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Abstract: - In this paper, a robust adaptive MMSE Rake-equalizer receiver scheme is presented with channel
estimation that has been transmitted in Direct Sequence-Ultra Wideband (DS-UWB) system. The DS-UWB has
a fine path resolution by transmitting information with ultra short pulses. The Rake receiver is known as a
technique that can effectively combine paths with different delays and obtain the path diversity gain. Due to
sub-nano seconds narrow pulse and the large transmission bandwidth in the systems, we therefore use equalizer
to overcome the resulting ISI and a long delay spread in the characterization of the UWB channel. The
proposed receiver structure reduces intense multi-path destruction and severe inter-symbol interference (ISI) by
using a combined adaptive Rake and equalizer structure referred to as the MMSE (minimum mean square error)
algorithm. Channel information is obtained through the use of a least mean square (LMS) adaptive algorithm
on the training sequence of a preamble. The indoor environment is represented by dense multipath channel
models proposed by IEEE 802.15.3a. Simulation results show that the new scheme employing the energy of a
few paths to obtain better performance than the traditional maximum ratio combining (MRC) Rake receiver.

Key-Words: - Least mean squares (LMS), minimum mean square error (MMSE), adaptive receiver, direct
sequence ultra wideband (DS-UWB)

ratio (SNR) when the interference is modeled as
1. Introduction additive white Gaussian noise [6]. But for its

Direct Sequence-Ultra Wideband (DS-UWB) offers ~ complexity and cost to remain low, the number of
great potential in terms of low power, enhanced user fingers that can be affo_rded is too small to capture
capacity, high data rates and ability to coexist with ~ the ample energy provided by the UWB channel,
legacy services. Most of these benefits originate from  Which entails a large number of paths (often>50) [7].

the unique characteristics inherent to UWB wireless !N the presence of narrowband interference, the bit
transmissions [1]. The UWB systems spread the error rate preference of an UWB MRC Rake receiver
energy from several hundred MHz to a few GHz [2]. exhibits an error floor. A more effective receiver

The received signal is composed of a significant ~ SCheme is the minimum mean square error (MMSE)
number of multipath components that have different ~ Rake receiver [8] which achieves a much improved
delays on the order of nanoseconds. The UWB hasa  Performance for WCDMA system. Meanwhile, due
fine path resolution by transmitting information with {0 sub-nano seconds narrow pulse and the large
ultra short pulses. The Rake receiver is known to be  transmission bandwidth in the UWB system, the
a technique that can effectively combine paths with ~ €qualizer has also recently attracted much attention
different delays and obtain the path diversity gain [3]. [9] @ a means to overcome the resulting
However, the UWB multipath channel is spread over ~ Inter-symbol interference (ISI) and a long delay
dozens of symbols in the case of ultra high-speed _spread in the characterlzayon of the uwB channel. It
communications of several hundreds Mbps, which is reported that the equalizer can obtain an excellent
results in a strong frequency selective channel [4]. ~ Peérformance even in strong frequency selective
Consequently, the Rake receiver needs a large ~ channels [10] which assume in perfect channel
number of fingers and the computational complexity ~ environment. Combination of spatial ~ diversity
of the Rake receiver becomes high [5]. In addition, combining and equal[zer is a.well established scheme
the Rake receiver must estimate a large number of ~ for frequency selective fading channels. However,
channel impulse responses, thus computational ~ like any Rake structure, it needs the complete
complexity of channel estimation is very high. The ~ channel state information.  Furthermore, the
conventional Rake receiver employs the weight  Performance evaluation of UWB systems over a
vector to perform the maximal ratio combining multipath fa@ng channel is always con_duct_ed under
(MRC) which maximizes the output signal-to-noise the assumption of perfect channel estimation [11].
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The inaccurate channel estimation [12] would lead to
a serious degradation of BER performance. The
method was proposed in [13] to estimate channel and
equalizer design in frequency domain and it requires
extra FFT calculations.

In this paper, we introduce a robust receiver
design incorporating a channel estimation scheme for
DS-UWB over a realistic indoor multipath channel.
The proposed receiver reduces intense multi-path
destruction and severe ISl by using a combined
adaptive Rake and equalizer structure referred to as
the adaptive MMSE Rake-equalizer receiver.
Relevant receiver parameters are estimated using the
MMSE algorithm. This has motivated studies of
multipath combining receivers that process only a
subset of the available L, resolved multipath
components. We obtain more robust signal detection
at the receiver side by the adaptive channel
estimation in order to extract more accurate channel
state information. The channel characteristics are
first estimated using the LMS adaptive algorithm on
the training sequence of the preamble. The proposed
receiver is able to employ the energy of a few paths
and obtain better performance by the proposed
receiver design. The performance of the adaptive
MMSE Rake-equalizer structure for DS-UWB
system is investigated for different number of Rake
fingers and equalizer taps.

The remainder of the paper is organized as
follows. Section Il briefly describes the proposed
DS-UWB system model including transmitter, UWB
indoor channel model and adaptive receiver structure.
In Section Ill, an adaptive MMSE Rake-equalizer is
proposed conjunction with an LMS channel
estimator. Section IV investigates the performance of
the proposed method and compares it with the
traditional approach. Finally, some concluding
remarks are given in Section V.

2. System Model

We show the transmitter and receiver structure for
DS-UWB in Fig. 1. The data symbol sequence
modulated by BPSK is first spread using the
spreading code. The transmitted signal of the
considered DS-UWB system is given by

s(t) = Y bw(t-nT,) 1)

where b, <{+1} is the n™ transmit data symbol, Ts is

the symbol duration and the spreading waveform w(t)
is expressed as

w(t) =3 ¢, p(t—mT,), @
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where c,, denotes the m™" chip of the spreading code
of length M and T, is chip duration (Ts=MT,). The
chip pulse p(t) represents the monocycle waveform
normalized to have unit energy and the spreading
code is defined in the DS-UWB specification [14].

In this paper, each DS-UWB is evaluated using
the UWB multipath channel model based on the
indoor channel measurements in the 2-8GHz
frequency band accepted by the IEEE 802.15-SG3a
standard [15]. The UWB indoor channel model
adopts a double-exponential decay intensity profile
based on the Saleh-Valenuela model. It provides
enough degrees of freedom to match channel
measurements, and can be used to match the NLOS
and LOS channel characteristics separately. The
multipath model consists of the following discrete
time impulse response:

h(t) :iiak,|5(t_1—| _Tk,l) (3)

1=0 k=0
where ay, is the real multipath gain coefficient, T, is
the delay of the 1™ cluster, and r,, is the delay of

the k™ multipath component of the I" cluster arrival
time (T)). Ly is the total number of clusters and K is
the total number of ray paths relative to the I cluster.
The channel coefficients can be expressed as
&y, = Py By, Where py; is equally likely to take on
the values of +1, and f,, is the lognormal fading

term. The distribution of cluster arrival time and the
ray arrival time are given by

p(T,[T2)=Aexp[-A(T,-T,,)]. 1>0

p(Tk,l |T(k—1),l ) = j~eXp[_ﬂ~(Tk,| ~ Tyl )]1 k>0
The channel coefficients are defined as follows:
20log10(B,,) o« Normak z, ,, o)
E[ﬂkz,l ]: QoefT' /]"efz'“/}/
10In(Q2,) -10T, /T -107,, /'y  &*In(10)
h In(10) T

H

respectively, where
7, = the mean power of the first path of the first

cluster
Ti= the arrival time of the first path of the Ith
cluster;

r,,= the delay of the kth path within the Ith

cluster relative to the first path arrival time,
Ti

A= cluster arrival rate;

A= ray arrival rate, i.e., the arrival rate of path
within each cluster.

I'= cluster decay factor;
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y=ray decay factor;

o =standard deviation of lognormal fading (dB).
Table 1 lists an example of these key parameters for
four different channel models. The above results
assume that the UWB channel model fits the
measurements taken in the home environment for
both LOS and NLOS cases. In this study, the channel
model parameters have matched the UWB channel
measurements with a typical rms delay spread of
15-20ns. The channel coefficients are normalized to
remove the effect of path loss for the UWB channel
model.

Hence, the received signal, r(t), at the receiver’s
input is given by
o Lp

r=2.2.

n=1 1=0 k=0
(4)
where u(t) is the additive white Gaussian noise
(AWGN) with two sided power spectral density
N,/2. In general, a receiver structure consists of L

correlators followed by a Rake combiner. Each
correlator correlates the received signal with the
reference waveform at the delay time and integrates
over T..

3. Channel Estimation and Adaptive
MMSE Rake-Equalizer Receiver

The proposed receiver structure for DS-UWB system
is as shown in Fig. 2. In this section, the proposed
receiver reduces intense multi-path destruction and
severe ISI by using a combined adaptive Rake and
equalizer structure referred to as the adaptive MMSE
Rake-equalizer receiver. Due to the large
transmission bandwidth, the UWB channel is
characterized by a long root-mean square delay
spread and the Rake receiver cannot always
overcome the resulting ISI [16]. We therefore study
equalization for DS-UWB systems. The channel
characteristics are first estimated using the LMS
adaptive algorithm and initial value by the training
sequence of preamble. The structure of the preamble
is shown in Table 2. An adaptive receiver structure
and channel estimation for DS-UWB system is
investigated, which can improve the performance of
bit error rate.

A. Channel estimation by using LMS
adaptive algorithm
Equation (4) can be written as
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r(t) =3 b, - gt—nT,)+u(t) (5)
where g(t) = w(t) =h(t) (6)

We employ the LMS adaptive algorithm to
perform the channel estimation. We assume the
known training sequence b=[b,,b,,---b,] including p
bit and channel attenuations in DS-UWB system to
be estimated into a matrix g. A fading channel with L
resolvable paths is considered and the received signal
at time n shown into a vector rp. Let us define matrix
8=[9,1.9,29,.] of size (PxL) where

0,1(p=1,2,...,P) is the first column vector. At the

first iteration, the initial channel estimation, §,

which contains channel information, is based only
upon training sequences that were computed. The
linear least square channel estimation [17] can be
estimated by the Gauss-Markov theorem given by:

g=b"-r, )
where r=[n(n),5(n), - ()] and
01 912 OiL

=|
Op1 ey e oy

The adaptive channel estimation based on LMS
algorithm involves three basic iterative steps:
Stepl: Filtering

B = (g™ )™ (8)
Step2: Computing estimation error

e =" — (") ©)
Step3: Adaptive weight adjustment

~(n+ ~(n n n ~(n n a n

g =" — "V =g -V B Efle™ []

=™ 4+ ™M™ (r )

c p
(10)

where (n) represents the time step in the iterative
process, u,is the positive step-size parameter, Vv
is the gradient of gfe™p] and the superscript H
represents Hermitian transpose. Note that |e® p
itself is a very noisy approximation to gge™ 1. We
can get a noisy approximation to the gradient by
finding the gradient of gpe™ 2] (Hoff first published
the LMS algorithm based on this clever idea, in
1960.) By means of the self-optimizing technique
[18], we can derive the optimum step-size parameter
[, =1/ Ir, IF » which is time-varying and

inversely proportional to instantaneous power of the
channel estimator’s input signal. Thus adaptive
weight adjustment with the optimum step-size
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parameter is:
9" =g +e”-(r, )"/, IP (11)
Therefore, gcan be estimated at the iterative
process in matrix form as §=[g,,,9,,.---.9,.1,

which contains channel information (The amplitudes
and delays are incorporated ).

B. Adaptive MMSE Rake-Receiver Weight
Estimation

The weights of the traditional Rake receiver are
BH :[Bl’ﬁZ’”"BL]H z[gp,L’gp,L—l'”'gp,l]H The
proposed adaptive MMSE Rake receiver in Fig. 3 is
composed of a Rake combine with L fingers to
collect signal energy and mitigate ISl and other
interference. The adaptive rake structure attempts to
utilize mulipath diversity in the same style as the
rake receiver on each finger. Minimising the cost
function &=E{|e[n][} results in each component

acquiring information on how to improve the final
estimate I[n] taking all input samples into account.

The weight coefficients of the L taps for the MMSE
filter are chosen as to minimize the MSE between the
desired output and the received output at each finger.

The weight vector p contains all of the filter
coefficients and the receiver vector
r=[r[n],r,[n],---r.[n]] contains all the filter input
samples. Assuming the perfect synchronization
between the transmitter and the receiver, the Ith
correlator output r[n] (I= 1,2,...L) for the nth
desired data symbol.

The output [[n] of the Rake-Receiver system
and update equations are consequently as follows.

I =r® )™ (12)
e[n]™ = I[n]™ —d[n] (13)
(ﬁH ) (B’H ) 4 (r")™e[n]™ (14)

rF

As with the MMSE receiver the filters are only
required to compute an output and perform
coefficient updates at symbol rate. The iterative
scheme is presented to obtain more accurate
performance, which can efficiently suppress the

influence of noise component. If e[n]™ <e[n]™™,

the iterative can be terminated and the final decision
is available. The just as we see, the iteration
operation is a key feature of our proposed system and
much more precise receiver design can be achieved.
It is nature to assume the more the iteration time is,
the better the performance will be achieved.
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However, we will see through the simulation results
that the performance improvement obtained by the
iteration will appear saturate after some iteration.

C. MMSE Channel Equalizer Coefficients
Estimation

Due to the tremendous high data rate and longer
multipath delay spread as CM3 and CM4, the Rake
receiver cannot always overcome the resulting ISI
[19]. We therefore need to append equalizer for
DS-UWB systems. In the MMSE Rake-equalizer
receiver, the equalizer is used to mitigate residual
interference. In this paper, assuming that the nth data
bit is being detected, the MMSE criterion is to

minimize E[|b —b[n][*] . Let the number of
equalizer taps be 23 and the coefficients of the
equalizer be {c ,,:--,C,;}. Then the equalizer output
is

A J ~

b[n] = z c,I[n—jl.

=

Let us define a vector C which contains all of the

equalizer Coefficients and a vector b which contain
all the

e[n]=b, b[n]

~ J ~ -

b[n]= > c,I[n—jl.

j=—J

To optimize performance, the equalizer coefficients,
¢=[c,,---,c,], are chosen to minimize the MSE of
its output, that is

& =argmin E[| b, —b[n] [*]

Cc

(15)

(16)

4. Simulations Results

UWB systems have a bandwidth exceeding 1GHz
and satisfy the spectrum masking requirement of the
FCC, the UWB pulse, or also known as the Gaussian

monocycle waveform in [20], is chosen to be the 1"
derivative of the Gaussian function and it can be
expressed as,

t—

M0=~73 (17)

where 7 is a time constant for controlling the width
of the pulse and is chosen according to the spectral
mask requirement of the FCC and t, is a time offset.
We evaluate the performance of DS-UWB with
channel estimation and Rake receiver by computer
simulation. The modulation format for DS-UWB is
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assumed to be BPSK with the spreading code of
length 24. The transmitter pulse shaping has unit
energy and the duration value for pulses transmitted
is 0.7616 ns. We assume the perfect chip
synchronization between the transmitter and the
receiver. The characteristics of the convolutional
encoder are such that its rate is 1/2 and constraint
length is 6. The raw data rate is set to 28Mbps in the
lower operating band. The receiver uses a training
sequence length of 256 bits. Two different channel
models (CM2 and CM4) were simulated using at
least 100 channel realizations and the number of
equalizer taps is 1 (J =1) .

Fig. 4 presents the bit error rate of the DS-UWB
system based on the IEEE-UWB CM2 channel
model for the perfect knowledge of the channel
characteristics with different numbers of Rake
fingers by varying the number of iterations. The
proposed MMSE Rake-equalizer receiver performs
quite well under the assumption of a perfect channel
estimate and that the number of Rake fingers is 5 and
20. As indicated in Fig. 4, it is shown that the BER
performance is improved by approximately 0.5dB
after three iterations as compared with that of one.

Fig. 5 and Fig. 6 present the bit error-rate
performances of the after three iteration of the
proposed receiver and the MRC Rake receiver with
perfect channel estimation for the cases of CM2 and
CM4 channels respectively. It is clearly seen that
performance improves with increasing number of
Rake fingers since more energy is effectively used in
the receiver as the number of Rake fingers increases.
It is also seen that the MRC Rake receivers greatly
underperforms the proposed iterative receiver under
perfect channel estimation. In fig. 5, an adaptive
MMSE Rake-equalizer receiver with number of Rake
fingers L=5 performs as well as an MRC Rake
receiver with number of Rake fingers L=20 over
CM2 channel. In fig. 6, an adaptive MMSE
Rake-equalizer receiver with number of Rake fingers
L=5 outperforms an MRC Rake receiver with
number of Rake fingers L=10 over CM4 channel.

Finally, Fig. 7 and Fig. 8 show the bit error rates
of the DS-UWB system using the proposed iterative
receiver with LMS channel estimation and assumed
perfect channel estimation over CM2 and CM4
channels  respectively.  All  detectors  were
implemented  using the adaptive @ MMSE
Rake-equalizer receivers with different numbers of
fingers. It shows that the adaptive algorithm
implemented can give a satisfactory performance. In
practical receivers, however, it might not be viable to
implement too many fingers in the Rake receiver.

ISSN: 1109-2742

200

Yi-Jen Chiu

5. Conclusions
In this paper, the performance of a robust MMSE
Rake-equalizer receiver scheme in DS-UWB system
is investigated for different number of Rake fingers
and equalizer taps. The proposed receiver reduces
intense multi-path destruction and severe ISI by
using a combined adaptive Rake and equalizer
structure referred to as the MMSE Rake-equalizer
receiver. This paper studies a DS-UWB system that
employs LMS channel estimation for canceling
channel distortions subsequent to obtaining the
channel information via a training sequence. The
proposed receiver is able to employ the energy of a
few paths and obtain better performance by the
addition of a channel estimation scheme. The
proposed receiver is a modified version of the
conventional Rake receiver in which a Rake receiver
with a simple equalizer is used to counteract the
effects of the delay spread of UWB channels and the
MMSE criterion is used to obtain the filter weights.
Simulation results show that channel estimation
is necessary in a DS-UWB system. The proposed
adaptive MMSE Rake-equalizer receiver enhances
performance very well with an assumed perfect
channel estimate. It is shown that increasing the
number of Rake fingers is effective in improving
system performance. We also show that DS-UWB
with adaptive MMSE Rake-equalizer has better BER
performance than DS-UWB with MRC Rake
receiver, especially when the number of fingers is
large. In particular it is shown that the performance
of an adaptive MMSE Rake-equalizer receiver of
number of Rake fingers equal to 5 (L=5) outperforms
an MRC Rake receiver of number of Rake fingers
equal to 10 (L=10) over CM4 channels. Finally, the
LMS algorithm does give a satisfactory performance
with fast convergence. In practical receivers it might
not be able to implement too many fingers in the
Rake receiver. The proposed adaptive MMSE
Rake-equalizer receiver is able to employ the energy
of a few paths and obtain better performance by the
suitable receiver design. It shows that the adaptive
algorithm gives a satisfactory performance.
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data {b i i
{b,} spreading | » insertion pulse |s(t)

of CP generator

channel estimation ‘

Yﬂ ¢
removal : - {b.}
%0) of CP Rake receiver desspreading -——»

A
Yy

Fig.1 The transmitter and receiver structure for DS-UWB

Table 1 Multipath channel model parameters example.

Model CM1 CM2 CM3 CM4
Parameters | LOS(0-4m) | NLOS(0-4m) | NLOS(4-10m) | Extreme NLOS
A (1/nsec) 0.0233 0.4 0.0667 0.0667

A (1/nsec) 2.5 0.5 2.1 2.1

r 7.1 55 14.00 24.00

y 4.3 6.7 7.9 12

o (dB) 3 3 3 3

u(t)

b, DS-UWB |s(t)]  UWB Indoor
Transmitter Channel

Adaptive b
r(t MMSE Rake-Equalizer —"»
Receiver

LMS adaptive J

Channel estimation

Fig. 2. The proposed receiver structure for DS-UWB system

Table 2 Structure of the general UWB preamble

Acqseq | SFD | DataField | Training | pHy | MAC Data
9us (32bit) (24bit)  |(variouslengths)| Header | Header
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1st finger

Kl d[n]

w(t-t,)
2nd finger

O faf
T

wt-t,)

L" finger

»

wit-t,) MMSE equalizer

L

Adaptive MMSE Rake receiver
Fig. 3. The structures of the Adaptive MMSE Rake-equalizer receiver model.

r[n]

BER

107 b | ---+-- CM2 PerfectC+MMSE Rake_Fo L=5 (1 iter.) E
---[F-- CM2 PerfectC+MMSE Rake_ Eq L=20 (1 iter.) ]

—— CM2 PerfectC+MMSE Rake_ Fg L=5 (3 iter.)

—4— CM2 PerfectC+MMSE Rake_Eq L=20 (3 ter.)

u] 2 4 1 g 10 12 14 16
Eb/No(dE)

Fig. 4. Bit error rates of MMSE Rake-equalizer receiver with perfect channel estimation by varying the number of
iterations for DS-UWB over CM2 channels

0
10 . . ; T —
---£c - - MRC Rake L=5 1
—— Proposed Rake-Equalizer L=5 (3 iter.)
---4-- MRC Rake L=10 E
1D_| | —H&— Proposed Rake-Equalizer L=10 (3 fter.) | |
---+-- MRC Rake L=20 E
—#— Proposed Rake-Equalizer L=20 (3 ter.) | ]
o 10 E
L
[} ..
A
¥
0k Y 4
*5
+ “\‘,e_\
¥,
o RN
10 ¢ + E
1 1 1 1 1
o 5 10 15 20 25
Eb/Mo(dB)

Fig. 5. Bit error rates of the proposed receiver and MRC Rake receiver with perfect channel estimation at different
numbers of Rake fingers for DS-UWB over CM2 channels
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10 T T T T T
-1
0k 4
0L 4
o
(YN}
m
1w’k 4
- - -£r - - MRC Rake L=5
—i— Proposzed Rake-Equalizer L=5 (3 iter ) t
10t L | -~ % - - MRC Rake L=10 E
—B— Proposed Rake-Equalizer L=10 (3 tter.) E
-- -+ -- MRC Rake L=20
—#%— Proposzed Rake-Equalizer L=20 (3 iter.)
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Fig. 6. Bit error rates of the proposed receiver and MRC Rake receiver with perfect channel estimation at different
numbers of Rake fingers for DS-UWB over CM4 channels
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Fig. 7. Bit error rate of an proposed receiver using LMS channel estimation and that of an proposed receiver with
assumed perfect channel estimation for different numbers of Rake fingers for DS-UWB over CM2
channels
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Fig. 8. Bit error rate of an proposed receiver using LMS channel estimation and that of an proposed receiver with
assumed perfect channel estimation for different numbers of Rake fingers for DS-UWB over CM4
channels
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