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Abstract: In this paper, we investigate channel estimation and signal detection for UWB communications. We
first investigate channel estimation for UWB systems and then develop a minimum mean-square-error
(MMSE) Rake receiver with joint timing and MMSE equalization. The key property of the estimator is that it
uses sampling at UWB symbol rate (200Msamples/s), while estimating all relevant channel parameters for the
full 7.5 GHz channel bandwidth. Computer simulations verify the usefulness of our approach for channel

estimation and signal detection.

|. Introduction

Ultra-wideband  (UWB)  communications
systems spread the data over a very large
transmission bandwidth (at least 500MHz according
to FCC regulations), using a low power spectral
density. One of the possible applications of UWB is
the transmission of data at a high rate within artsh
range — something of special interest for futureéo
networks. The IEEE is currently in the process of
standardizing UWB high data rate communications in
its standards group 802.15.3a.

The most popular approach for realizing UWB
communications is time hopping impulse radio [1]. |
allows a very simple transmitter structure that
consists of only a baseband pulse generator,
completely obviating the need for passbhand
components like mixers, local oscillators, etc.
However, the implementation of the receiver can be
considerably more complex in a multipath
environment, requiring a Rake receiver. A digital
implementation of the Rake requires very high
sampling and processing speed, both during the
channel estimation and the actual data reception.

We have therefore recently suggested a
modified Rake receiver structure that uses a mextur
of analog and digital devices, allowing samplingl an
processing of data at the (unspreagiinbol rate
instead of the chiprate [5]. However, like any Rak
structure, it needs thecomplete channel state
information (estimate of the channel over the
bandwidth of the spread bandwidth).

In this paper, we introduce a receiver and
training sequence structure that can obtain thils fu
information with symbol-rate sampling, i.e., withet
same low-complexity that our new data reception
uses.

The remainder of the paper is organized the
following way: Sec. Il describes the system strestu
including the Rake receiver and equalizer. Sedtion
describes the principles of our new parameter
estimation technique. Simulation results in Sec. IV
show the validity of our approach, and detail the
performance that can be achieved with it. A summary
wraps up the paper.

I1. System model
[1.A. Transmit signal
To satisfy the spectrum masking requirement of
the FCC, the shaping pulse, or also known as
monocycle waveform in [1], is chosen to be tfe 5

derivative of the Gaussian function and it can be
expressed as,

t 2 -:2
= - — - ag
p(t)=K,| -15— +10 : :

o o o
where 0 controls the width of the pulse and it is

chosen according to the spectral mask requirenfent o
the FCC, which is,

o =5.28x10".
Then a spread waveform can be obtained from the
shaping pulse by

w(t):Zst(t—ch),

where T, =0.625 nsec and the spreading sequence,
{ S }={-1, +1, +1, -1, +1, +1, -1, -1}. Therefore, the

symbol duration will beT, =8T_ =5 nsec. Let



{Q} be a sequence to be transmitted. Then the
modulated signal can be expressed as

s(t) = D> _bw(t —KT,).
k=-c0
Other signals shapes are possible; in particular, a
combination of weighted pulsgxt) can be used to
improve the spectral properties [4]; the principle
our approach is independent of the exact pulseshape

[1.B. Received Signal

The proposed UWB receiver structure is shown as in
Figure 1, which mixes analog and digital processing
The receiver frond end and the filter matching the
spread waveformv(t) are implemented using analog
devices and the rest is digital processing.

t=(n, +n,)A+pnA

receiver
front end

Figure 1: Receiver Structure

Let the impulse response of a UWB channel be

wherer, and a, are the delay and (real) gain of the

k-th path of the UWB channel, respectively. Thea th
channel output can be expressed as

x(t)=h(t) Cs(t) +n(t)

= ¥ byYawt -7, -nT,)+nt) ()
n=-co k
= ibnﬁ(t_nTs)-i-n(t)a

where
ht)=Sawi-r,)

As shown in Figure 1, the output of the matcheeffil
can be expressed as

y(t)=x{t)Cwl(-t)

= Yb.h(t-KT,)+7)

k=—c0

()

where

h(t)= [h(t - 7)W(- 7)dr

=§kjakr(t -1.),
r(t)= fwlt + 7)w(z)dz,
A(t) = n(t)Cw(-t). @)

I1.C. Rake Receiver

®)

and

Let the sampleg[n]=y(4n) of the matched filter
output be

yin = i bh(nA-KT,)+1i(na)

k=—c0

= > bh(nA-kpA) +1i(na),
k=—c0

whereAA =0.15625 ns (the inverse of the 7.5GHz
bandwidth) is the minimum time difference among
Rake fingers andp =Tg /A =32

As in Figure 1, the Rake receiver with L
(=10) fingers is used to collect signal energy and
mitigate intersymbol and other interference. Let

h(nA)s, for I=1, ..., L be the L taps with the

(5)

largest absolute vaIueP] (nlA)‘ ’s. The output of the

Rake receiver can be expressed as
L
Ann]=2yvlpnen +nl @

where ), is the weight for thé-th finger andn, is a

time offset. It is obvious that the signal qualitiythe
RAKE receiver output depends on the weight and
initial time offset.

Maximal ratio (MR) combining is a
traditional approach to determine the weights &f th
Rake combiner. For the MR Rake

combinery, =h(n,A), and
10 ~

Zn,n,]= Elh(n'A)y[ pn+n +n)

Minimum mean-square-error (MMSE) Rake
combining can improve the performance of the Rake
receiver in the presence of interference. For the
MMSE Rake combiner, the weights are chosen to
minimize

E[Zn,n,]-b,[".

The performance of the Rake receiver can be
further improved if adaptive timing is used witteth
MMSE Rake combiner. That is, the goal is to find

optimumtime offset N, andy, to minimize



E[Zn,n,]-b,[*.

[1.D. Channel Equalizer

After the Rake receiver, a linear equalizer is
used to mitigate residualnterference. Let the

coefficients of the equalizer be[c_K,...,c_l,CO,
C, ...,CK} (K=2). Then the equalizer output is
~ 2
b[n] = chz[n—k,no].
k=-2

To optimize performance, the equalizer coeffigent
are chosen to minimize the MSE of its output, that

MSE = Ep[n] -b,| .

I11. Parameter Estimation

In the previous section, we have introduced a
signal detection approach for the UWB receiver. In
this section, we will focus on channel, Rake, and
equalizer parameter estimation.
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Figure 2. Structure of the training sequence

A training sequence is used for the
determination of the parameters. The structurédef t
training sequence is shown in Figure 2. From the
figure, 11.6u/Soff training are used to estimate

channel coefficients, weights for Rake combining,
and equalizer coefficients. The matched filtersnaho
in Fig. 1 are used for the channel estimation; fleam
complexity point of view, it is highly desirable o
have additional hardware for the channel estimation

I11.A. Channel Estimation

The matched filter in the Rake receiver in
UWB systems is implemented using analog circuits
since it needs to operate at a high speed. Thaubutp
of the matched filter is sampled at symbol rate

(1/T,=1/(pA)). Therefore, during each symbol

period, we can only obsenteoutputs, each for one
of L fingers. On the other hand, we need to estimate

channel coefficients everﬁ sec; thus we need to
obtain p (=32) uniform samples during each symbol
period.

In order to solve this seeming paradox, we use
an approach that shows some similarity to the “swep
time delay cross correlator” channel sounder
proposed by D. Cox in [2]. We repeatedly send the
same training sequence with guard interval 4 titnes
obtain denser sampling of the matched filter output
Each training sequence consists of 511 symbols (PN
sequence) and 365 nsec guard interval to prevent
interference caused by delay spread of UWB
channels between adjacent training sequences.
Consequently, the length of the whole training qeri
for parameter estimation is 4(511*5+365)=11600 ns
or 11.6 psec.

To obtain a higher rate and uniform samples,
Vi (nA) the timing of thel -th finger corresponding
to the m-th training sequence is adjusted as follows:

tn=4(-DA+(m-1)A,
for | =1,---10,andm=1,---4.
Let the training sequence lil]#< ’s for k=0, 1,

..., 510. Then the training signal can be expressed as
30)= Sbiwle-k,),
and the channel output is
x(t)=h(t)Cs: (t) + nlt).
where h(t) is the channel’'s impulse response and
n(t) is theadditive white Gaussian noise (AEGN).

The A-spaced output of the matched filter
will be

Yi (nA) = [% (nA + T)\N(T)dl'
510 . ~
= Y bih(nA - kpa) + A(nA).
k=0
Channel parameters can be directly estimated by

~ 1 510
h(na) = 5—1120@ y; (nA + kpa).

[11.B. Rake Weight Estimation

Once channel parameters are estimated, we
can find the 10 taps with the largest absolute ezalu

Let n,,---,N,be the index of the 10 taps. Then the

weights for the MMSE Rake combiner and optimum
timing can be found by minimizing



MSE(y, n,)

_ i5l it 2
- 511n§jzt [n7 no] bn
1 51d10 2
=En§jl§1ylyt[pn+ n +n,] bl .
Direct calculation yields that
yl -1
y=| : :(YthH) (Ytth)’
Vio
where
yt[nl +n0] yt[51op+nl +no]
Y. = yt[nZ +no] yt[510p+n2+no]
t : : !
yt [n10 + no] yt [510p + n10 + no]
and

bo=(0) bf - biy)

[11.C. Equalizer Coefficient Estimation

From the estimated weights for the Rake
receiver, its output can be calculated by

AhﬁJ:§MMHM+W+nJ-

The equalizer coefficients can be estimated by
minimizing

1 511 2 |2
s1i s ATl 0
Consequently,
C -1
. 1 510, 7T 1510ttj
=|—Yz7z — > z/b, |,
. (51150 KoK j (51150 k
2
where
z[k+2n,]
z, = : : (12)
Zt[k_z’no]

V. Performance Evaluation

In this section, we evaluate performance of a
UWB system with our channel estimation scheme
through computer simulation. In our simulation, 4
types of standard IEEE 802.15.3a channel models
[3], CM1, CM2, CM3, and CM4, are used. For each

type of channel model, 100 trials are generated to
evaluate by averagebit-error-rate (BER) and
normalized MSE (NMSE).

IV.A. System Simulation

Due to extremely broad bandwidth of UWB systems,
it is very complicated if an oversampled system is
used to simulate the corresponding continuous
system as we do for traditional communication
systems. Therefore, we start with- space sampled
system (Eq. (5)) to study the performance of the
overall UWB system, that is,

yin = Sb.h(na - kpa)+ A(na).
k=—0c0

The ﬁ(nA) and ﬁ(nA) in the above equation are
generated by

(13)

h(na)= ¥ a,r(na -ka), E={%+ O.SJ,
k

and

A(nA) = ¥ n[njw(na - ka),
k
respectively, where{xj denotes the largest integer

less than x. In our simulation) = 3.125x10** sec
=3.125psec(A=500), n(kA) ’s for different k’s

are independent Gaussian with zero-mean and a
variance determined gy, / N, .

In our study, we are usings, /N, to

indicate the relative levels of the desired siggadl
noise. However, SNR, the ratio of the desired signa
power and the noise power in the matched filter
output, y[n], is sometimes used by some researchers
For the system used here,

SNR (dB) =E, / N, (dB) -14 .0 (dB).
IV.B. Performance of Channel Estimation

Figure 3 shows performance of channel
estimation. From Fig. 3(a), channel estimation

improves with signal-to-noise ratio whela, / N, is

less than 25 dB. However, when it is over 35 dB,
there is an error floor. Fig. 3(b) shows the NMSE o
the 10 largest channel taps, which is much bétsar t
the NMSE of overall channel estimation.

IV.C. Performance Improvement of Different
Techniques

Figure 4 shows performance improvement
of different techniques developed in this papere Th
combination of a 10-finger ML Rake receiver with a



5-tap equalizer results in error floors for CM-3dan

CM-4 at raw BERs of 10° and 5x1073,
respectively. However, when a 10-finger MMSE
Rake receiver is used, the error floors are redtced

below 10™and3x10™, respectively. Therefore,
the MMSE Rake receiver can significantly improve
performance of UWB systems.

NMSE

(b)

NMSE
*
a

' L L L
5910 0 10

Eb/Nio(dB)
Figure 3. NMSE of (a) overall channel estimation
and (b) 10 largest channel taps

Figure 4 also demonstrates performance
improvement of adaptive timing. By using adaptive

timing, the error floor is reduced fro.5%107to
3x10™ for CM-4.

V1. Conclusions

In this paper, we investigated channel
estimation and signal detection for UWB systems.
We designed training head to estimate channel
parameters. We used combination of a Rake receiver
and a simple equalizer to deal with delay spread of
UWB channel and detection signal. The proposed

approaches are with low complexity can be directly
used in the UWB communication systems.
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Figure 4. Performance comparison of different signal
detection techniques
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