB/ns)
top 30 30 -
(ns)
I 0.55 0.43 -
(dB/ns)
G, 2.84 2.99 2.31
(dB)
n -71.43 -75.51 -80.26
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4.3.2 Weibull Distribution

The details of weibull distribution describes in chapter 2. Figure 4.9 shows the
cumulative density function (CDF) for arrival times of clusters in the first cluster group
when the receiver placed on the front, side, and back of the body in the three frequency
bandwidth. The exponential distribution is often associated with cluster arrival times but
it is clear from the dashed line in Figure 4.9 that it provides a poor fit to our data. The
Weibull distribution provides a better fit to the data, the solid line in the Figure 4.9
shows the distribution. The Weibull probability density function can be used to

determine the cluster arrival times.
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Figure 4.9 CDF versus arrival time of clusters. Receiver placed on the

(a) front, (b) side, and (c) back of the body at 3.1 — 10 GHz.

(d) front, (e) side, and (f) back of the body at 3.1 - 6 GHz.

(g) front, (h) side, and (i) back of the body at 6 — 10 GHz.

57



Chapter 4 Measurement and Modeling of UWB BANs

4.3.3 Lognormal, Rayleigh, Nakagami-m Distributions

The details of the three distributions describes in the chapter 2. To observed the three
distributions in the Figure 4.10, the Lognormal distribution provides a good fit to the
measurement data than others. The average value and standard deviation for the three
distributions are given in Table 4.6. While the small scale distribution can be different in
each time contributing to the variance, we do not detect significant trends in the
parameters for different body positions. The AIC indicates that the Lognormal
distribution is the best model in 52.3%, while the Nakagami-m distribution is indicated
in 39.9%. In most cases, the Rayleigh distribution has the worst fit to the measured data,
and the Lognormal distribution is the best distribution for the small scale around the

body. Table 4.7 describes the value of AIC.
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Figure 4.10 Comparison of the measured and modeled PDF. Receiver placed on the

(a) front, (b) side, and (c) back of the body at 3.1 — 10 GHz.

(d) front, (e) side, and (f) back of the body at 3.1 - 6 GHz.

(g) front, (h) side, and (i) back of the body at 6 — 10 GHz.
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Table 4.6 the parameters of the measurement data, Lognormal, Nakagami-m, and

Rayleigh distribution at three frequency bandwidth.

Front Side Back
31-10GHz measurement | Average Value 0.083 | 0.083 | 0.065
Lognormal Average Value 0.068 | 0.106 | 0.069
Standard Deviation 0.03 0.05 0.03
Nakagami-m | Average Value 0.165 | 0.124 | 0.11
Standard Deviation 0.1 0.1 0.075
Rayleigh Average Value 0.074 | 0.036 | 0.06
Standard Deviation 0.11 0.1 0.097
31-6GHz measurement | AverageValue 0.08 | 0.081 | 0.062
Lognormal Average Value 0.061 0.11 0.15
Standard-Deviation 0.02 0.04 0.02
Nakagami-m' | | Average Value 0.17 0.15 0.13
Standard Deviation 0.1 0.2 0.069
Rayleigh Average Value 0.06 0.04 0.06
Standard Deviation 0.12 0.1 0.1
6 — 10 GHz measurement | Average 0.079 0.08 0.068
Lognormal Average Value 0.07 0.12 0.1
Standard Deviation 0.03 0.05 0.03
Nakagami-m | Average Value 0.19 0.17 0.14
Standard Deviation 0.1 0.1 0.075
Rayleigh Average Value 0.08 0.05 0.04
Standard Deviation 0.11 0.1 0.097
Table 4.7 AIC of lognormal, Nakagami-m and Raleigh models
Receiver position Lognormal Nakagami-m Rayleigh
Front 55.03% 45.45% 28.61%
Back 52.6% 34.8% 38.26%
Side 50.69% 40.77% 29.52%




Chapter 5 Analysis of UWB MIMO BANs’ Channel Capacity

Chapter 5  Analysis of UWB MIMO BANs’ Channel

Capacity

UWB and MIMO radio technolegiés-have recently attracted great interest in
scientific, industrial and commercial sectors due to their capabilities to support high
data rate transmissions. To investigate.the UWB-MIMO BANs channel characteristics,
an extensive measurements were perform. In this chapter, the effects of propagation
condition, antenna spacing and bandwidth on the UWB MIMO channel capacity are
analyzed based on the measurement results. It is noted that, the MIMO channel capacity

is calculated under 20 dB signal to noise ratio in this paper.

5.1 Propagation Condition Effect

5.1.1 LOS/NLOS Between Transmitting and Receiving Antenna Array

Figures 5.1, 5.2 and 5.3 show the MIMO channel capacities versus number of array
elements at Site C, Site D and Site E, respectively. Here, the measured bandwidth is in

the range of 3 to 10 GHz, and both the array element spacing at transmitting and
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receiving sides are equal to 3 cm.

From these figures, it is found that the channel capacity of MIMO_2 and MIMO_3
scenarios are greater than MIMO_1 and MIMO_4 scenarios. It is because that the
transmitting and receiving antenna arrays of MIMO_2 and MIMO_3 scenarios. are in
NLOS propagation condition, rich multipath lead to lower correlation between
sub-channels and higher capacity than those of MIMO_1 and MIMO_4 scenarios. The
average correlation coefficient for 3-cm antenna spacing is equal to 0.6129, 0.3859,
0.1883 and 0.6216 for MIIMO_1, MIMO 2, MIMO 3 and MIMO 4 scenarios,

respectively.
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Figure 5.1 MIMO channel capacity versus number of array elements at Site C.
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Site D, 3 — 10 GHz
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Figure 5.2 MIMO channel capacity versus number of array elements at Site D.
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Figure 5.3 MIMO channel capacity versus number of array elements at Site E.
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5.1.2 Propagation Environments

Figures 5.4 and 5.5 show the MIMO channel capacities versus number of array
elements for MIMO_1 and MIMO_2 scenarios, respectively. Here, the measured
bandwidth is in the range of 3 to 10 GHz, and both the array element spacing at
transmitting and receiving sides are equal to 3 cm.

From these two figures, it is found that the channel capacity is independent of the
propagation environments. For MIMO_1 scenario, it is because that the directed path is
much strong compared to the multipath caused by the scatterers inside the building. It
means that the MIMO channel capacity is mainly contributed from the directed path
between the transmitting and receiving antenna artays. Therefore, the MIMO channel
capacity is independent of propagation environment for MIMO_1 scenario. Same result
is also found for MIMO_4 scenario.

For MIMO_2 scenario, since the transmitting-and receiving antenna arrays is under
NLOS condition, the correlation between sub-channels is low even in Site C, the open
space environment. Therefore, the large number of multipath components of Site D and
Site E does not give significant contribution on MIMO channel capacity for MIMO_2

scenario. Same result is also found for MIMO _3 scenario.
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MIMD,I Scenario, 3-10 GHz
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Figure 5.4 MIMO channel capacity versus number of array elements for MIMO_1

scenario.
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Figure 5.5 MIMO channel capacity versus number of array elements for MIMO_2
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5.2 Antenna Spacing Effect

Figure 5.6 show the 2x2 MIMO channel capacity versus receiving antenna spacing
at Site C. Here, the measured bandwidth is in the range of 3 to 6 GHz. From this figure,
it is found that the MIMO channel capacity is decreased when the receiving antenna
spacing is increased for most of the MIMO propagation scenarios. This phenomenon is
not consistent with the results which have been found in local area network (LAN) and
wide area network (WAN) environments for MIMO channels.

Figure 5.7 show the spatial correlation coefficient at receiving side versus
receiving antenna spacing at Site C. From this Figure, it is found that the spatial
correlation coefficient at receiving side is decreased when the receiving antenna spacing
is increased. It is consistent with the results which have been found in LAN and WAN
environments. However, it is not reasonablejto-explain why the MIMO channel capacity
is decreased when the receiving antenna spacing is incteased.

The result shown in Figure.5.8-may. give an reasonable answer to explain this
phenomenon. Figure 5.8 show the maximum power difference among the sub-channels
versus the antenna spacing at receiving and transmitting sides. It is found that the
maximum power difference among the sub-channels is increased when the antenna
spacing is increased. For MIMO technologies, maximum channel capacity is achieved
when the sub-channels are uncorrelated and with equal mean power. When some
sub-channels’ power are very low compared to others’, these low power sub-channels
does not contribute to the MIMO channel capacity even they are uncorrelated to others.
For BAN, the distance between transmitting and receiving antennas is small. Therefore,
when the antenna spacing is increased, the differences of propagation distance between

sub-channels is increased, which leads to the decreased MIMO channel capacity.
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Same results can be found in Site D and Site E. Figures 6.9, 6.10 and 6.11 show
the channel capacity, the spatial correlation coefficient and the maximum power
difference versus antenna spacing, respectively, at Site D.

Figures 5.12, 5.13 and 5.14 show the channel capacity, the spatial correlation
coefficient and the maximum power difference versus antenna spacing, respectively, at

Site E.

Capacity vs. Rx Antenna Spacing (Site C, 2x2 MIMO, SNR = 20 dB)
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Figure 5.6 MIMO channel capacity versus receiving antenna spacing at Site C.
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Spatial Correlation at Rx (Site C)
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Figure 5.7 Spatial correlation coefficient versus receiving antenna spacing at Site C.
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Figure 5.8 Maximum power difference among sub-channels versus receiving and

transmitting antenna spacing at Site C.
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Capacity vs. Rx Antenna Spacing (Site D, 2x2 MIMO, SNR =20 dB)
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Figure 5.9 MIMO channel capacity versus receiving antenna spacing at Site D.
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Figure 5.10 Spatial correlation coefficient versus receiving antenna spacing at Site D.
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Figure 5.11 Maximum power difference among sub-channels versus receiving and

transmitting antenna spacing at Site D.
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Figure 5.12 MIMO channel capacity versus receiving antenna spacing at Site E.
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Spatial Correlation at Rx (Site E)
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Figure 5.13 Spatial correlation‘coefficient versus receiving antenna spacing at Site E.
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transmitting antenna spacing at Site E.
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5.3 Bandwidth Effect

Figures 5.15 and 5.16 show the MIMO channel capacity versus frequency band for
MIMO_1 and MIMO_2 scenario, respectively. Here, the number of antenna array
elements is 2x2, and the antenna spacing is 3 cm.

From these figures, it is found that the MIMO channel capacity decreased with
frequency and bandwidth. It is because that the frequency response power is decreased
when the frequency band increased, which can be found in Figures 5.17, 5.18 and 5.19.
For UWB MIMO, the channel capacity is equal to the average of the multiple
narrowband channel capacity. Therefore, high frequency components do not contribute

to the channel capacity due to its low power compared to the low frequency

components.
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Figure 5.15 MIMO channel capacity versus frequency band for MIMO_1 scenario.
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2X2 MIMO, I\a1||\.*ICJ2 Scenario
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Chapter 6 Conclusion

For channel modeling of UWB SISO BAN,:it is. found that the diffracted wave is
the dominant propagation path in the open space observed from the temporal response.
However, when the Rx places on the back of the body that is surrounded by dense local
scatterers, the scattering due to the local scatterers becomes the dominant propagation
mechanism and the received signal strength is much larger than that of without local
scatterers. Therefore, the path loss exponent in the room with dense local scatterers is
smaller than that in open space. The AIC indicates that the Lognormal distribution is the
best one in modeling the small scale fading distribution to compare with the Dual Slope
Model, Nakagami-m, Rayleigh and Weibull distributions. It is noted that the Rayleigh

distribution is acceptable, which is different from [3].

For MIMO BAN measurement, the capacity of Rx antenna array elements placed
on the back of the body is higher than that placed on the front of the body. This is due to

the received signal obstructed by the body, which yields reduction of the spatial channel




Chapter 1 Conclusion

correlation at the Rx antenna. The influence of environment on the capacity of BAN
MIMO system is not significant. However, the capacity of Rx placed on the front of the
body is more easy affected by the local environment than that placed on the back of the
body. It is found that the capacity of the MIMO BAN decreases as the element spacing
increases. It is because that although the increasing element spacing may reduce the
correlation of Rx or Tx and leads capacity increase, the signal strength of the
subchannel decreases a lot due to large diffraction loss and yields little contribution of
the subchannel. Therefore, element spacing increases may not contribute to the MIMO

channel capacity.
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