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ABSTRACT

This thesis proposes the performance investigation of the Rake receiver for ultra-
wideband communication in the realistic indoor channel based on measurement results. The result
of human body shadowing effects from measurement channel is included into the realistic indoor
channel of S-V model. The performance of 3 UWB Rake receivers, namely PRake, SRake and
ARake based on the measurement channel with the human body shadowing effects are
investigated. Consequently, the performance of LS and MMSE channel estimator in the case of
including channel impulse response are examined. As the simulation results, the ARake performs
better than PRake and SRake for both with and without human body shadowing. And then, the
performance of Rake receiver with the MMSE channel estimator is better than with the LS
channel estimator about 3 dB for all UWB indoor channels. From the investigation results, the
study on number of Rake finger, the UWB Rake structure and the channel estimator can be

obtained for designing the high performance UWB communication system.
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p(TIT.)=Aexp[-A(T,-T,,)], >0

(3.3)
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A D 0AIINTUIDIVDITY YN ray
FMSUTATIV (gain) VouazidumMan 1dein
;= P B (3.4)
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o ar o = Y -; ';l o dy = o Vv
fﬂ'ﬁ'51]!L‘]J1Jﬂ1ﬁﬂ\1‘nfﬁ'lQ‘IJUIJWHL‘ﬂHH‘U‘]JTHﬁENWNjT‘Ll mmmmzumﬂ‘mmh
g by vy ) a ' =Y g9 Y as
N anwadeumulueimsld  uadeslimsuldounlasaimisiiimes vanzausy
¥
amwnadentiug  Inmsuingquanwiadeunisluemsveanuiiasaumy - S-v

" " 4 o a St a
fT‘]lJ'l'iﬂu‘lNﬂ'ﬂ'lW!!.'Jﬂﬁ'ﬂlli')ﬂﬂl'ﬂu 4 NQu Lﬁﬂﬂ'}‘ﬂ'lJ?IT’nﬁquﬂi'ﬂlﬂu’lxﬁnﬂﬁﬂﬂWﬂu')ﬂgﬂll



24

' o =) o =) . A ' dv
uazlinavesrosdyanmeomnlndifvsiuanuiiusianniiqga 41 4 nquanmnadouil
wisonAuNanwinadeui 1-4 uie CMI-CM4 Tasfuaazanminadouziidosmuai

uanaanueen llasae 1t [13]

- aMnIIAnN CMI
amwinaaounsn  CM1 tluanwinadeuniszoenalumsadaiussnianiod
dalddunsossululnamin fAoszoz iy 4 wes anwazmsdemsitlunuussdun

1001 (line-of-sight: LOS)

- AMWINAABN CM2

Fmuanmnadeuuui 2 szormamsdeasezmilouiuuuy CMI fpszoznis
Foms iy 4 was uadnuazmsdomsitlununliiiussdumnaea (on line-of-sight:
NLOS)

- aMmnNAdeN CM3

anNINAdeNLUR 3 Mie CM3 ﬂxﬂﬁﬂnﬂqmzuzmsﬁ'amsﬁg\mﬁi 4-10 was Wy

nuy luluseaunuaennEURLITL CM2 139 NLOS

- AMNWIIAADY CM4
¥ a 4 ] [
amwindey CM4  dnvazmisdemszidhuuuy bidlusedunumoa  (NLOS)
WAL CM3 A1RUNDATIMsIFLTE39 rms Tinsiinaegi 25 ns neldmIUTYYIUN

D0 UNIBISUIIUIULN

4 [ [ ar ad o e = o 1 o
ﬁl‘iNﬁ 3.1 AUANHUSYOITYYIUHDINUASANUTUWUTVDINITIULADIANG ‘V]ﬂ1‘1’iuﬂ1u

HUUIADI [13]

Target Channel Characteristics CM 1 CM 2 CM3 CM 4
Mean excess delay (nsec) (7,,) 5.05 10.38 14.18

RMS delay (nsec) (7,,,) 5.28 8.03 14.28 25
Number of paths within 10 dB of the 35

strongest path (NP, )

Number of paths that capture 85% of 24 36.1 61.54

channel energy (NP (85%))

Cluster arrival rate A (1/nsec) 0.0233 [ 04 0.0667 | 0.0667
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M3N 3.1 AudnBuzresd urawItuaza L duRUTYe IS IR0 TAg ifmua Ty

HUUDIa0 [13] (99)

Model Parameters CM 1 CM2 CM 3 CM 4

Ray arrival rate A (1/nsec) 25 0.5 2.1 S
Cluster decay factor I Fel 5.2 14 24 -
Ray decay factor Y 43 6.7 7.9 12 N

Stand. dev. of cluster lognormal fading term | 3.3941 | 3.3941 | 3.3941 | 3.394]

indB (O, (dB))

Stand. dev. of ray lognormal fading term in | 3.3941 | 3.3941 | 3.3941 | 3.3941

dB (0, (dB))

Stand. dev. of lognormal fading term for 3 3 3 3

total multipath realizations in dB (T, (dB))

Model Characteristics

Mean excess delay (nsec) (7,,) 5.0 9.9 15.9 30.1
RMS delay (nsec) (7,,,, ) 5 8 15 25
NP, 12.5 15.3 249 412
NP (85%) 20.8 33.9 64.7 123.3
Channel energy mean (dB) -0.4 -0.5 0 0.3
Channel energy standard (dB) 2.9 3.1 3.1 2.7
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4.4.4.3 Maximum ratio combining: (MRC)
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4.5.1 Partial Rake (PRake)
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PERFORMANCE INVESTIGATION OF UWB RAKE RECEIVER WITH THE
HUMAN BODY SHADOWING EFFECTS

Worawoot Duangdeun®, Monchai Chamchoy'? and Sathaporn Promwong'?

'Research Center for Communications and Information Technology (ReCCIT)
*Department of Information Engineering, Faculty of Engineering
King Mongkut’s Institute of Technology Ladkrabang
Ladkrabang, Bangkok 10520, Thailand

ABSTRACT

Evaluation of the robustness of UWB systems in real-
istic environment is an important issue for their imple-
mentability. In this paper, the performances of ultra-
wideband (UWB) Rake receiver with the human body
shadowing effects are presented. Three different Rake
structures are introduced to investigate the BER per-
formance of UWB communication. Based on the mea-
surement channel, it indicate that the energy capture
for Rake reception increases as the number of fingers in-
creases. As the simulation results, the ARake performs
better than PRake and SRake for both with and with-
out human body shadowing. Therefore, the large num-
bers of the Rake fingers are required when the trans-
mitted signal is shadowed by the human body.

1. INTRODUCTION

Ultra-wideband technology is an attractive candidate
for short-range communication. While as the Federal
Communications Commission (FCC) conducts an eval-
uation priority are allocate the emission limits for UWB
of effective esotropic radiated power (EIRP) below —41.3
dBm/MHz, low power consumption, low cost structure
and the frequency range of 3.1~10.6 GHz [1]. UWB
communication system was high bandwidth and high
data rate support. Therefore, the UWB is provided to
wireless personal area network (WPAN) and applied to
use in home environment or office area.

For UWB system, data are transmitted using nano-
second baseband pulses and without the need for mix-
ers. Since, finding time resolution for accurate rang-
ing or positioning has easier more than narrowband,
EIRP has very low power, inter symbol interference
(ISI) are simple occurred for high data rate. Conse-
quently, Rake receiver is suitable for this system. The
Rake receivers get prominent for CDMA technology or
more in wideband technology. Because of, structure of

Rake receiver can separate multi-path for adjust the
received signal to increate SNR. level and purge ISI on
received signal. Several researchers have studied the
performance of UWB Rake reception [2]-[4]. However,
the performance of UWDB communication in the real-
istic environment is very important, especially when
propagated signal is shadowed by the human body op-
erated around the transmitter and/or the receiver.

The aim of this paper is to investigate the UWB
Rake receiver performance with the human body shad-
owing effects based on the measurement channels in [5)-
[6]. Three different Rake combining methods, namely,
Partial Rake (PRake), Selective Rake (SRake) and All
Rake (ARake), are considered. The rest of the paper is
organized as follows: in Section 2, we present the trans-
mitter model, measurement channel impulse response,
and Rake structures. Section 3 shows the results of
performance of Rake receiver with the human shadow-
ing effect for three kinds Rake structures and Section
4 is conclusion.

2. SYSTEM MODEL

For the UWB system, transmitted signal is the very
small pulse width and no need carrier frequency is used.
The effect of human body shadowing is very important
issue in WPAN communication for high data transmis-
sion network. Therefore, the channel impulse response
with the human body shadowing effects is investigated
by three kinds of Rake structure.

2.1. Transmitter Model

The characteristic of Gaussian doublet waveforms is
almost uniformly distributed on frequency spectrum of
UWB technology. Specifically, the signal chosen for
carrying the information data is the (usual) second
derivative of the Gaussian pulse and then it is given
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Figure 1: Channel impulse responses with and without
human body shadowing effects.

by [7]-[9]

p(t) = m@(x - 4ﬂ(t ",T°)2) e ()" ()

where E, is energy of signal, 7 is time scaling factor of
0.2877 ns is set, T} is time chip of next bit by 0<t< T...
In this time, the Bi-Phase Modulation (BPM) has been
experiment and then express as follow

s(t)= Y bip(t —iT,) (@)

i=—00

where p(t) is the Gaussian doublet waveform, b; €
{-1, +1} are bi-phase modulation symbols, i is num-
ber of bit are send and T, is bit duration, T, = 1/bit
rate.

2.2. Channel Model

For channel model, the measurement channels with and
without the human body shadowing in [5]-[6] are de-
rived based on Saleh-Valenzuela model, where multi-
path components arrive in clusters [10]. This multi-
path channel can be expressed as

L K
h(t) =D cwd(t — T — 7ky) (3)
=0 k=0

where the real value of multi-path gain is defined by
ayg, for cluster [ and ray k. The [th cluster arrives at
T; and its kth ray arrives at 75 which is relative to the
first path in cluster [.

Fig. 1 shows the measured channel impulse responses
(CIR) with and without the human body shadowing
which is normalized by the strongest path of the CIR.
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2.3. Rake Receiver Model

Ideal of Rake receiver, number of multi-path of bit du-
ration is combined as phase and amplitude are con-
sidered. In this investigation, the three kinds of Rake
receiver based on MRC combining are employed. The
received signal for UWDB BPM transmitter can be ex-
pressed as

oo L-1
rt)= 3 by ap(t—m—iT) +nolt) (4)
=0

t=-—ou

where a; are channel impulse response with multi-path
component, 7; are times chip is arrived and ng is AWGN
noise with spectra density for two side of ng/2.

In the case of no ISI and when the noise is AWGN,
the optimal receiver is a filter matched to the received
waveform. Typically, this is implemented in a Rake
receiver structure with M fingers, which can be repre-
sented as a filter with response by

M-1

F(&) =" Bnp(—t —6) (5)
m=0

where the Rake delays are &,,.
The sampled output of the Rake receiver is then

yn = [r(t) * f(O)]le=nr

oo L-1M-1
=D 5> Y abmBy(nT —iT + O — )
i=—o0 =0 m=0
+ ﬁo(nT) (ﬁ)

where Ry(t) £ [ p(r)p(r + t)dr is the time auto-

correlation of the pulse shape and ng(t) = fo:'ol B
I no(T)no(—t + 7 — b )d7 is filtered noise.

It is well known that the optimal combiner for the
AWGN multi-path channel is MRC, where M = L fin-
gers, O = ap, and 6,, = 7,,. When the received
signals on each finger are orthogonal (as in the case
when there is no ISI), MRC attains the matched filter
bound [11]. However, when the ISI becomes significant
the orthogonally of the paths is violated unless care
is taken in the design of the pulse shape. For UWB-
based high rate, it is anticipated that spreading codes
will be short, and therefore MRC is suboptimal even
when the noise is AWGN. This motivates a smarter
choice of combining weights 3, and finger delays @,
to combine the signal energy while compensating for
the effects of ISI and narrowband interference.

Three kind of Rake receivers are all Rake (ARake),
selective Rake (SRake) and partial Rake (PRake) by
each kind are considered follow by
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Figure 2: Rake receiver structure.

» ARake: tracking of every multi-path as received
signal.

e SRake: tracking at the strongest path.
e PRake: tracking at first arrival path.

The maximum ratio combining (MRC) is used as
the combination method. Because of the MRC is opti-
mal form of the diversity combining. It yields the max-
imal SNR achievable and requires the exact knowledge
of SNR as well as the phase of the diversity signal [12].

3. SIMULATION RESULTS

In this investigation, the perfect channel estimator is
assumed. Therefore, the finger allocation delay esti-
mation is used from the realistic environments. Based
on the measurement channels in [5]-[6], the normal-
ized ARake output signal energies for with and with-
out body shadowing of this UWB system are shown in
Fig. 3. The increasing energy capture of MRC ARake
receiver versus number of finger is observed. This shows
that the output signal to noise ratio for Rake reception
can be improved by increasing the number of Rake fin-
gers. Especially, in the case of the human body shad-
owing, the number of Rake fingers is increased from
4-finger to 8-finger for normalized energy of 80%. This
results indicate the increasing number of Rake fingers
leads to the effect of channel estimation errors on over-
all performance.

To evaluate the performance of the different Rake
structures, the Monte-Carlo simulation is employed.
The BER performance of UWB Rake receiver without
the human body shadowing effects is shown in Fig 4 as
the function of signal to noise ratio. Its results indicate
that the mean performance of PRake similar to SRake.
Because of the first arrival of the channel impulse re-
sponse is strongest (follow by the structure of SRake
and PRake). However, the SNR improvement of 8 dB
can be observed at BER of 1073 for ARake receiver.
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Fig. 5 shows the simulation performance of UWB
Rake receiver with the human body shadowing effects
as the function of signal to noise ratio. It is clear that
the PRake performs worse than SRake and ARake re-
ceiver. As the simulation results, the SNR improve-
ment of 5 dB and 8 dB can be observed for SRake and
ARake receiver, respectively, for BER of 10~3.

4. CONCLUSIONS

The performance of UWB Rake receiver with the hu-
man body shadowing effects are investigated. Based
on the measurement channels, there are no ISI effect
for the transmission rate of 110 Mbps. As the simula-
tion results, the ARake performs better than PRake
and SRake for both with and without human body
shadowing. In addition, the energy capture for Rake
reception increases as the numbers of fingers increase.
Unfortunately, the large numbers of the Rake fingers
are required when the transmitted signal is shadowed
by the human body.
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Abstract— The performance investigation of wireless communi-
cation system based on the realistic indoor channels are necessary
to design the receiver. In this paper, the performance of 2 ultra
wideband (UWB) Rake receivers for realistic indoor channels
are proposed. The UWB Rake receivers with minimum mean
square error (MMSE) and least square (LS) channel estimators
are compared. By using the channel impulse response between
human body shadowing and Saleh-Valenzuela (S-V) realistic
indoor channel model are combined. As the simulation results, the
performance of Rake receiver with the MMSE channel estimator
is better than with the LS channel estimator for all UWB indoor
channels. Therefore, the MMSE channel estimator can be used
for the UWB Rake receiver in the realistic indoor environment.

I. INTRODUCTION

Ultra-wideband technology is an attractive candidate for
short-range wireless communication. The definition of the Fed-
eral Communications Commission (FCC)was formulated the
emission limits for UWB of effective isotropic radiated power
(EIRP) below —41.3 dBm/MHz, low power consumption, low
cost structure and the frequency range of 3.1~10.6 GHz [1].
The UWB communication system has high bandwidth and
high data rate support. Therefore, the UWB is provided to
wireless personal area network (WPAN) and applied to use
in home environment or office area. For UWB system, the
data are transmitted using nano-second baseband pulses and
without the need for mixers. Since finding time resolution
for accurate ranging or positioning is easier than narrowband,
EIRP has very low power, intersymbol interference (ISI) sim-
ply occurred for high data rate. Consequently, Rake receiver is
suitable for this system. The Rake receiver is used for COMA
technology and wideband technology. Because the structure
of Rake receiver can separate multi-path for adjusting the
received signal to increase SNR level and purge ISI on the
received signal.

The channel estimator is very important for Rake receiver.
Because it estimates the amplitude or gain of the received
signal and the results of the gain combining of signal is fol-
lowed by it and the number of signal are arrived. The important
parameters for channel estimation are PDF of channel impulse
response (CIR), noise variance and number of pilot signals
per data range (for data aided). Therefore, the performances
of UWB Rake receiver based on the different complexity of
the estimation parameters are investigated.

The S-V channel model of UWB communication is pro-
posed for the multi-path channel in indoor environment. This

model is dived into 4 groups of environments, namely, CM1-
CM4. CMI describes a line-of-sight (LOS) scenario with
distance between transmitter and receiver of less than 4 meters.
CM2 describes the same range but for a non-LOS situation.
CM3 represents a non-LOS scenario for distances between
TX and RX of 4-10 meters. Finally, CM4 describes an
environment with strong delay dispersion, resulting in a delay
spread of 25 ns. For CM1-CM4, the models did not fix the
environment location, because the models are adjusted for
universal stochastic model of the wireless propagation channel
and can be developed for analyzing the UWB communication
system. On the other hand, the human body may obstruct the
propagated signal between TX and RX. Therefore, the effects
of human body shadowing are important issue for designing
UWRB receiver in realistic environment,

Several literatures have studied the performance of UWB
Rake reception for indoor channel [2]-[4]. These investigations
do not consider the human body shadowing effects. However,
the performance of UWB communication in the realistic envi-
ronment is still necessary for designing the receiver, especially
when propagated signal is shadowed by the human body.
Therefore, in this paper, the combining of channel impulse
responses between the human body shadowing and the S-V
multi-path indoor channel are investigated.

The rest of the paper is organized as follows: Section II
presents the transmitter signal model, S-V channel models,
measurement channel impulse response, and Rake receiver
models. Section III summarizes the performance results of the
realistic indoor channel and Section IV is conclusion.

II. SYSTEM MODEL

For the UWB system, transmitted signal has a very small
pulse width and no carrier frequency. The indoor CIR of the
human body shadowing are very important issue in the wire-
less personal area network (WPAN) communication. And the
UWB Rake receiver with MMSE and LS channel estimators
are presented.

A. Transmitter Signal Model

The characteristic of Gaussian doublet waveform is almost
uniformly distributed on frequency spectrum of UWB technol-
ogy. Specifically, the second derivative of the Gaussian pulse
is chosen for non carrier modulation of the UWB signal and

ECTI-CON 2007
The 2007 ECTI International Conference

884



then it is given by [5]-[7]

== 4 t—Te)?
p(t)=\/57p\/3§(1—4w(t TT‘) )e‘z"( =

where Ej, is energy of signal, 7 is time scaling factor by set to
0.2877 ns, T, is time chip of next bit. In this time, the Bi-Phase
Modulation (BPM) has been experimented and expressed as

s(t)= ) bip(t - iTy), @

iI=—00

where p(t) is the Gaussian doublet waveform, b; € {—1,+1}
are bi-phase modulation symbols, i is bit number, T, is bit
duration.

B. Channel Model

Nowadays, there are several channel models which are used
for analyzing wireless communication system. Each model
is designed suitable for specific situation such as indoor
and outdoor environment. However, there is no model which
combines the effects of channel impulse responses with the
human body effects. Thus, in the paper, the combination of
the human body shadowing effects based on measurement
channels in [8]-[9] and the realistic S-V channel model is
considered.

The realistic channel for IEEE 802.15 study group 3a
has been developed by Saleh-Valenzuela (S-V model) and
proposed for the real indoor channel model, where the clusters
and rays are multi-path components [10]. This multi-path
channel can be expressed as

L K
h(t) =) apd(t — T — 7y), 3)
1=0 k=0
where the real value of multi-path gain is defined by ay,; for
cluster | and ray k. The lth cluster arrives at 7} and its kth
ray arrives at 73 ; which is relative to the first path in cluster
I. However, the multi-path channels consist of four different
models, namely, CM1, CM2, CM3 and CM4. The detail of
the four different groups is provided in [11]. The CIR of the
human body channel is derived as in the S-V model except
the clusters of arrivals.

The combination of 2 CIRs between the S-V multi-path
indoor channel models (in each CM groups indoor channel)
and the human body shadowing are summarized for each CIRs
or described by hcom = hsy + Rhuman, Where hgy is the
CIR of S-V model and hpypman is the CIR of the human
body shadowing. Fig. 1 shows are example of the CIR of S-V
model for CM4, the CIR of the human body shadowing from
measured channel [12] and the combining of 2 CIRs between
the S-V model and the human body shadowing, respectively.

C. Rake Receiver Model

In ideal Rake receiver, the number of multi-paths per bit
duration is combined as time and amplitude arrivals. There-
fore, the SNR of Rake receiver is higher than conventional
receiver. In this investigation, the Rake receiver based on MRC
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Fig. 1. The CIR of the S-V model for CM4, the human body shadowing
from measured channel, and the combining of the S-V model and the human
body shadowing, respectively.

combining is employed. The received signal for UWB BPM
transmitter can be expressed as

00 L-1
r(t)= > b > aup(t—mn —iTy) +nolt), (4)
i=—00 =0
where o is channel impulse response with multi-path compo-
nent, 7y is chip arrival times and ng is AWGN noise with two
side spectra density of Ny/2.

In the case of no ISI and when the noise is AWGN, the
optimal receiver is a filter matched to the received waveform.
Typically, this is implemented in Rake receiver structure with
M fingers, which can be represented as the filter with response

given by
M—1

f(t) = Z Hmp(_t - Um)a (%)
m=0

where the Rake delays are 0,,,. The sampled output of the
Rake receiver is then

[r() * S ()]le=nr

0 L-1M-1
=D b)Y culbnRy(nT —iT +0m — )
i=—ov (=0 m=0

+ 7ip(nT), (6)

where R,(t) £ [ p(r)p(r + t)dr is the time auto-
correlation of the pulse shape and np(t) = 2::;01 Bm:
ff:o no(T)no(—t + 7 — 6,y )dr is filtered noise.

It is well known that the optimal combiner for the AWGN
multi-path channel is MRC, where M = L fingers, G, = ay,
and ¢,, = 7,,. For UWB-based high rate, it is anticipated
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that spreading codes will be short, and therefore MRC is
suboptimal even when the noise is AWGN. This motivates
a smarter choice of combining weights 3, and finger delays
0 to combine the signal energy while compensating for the
effects of ISI and narrowband interference,

D. Channel Estimation Model

Nowadays, the training sequence is popular in wireless
communication, easily applied to other communication and
low complexity for estimating channel response. Therefore, the
least square (LS) and minimum mean square error estimators
(MMSE) are used in our investigation.

The LS estimation method is used to estimate channel
impulse response of the received signal. For this method, it
does not require an expression for the PDF p(r, k) in order
to estimate the unknown parameter h or the channel impulse
response (CIR) but requires the training sequence. The LS
estimation for this investigation can be expressed as [13]

hys = (STS)" sy, (7)
where S is the known observation matrix containing the
transmitted data, ( )™ and ( )~! denote the transpose and
inverse matrices, respectively, and y is the received signal.

For the special case of time variant channel with AWGN,
the linear MMSE estimator of the CIR can be used. Therefore,
the MMSE estimator is used [14]. The result is

hyvmse = RST(SR.ST + o21) 1y, (8)

where R is covariance matrix of R. = E{hh¥} [15], S is
matrix of data signals, o2 is the variance of noise and I is
identity matrix.

A natural optimal criterion is minimization of the mean
square error and can be expressed as

MSE(hpsmmse) = E[(hrsmmse — h)?], (9)

where hys arase is the LS or MMSE channel estimation
result and h is channel impulse response.

III. PERFORMANCE RESULTS

In this investigation, the LS and MMSE estimators are used
to estimate the channel impulse responses of the received
signal, according to CM1-4 models and the combining of
the channel impulse response between the S-V model and
the human body shadowing. The mean square errors of the
channel estimator versus the signal to noise ratio are shown
in Fig. 2. From the results, the MSE decreases as the SNR
increases. Therefore, the performance of MMSE estimator is
higher than LS estimator. For the example, the mean square
error at 10! of the MMSE and the LS estimator differ by
about 5 dB of SNR.

The performances of the 3 different UWB Rake receivers
namely, the Rake receiver with perfect channel estimation,
MMSE and LS channel estimators,and the correlation receiver
with perfect synchronization are evaluated. The CIR combina-
tion of 4 S-V channel models and the human body shadowing
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Fig. 3. Average BER performance of 4 UWB receivers in realistic indoor

channel based on the combining of CM1 and human body shadowing effects.

are considered. Fig. 3- Fig. 6 show the performances of the
UWB receivers for CM1-CM4 environments, respectively.

The performances of the UWB receivers based on the line-
of-sight communication with the distance of 0-4 meters or the
CM1 environment are shown in Fig. 3. It can be observed
that the performance of Rake receiver with perfect channel
estimator is best among overall and the correlation receiver
with perfect synchronization is the worst for all receivers.
Moreover, the performance of MMSE Rake receiver is better
than LS Rake receiver by about 5 dB at BER of 10~2.

Fig. 4-Fig. 6 show the performances of the UWB receivers
for CM2-CM4 environments. As the results, the performances
of the UWB receivers for all environments are similar with
CMI performance. Then, the performance of UWB Rake
receiver with perfect channel estimator is best for all receivers,
the receiver with MMSE channel estimator is better than
LS channel estimator and correlation receiver, respectively.
However, the UWB Rake receiver with the MMSE estimator
can be used in the realistic indoor channel.
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IV. CONCLUSIONS

The performances of the UWB Rake receivers with LS and
MMSE channel estimators in realistic environment are inves-
tigated. The performance of the Rake receiver with perfect
channel estimation, LS and MMSE channel estimations and
the correlation receiver with perfect synchronization are com-
pared, based on the combining of the channel impulse response
of the human body shadowing and the S-V channel model.
As the simulation results, the mean square error (MSE) for all
receivers decreases as SNR increases. The performances of the
Rake receiver with perfect channel estimation are best for all
receivers and environments. Moreover, the performances of
the Rake receiver with MMSE channel estimator are better
than with the LS channel estimator for all realistic indoor
environments but it has much higher complexity than the
LS estimator. Therefore, the MMSE channel estimator is one
of the candidate for UWB Rake receiver in realistic indoor
channel.
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W.F1. 2548

- Measurement and Modeling of UWB Path Loss for Single-Band and
Multi-Band  Propagation Channel, International Symposium on
Communications and Information Technologies 2005 (ISCIT 2005), 12-14
October 2005, Fragrant Hill Hotel, Beijing, China.

- Investigation of Ultra-Wideband Pulse Distortion Due to the Body
Shadowing, International Conference on Information, Communications and
Signal Processing (ICICS 2005), 6-9 December 2005, Grand Hotel,

Bangkok, Thailand.
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W.f1. 2549

W.A. 2550

- Performance Investigation of UWB RAKE Receiver with the Human
Body Shadowing Effects, International Technical Conference on
Circuits/Systems, Computers and Communication (ITC-CSCC 2006), 10-13
July 2006, Chiang mai, Thailand.

- Performance Investigation of UWB Rake Receiver in Realistic Indoor
Channels, Electrical Engineering/Electronics, Computer,
Telecommunications and Information Technology (ECTI 2007), 9-11 May

2007, Mae Fah Luang University, Chiang rai, Thailand.



