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Abstract— The generalized rake receiver based on physics-
based channel model is proposed for UWB outdoor application
to estimate and compensate for the pulse distortion. The suc-
cessive channel estimation is adopted to generate the per-path
waveform as the template for the generalized rake receiver. The
receiver can eliminate the effect of pulse distortion appearing
in a lot of UWB channels. MMSE linear equalizer is used to
handle intersymbol interference (ISI) for achieving high data
rate.

Index Terms— Generalized rake receiver, Physics-based
channel, Successive channel estimation, Equalization and Ultra
wideband (UWB)

I. I NTRODUCTION

Ultra-wideband (UWB) communications involves the
transmission of short pulses with a relatively fractional
bandwidth larger than 20 % or a 10-dB bandwidth exceeding
500MHz. Its high bandwidth and potential capacity make
it an attractive candidate technology for home area com-
munication and sensor networks. Most research on UWB
communication is based on impulse radio [1-3]. When a
short pulse propagates through a channel, multiple pulses
are received via multipath. These received pulses in general
have pulse shapes different from the incident short pulse for
UWB case [3-5]. The unique phenomenon is called pulse dis-
tortion caused by frequency dependency of the propagation
channel and antennas. This problem has become practically
significant after the concept of frequency dependency was
adopted in the IEEE 802.15.4a [7]. The impact of pulse
distortion on the baseband transmission has been investigated
using a matched filter in the receiver front-end [4-6]. It is
demonstrated that pulse distortion can greatly degrade the
system performance if no compensation is carried out. In [8]
the inter-symbol-interference (ISI) is neglected. One wonder
if pulse distortion degrades system performance differently
when ISI is present. To answer this question is the central
result in this paper.

In the present paper a two-dimensional tap-delayed line
model is introduced to model the UWB channel based on
physics-based channel model and successive channel (SC)
estimation. An FIR filter is used to present the channel
per-path impulse response. Based on two-dimensional tap-
delayed line model a generalized rake receiver is proposed

This work is in part funded by the Army Research Laboratory and
the Army Research Office through a Short Term Innovative Research
(STIR) grant (W911NF-05-1-0468) and a Defense University Research
Instrumentation Program (DURIP) grant (W911NF-05-1-0111).

J.Q. Zhang and R.C. Qiu are with the Department of Electri-
cal and Computer Engineering, Center for Manufacturing Research,
Tennessee Technological University, Cookeville, TN38505. E-mail:
rqiu@tntech.edu and qzhang21@tntech.edu.

to deal with per-path pulse distortion. The performance of
the generalized rake receiver for single user is studied for
both of ISI and No ISI case in the high-rise building envi-
ronment. The generalized rake receiver has been extended to
multiuser case and multiuser detection is used [8]. The paper
is organized as following: Physics-based channel model is
introduced in Section II. Section III presents the general-
ized rake receiver structure and UWB signal detection. The
algorithms for successive channel estimation and equalizer
coefficients estimation are given in Section IV and Section
V, respectively. The numerical results are shown in Section
VI . Section VII concludes the paper based on the results
from previous sections.

II. PHYSICS-BASED CHANNEL MODEL

A big challenge of UWB is channel modeling where pulse
distortion complicates system analysis. Mathematically the
generalized channel model is expressed by [4-6]

h(τ) =
P

∑

n=1

Anhn(τ) ∗ δ(τ − τn) (1)

where P generalized paths are associated with amplitude
An, delay τn, and per-path impulse responsehn(τ). The
hn(τ) represents an arbitrary function that has finite energy.
Symbol “∗” denotes convolution andδ(x) is the Dirac Delta
function. Turin’s model widely used for narrowband channels
and some UWB channels is a special case of Eq. (1) if
hn(τ) = δ(τ),∀n. A large category of UWB signals can
be expressed as

hn(τ) =
An

Γ(−αn)
τ−(1+αn)U(τ), Hn(ω) = (jω)αn (2)

whereαn assumes an arbitrary real value, andU(.)andΓ(.)
are the Gamma function and the unit function, respectively.
Given for a special case forαn = α,∀n, this model results in
the frequency dependency model recently accepted in IEEE
802.15.4a [7].

FIR filter can be used to represent the per-path impulse
responsehn(τ) in Eq. (1):

hn(τ) =
M
∑

m=1

βmnδ(τ − τmn), (3)

where the FIR filter is assumed to haveM taps with tap
spacingTs. The received signal is sampled everyTs seconds.
Consequently, the two-dimensional tap-delayed line channel
model is obtained and is rewritten as

h(τ) =
P

∑

n=1

M
∑

m=1

ãmnδ(τ − τ̃mn) (4)



where ãmn = Anβmn is the real amplitude of each tap
corresponding tõτmn. With a mapping, the two-dimensional
model is reduced to a one-dimensional discrete model

h(τ) =

L
∑

l=1

alδ(τ − τl) (5)

where
L = MP,

τl = τ[m+(n−1)M ] = τ̃mn,

al = ãmn = Anβmn,

l = m + (n − 1)M, m = 0, 1, . . .,M, n = 0, 1, . . ., P.

The one-dimensional discrete model makes the channel
estimation algorithms used for conventional rake receiver
applicable to the generalized rake receiver. So a lot of
channel estimation algorithms can be used for the generalized
rake receiver.

III. S IGNAL DETECTION

Based on above two-dimensional tap-delayed line channel
model, a generalized rake receiver is proposed in Fig.1 to
compensate for per-path pulse distortion. It consists of a
front-end filter and a bank of filters associated with delay
lines. The frond-end filter is matched to the transmitted pulse,
p(t), which is Gaussian. The delayTn for 1 ≤ n ≤ P in
Fig.1 is equal tôτ1n in Eq. (4), which is the delay for the1st

term signal representation of thenth path signal of channel
output. The per-path signal generation and rake combining
are implemented by a bank of FIR filters. Thekth FIR filter
is implemented in Fig.2. The delayTkj = τk(j+1) − τkj for
1 ≤ j ≤ M − 1, τkj is the delay for thejth term signal
representation of thekth path signal of channel output,αkj

is the amplitude for thejth term signal representation of the
kth path signal of channel output. The generalized rake mixes
the analog and digital devices. An analog front-end filter can
be used. After the front-end filter, all parts are digital. When
ISI is present, an equalizer is required to achieve a high
data rate. A MMSE equalizer is used in this paper for its
mathematical tractability.
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Fig. 1. Generalized RAKE receiver
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Fig. 2. FIR filter implementation

A. Transmit signal

Generally ultra-wideband signal is a nonsinusoidal signal
with duration less than 1 nanosecond. The second derivative
of the Gaussian pulse is chosen as the UWB pulse and is
defined as

p(t) =
[

1 − 4π [(t − 0.5T0)/α]
2
]

e−2π[(t−0.5T0)/α]2 , (6)

whereα controls the width of the pulse andT0 is the pulse
duration. Letα = 0.2 and T0=1, the transmitted pulse has
duration of 1ns and bandwidth of 1GHz centered at 4GHz.
Let {bk} be the data sequence consisting of +1 and -1. For
BPSK modulation, the modulated signal can be expressed by

s(t) =

∞
∑

k=0

bkp(t − kTs), (7)

whereTs is the symbol duration.

B. Received signal

The received signalr(t) at front end of receiver can be
expressed by

r(t) = h(t) ∗ s(t) + n(t), (8)

whereh(t) is the channel impulse response,n(t) is white
Gaussian noise with zero mean and varianceN0/2.

C. Generalized rake receiver

The output of the matched filter is expressed by

x(t) = r(t) ∗ p(−t), (9)

where p(−t) is the time reversal ofp(t), the transmitted
pulse.

After matched filter, we samplex(t) at sampling rate1/∆
and obtain the discrete outputx[n].

x[n] = x(n∆), (10)

where ∆ is chosen to be less than the minimum time
difference among rake fingers.

The output of thekth FIR filter yk[n] is expressed by

yk[n] =x[n] ∗ hk[n]

=
M
∑

i=1

αkix[n − τki], (11)



wherehk[n] is the impulse response of thekth FIR filter.
After combining, the outputy[n] can be expressed by

y[n] =
P

∑

i=1

yi[n − Ti], (12)

whereTi is the delay on theith branch, and it is equal tôτ1i

defined in Eq.(4). The rake combining is implemented by a
bank of FIR filters. The rake combining used in the paper is
equivalent to Equal Gain combining(EGC). The parameters
of FIR filters and delay lines can be obtained by channel
estimation.

D. Channel equalization

A linear equalizer with2N + 1 taps is used to handle the
intersymbol interference. The output of the equalizerb̄[n] is

b̄[n] =
N

∑

k=−N

Cky[n − k] (13)

whereCk is the equalizer coefficients.
After thresholding the decision̂b[n] is made by

b̂[n] = sign(b̄[n]). (14)

IV. CHANNEL ESTIMATION

All rake receivers require knowledge of the channel pa-
rameters in order to detect properly the signal. The channel
must be estimated prior to the actual detection. We use a
data-aided (DA) approach [9,10] where the data frame begins
with a pilot signal sequence{bp} consisting ofNp known
pilot symbols. The received signalr is defined in Eq.(8).
The covariance matrixC has terms of noise variance on its
diagonal and zeros elsewhere. In this paper the successive
channel estimation is used for the one-dimensional discrete
channel model. The estimated delay and amplitude are

τ̂ = arg max
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, (15)

â =
ξ′(τ̂)C−1r

ξ′(τ̂)C−1ξ(τ̂)
(16)

where

[ξ(τ)]m =

NP −1
∑

i=0

bP (i)p(mTs − iT − τ), 1 ≤ m ≤ M.

Here p(t) with duration T is the transmitted pulse. The
above scheme can be performed iteratively for the multipath
channel defined in (5). The algorithm is summarized by the
following four steps in [10], originally in [9]:

1. Initialization: setthreshold and c (τ) = 0 for τmin ≤
τ ≤ τmax;

2. Perform the search for the strongest tapτ̂ and calculate
α̂ by using the above equations,

c (τ̂) ⇐ c (τ̂) + α̂ ,

r ⇐ r − α̂ξ (τ̂) ;

3. If α̂ ≥ threshold, go to step 2; otherwise setĥ (τ) =
c (τ) and stop.

Using the above successive channel estimation algorithm
the channel impulse responseĥ(τ) is obtained.

With (3) and (4), the FIR representation of the per-path
impulse response is estimated asĥn(τ). When the pulse
waveformp(τ) is transmitted, the estimated received signal is
p(τ)∗ ĥ(τ). For thenth path, the pulse waveform isqn(τ) =
p(τ) ∗ ĥn(τ). If one tap is used in Eq. (3), the generalized
rake receiver is just the conventional rake receiver used in
narrowband and UWB scenario. If several taps (sayM ) are

used in Eq. (3), then̂hn(τ) =
M
∑

m=1
β̂mnδ(τ − τ̂mn) and thus

the received pulse waveform for thenth path is estimated as

q̂n(τ) =

M
∑

m=1

β̂mnp(τ − τ̂mn). (17)

The generalized rake receiver is designed to matchq̂n(τ),
instead ofp(τ). In other words, the impulse response of the
nth FIR filter is equal tôhn(τ).

V. EQUALIZER COEFFICIENTS ESTIMATION

After channel estimation, the output of generalized rake
receiveryp can be expressed by

yp[n] =

P
∑

i=0

yp
i [n − Ti], (18)

for 0 ≤ n ≤ Np − 1. For a MMSE equalizer with2M + 1
taps , by minimizing mean square error

1

Np

Np−1
∑

n=0

[

M
∑

k=−M

Ckyp[n − k] − bp[n]

]2

, (19)

the coefficients of the MMSE equalizer are given by

C = R−1
r Rxr, (20)

whereRr andRxr are correlation matrix and vector, respec-
tively, defined as

Rr =













Rr(0) · · · Rr(M) · · · Rr(2M)
Rr(−1) · · · Rr(M − 1) · · · Rr(2M − 1)

· · · · · · · · · · · · · · ·
Rr(−2M + 1) · · · Rr(−M + 1) · · · Rr(1)
Rr(−2M) · · · Rr(−M) · · · Rr(0)













(21)
and

Rxr =
[

Rxr(−M) · · ·Rxr(−1), Rxr(0), Rxr(1) · · ·Rxr(M)
]T

(22)
where

Rr(k − l) =
1

Np

Np−1
∑

n=0

yp[n − l]yp[n − k] (23)

and

Rxr(k) =
1

Np

Np−1
∑

n=0

bp[n]yp[n − k]. (24)
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Fig. 3. Pulse distortion in a high-rise building environment
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Fig. 4. Comparison of the transmitted and received waveform

VI. N UMERICAL RESULTS

In this paper we will investigate a general case of Eq.(1)
where pulse distortion for two received paths is different.
Since the statistical model is currently not available, a
physics-based channel model is adopted. As an example,
the high-rise building environment where multiple diffraction
causes a severe pulse distortion is studied in the present
paper. The propagation environment illustrated in Fig.3 can
be represented by a channel model in a general form of Eq.
(1). The detailed formulation and simulation of the channel
modeling are reported in [5]. The channel has two paths. The
second order Gaussian pulse with width 0.4 ns is used as the
transmitted pulse. Two received pulse waveforms due to two
different paths, namelyq1(τ) and q2(τ), are quite different
from that of the transmitted pulse shown in fig.4.

In our simulation the sampling frequency is 80 GHz. The
transmitted pulse waveform is chosen as the template for the
successive channel estimation algorithm that is detailed in
[8]. Although there can be many ways to select a template
for the SC algorithm and even multiple templates can be
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Fig. 5. The number of taps affects the accuracy of the FIR representation
of the distorted pulse waveform.

employed, the general criterion is to choose a template
waveform which has high similarity with the received pulse
waveforms. The threshold for this algorithm is 30 dB down
from the maximum amplitude. To achieve an energy capture
loss of less than 4% at aroundEb/N0 = 5 dB, if 80 taps
are used in the FIR representation of pulse distortion, a total
of 512 pilot symbols is found to be sufficient in using the
successive channel estimation.

Shown in Fig. 5 is the impact of the number of terms
on the FIR representation of the first received pulsesq1(τ),
whereq1(τ) is plotted in absence of noise. It is observed that
the number of taps has visible impact on pulse representation,
and the distorted pulse at the receiver can be represented
by the 3 strongest terms in Eq. (3) to achieve good fitting
accuracy in term of mean squared error.

Illustrated in Fig. 6 is the performance comparison in case
of no ISI, where the data rate is 35.1Mbps. The performance
of the generalized RAKE using different number of taps are
bounded by the matched filter bound and conventional rake
bound. The matched filter bound is obtained with perfect
channel estimation in Eq.(1). The conventional rake bound
is obtained where the received filter matches the input pulse
waveform, which implies that the pulse distortion is not
considered. The performance of the generalized rake with
80 taps is close to the matched filter bound. The curve of
conventional rake (one tap representation) agrees very well
with its theoretical curve and is 1.3dB away from that of the
matched filter bound atBER = 10−3 . The generalized
rake with 3 taps representation is 1.1dB better than the
conventional rake.

Fig. 7 illustrates the performance of the generalized rake
receiver with and without equalizer in case of ISI. The data
rate is 40Mbps. The same MMSE equalizer with 25 taps is
used for both of the generalized rake and the conventional
rake receiver. It is observed that the curve of the generalized
rake with 3 taps representation is 5.6dB away from the
matched filter bound and is 1.0 dB better than that of the
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conventional rake atBER = 10−3. The equalizer is neces-
sary for both of the generalized rake and the conventional
rake receiver if ISI occurs.

VII. C ONCLUSION

In the present paper a generalized rake receiver based
on the two-dimensional tap-delayed line channel model is
investigated for a high-rise building environment. The suc-
cessive channel estimation algorithm is adopted to generate
the per-path waveform as the template for the rake receiver
in order to compensate for the effect of pulse distortion
appearing in a lot of UWB channels. The generalized rake
receiver can significantly improve the system performance
with and without ISI. Pulse distortion is founded to have
similar impact on the performance of generalized RAKE
with and without ISI. Another technique called time reversal
mirror can be used to compensate for pulse distortion [8],
compress the multipath delay spread, and thus reduce ISI.
The scheme of time reversal mirror reduces the complexity

of receiver, and an equalizer may not be necessary for high
speed data transmission.
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