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Abstract—This paper first introduces per-path pulse distortion
in multiuser detection for ultra-wideband communications. A new
generalized RAKE structure that estimates and compensates for
the pulse distortion is used. An finite-impulse response filter repre-
sentation of the per-path impulse response is used and estimated.
The new structure greatly improves the system performance. With
four users considered in our simulations in a high-rise building en-
vironment, it is found that the average performance of the gen-
eralized RAKE using minimum mean-square error (MMSE) de-
tection is improved over the conventional RAKE by 1.8 dB. Both
synchronous and asynchronous transmission schemes for decorre-
lating detector and MMSE detector are considered.

Index Terms—Generalized RAKE, multiuser detection (MUD),
physics-based, pulse distortion, time reversal, ultra-wideband
(UWB).

I. INTRODUCTION

EARLY research on ultra-wideband (UWB) communica-
tions was based on impulse radio. The channel model for

the UWB system is unique due to the frequency dependency
of path attenuation in the multipath channel. UWB communi-
cations has received enormous attention since 2002 [1]. Pulse
distortion is a challenging problem in UWB communications
[2]–[6]. This problem has become practically significant after
the concept of frequency dependency was adopted in the IEEE
802.15.4a [7], a standard for low-rate (up to 1 Mb/s), moderate
range (100–300 m) UWB applications such as sensor networks
and ranging. In [7], two papers of the first author of this paper
are cited for the first introduction of frequency dependency in
the UWB channel model.

When a short pulse propagates through a channel, multiple
pulses are received via multipath. This is true for both narrow-
band and UWB. However, unlike narrowband systems, these
pulses in general have pulse shapes different from the incident
UWB short pulse. This phenomenon is called pulse waveform
distortion in contrast to the amplitude and delay distortion. Pulse
distortion can be caused by frequency dependency of the prop-
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agation channel and antennas. The per-path impulse response is
introduced to describe pulse distortion for each individual path.
The impact of pulse distortion on the baseband transmission has
been investigated in the past [2]–[6]. It is found that pulse distor-
tion can greatly degrade the system performance if no compen-
sation is carried out. However, these papers are restricted to the
single user only. In this paper, our previous framework will be
extended to the multiuser case and multiuser detection (MUD)
will be used. In general, the narrowband results cannot be di-
rectly used in the UWB analysis without reexamination of their
validity. In addition, MUD for UWB in absence of pulse distor-
tion has been considered in [12].

The results for MUD in the narrowband and UWB systems
in the past are under the assumption of using the matched filter
in the receiver front-end [10], [11]. In the single UWB user sce-
nario [4]–[6], the receiver front-end may or may not be matched
to the received distorted pulses at the receiver. The mismatched
receiver front-end will degrade the system performance. As a re-
sult, it is natural to compensate for the pulse distortion to obtain
better results. When pulse distortion is present for each received
pulse in a multipath channel, a generalized RAKE structure is
proposed where pulse distortion is considered in the channel es-
timation, which is very different from that of a conventional
RAKE. When multipath is present and no pulse distortion is
compensated for, a conventional RAKE receiver structure is
reached.

II. PHYSICS-BASED CHANNEL MODEL

One big challenge of UWB is the per-path pulse distortion
caused by the channel and antennas. Mathematically, the gener-
alized channel model is expressed by [1]–[6]

(1)

where generalized paths are associated with amplitude ,
delay , and per-path impulse response . The
represents an arbitrary function that has finite energy. Symbol
“ ” denotes convolution and is the Dirac Delta function.
Turin’s model that is widely used for narrowband channels and
some UWB channels is a special case of (1) if ,

. A large category of UWB signals can be expressed as

(2)
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Fig. 1. Pulse distortion in a high-rise building environment.

where assumes an arbitrary real value, and and
are the Gamma function and the unit function, respectively. For
a special case for , , this model results in the fre-
quency dependency model recently accepted in IEEE 802.15.4a
[7]. (Here, is a random variable varying between 0.8 and 1.4.)
In other words, it is assumed that pulse distortion for all the paths
are identical in the IEEE 802.15.4a channel model.

In this paper, we will investigate a general case of (1) where
pulse distortion for two received paths is different. Since the
statistical model of such a form is currently not available, a
physics-based channel model is adopted. As an example, the
high-rise building environment (Fig. 1) that is widely studied for
a narrowband system [8], [9] is investigated for a UWB system
where the incident pulse, typical of a modern UWB system, is
used. The detailed formulation and simulation are reported in
[2]. The propagation environment illustrated in Fig. 1 can be
represented by a channel model in a general form of (1). The

in (1) causes many challenges in the signal processing
for MUD. All the existing formulation for MUD is only valid for
the conventional Turin’s model. We need to extend the current
framework to deal with the channel model in (1) where the re-
ceived pulse shapes are different from the incident pulse shape.
We are also interested in how pulse distortion will affect the per-
formance of MUD if no proper compensation is performed.

III. OPTIMUM DETECTION OF PHYSICS-BASED SIGNALS

Let us consider a direct-sequence code-division multiple ac-
cess (DS-CDMA) UWB channel that is shared by simulta-
neous users. Each user is assigned a signature waveform
of duration , where is the symbol interval. A transmitted
signature waveform for the th user may be expressed as

(3)

where is a pseudonoise (PN) code se-
quence consisting of chips that take values , is a
pulse of duration , the chip interval. Without loss of gener-
ality, it is assumed that signature waveforms have unit energy.

For simplicity, it is further assumed that binary antipodal sig-
nals are used to transmit the information from each user. Con-
sider a block of consecutive bits for each user in an obser-
vation window. Let the information sequence of the th user be
denoted by , where the value of each information bit may

be . It is convenient to consider the transmission of a block
of some arbitrary length, say . The data block from the th
user is

(4)

where is the transmitted energy of the th user for each bit.
The transmitted waveform is

(5)

The composite transmitted signal for the users is

(6)
where are the transmission delays, which satisfy the condi-
tion for . Without loss of generality, we
assume that . This is the model
in an asynchronous mode. For synchronous mode, for

. We assume that the receiver knows .
At the receiver end, the corresponding equivalent low-pass,

received waveform may be expressed as

(7)

where is additive white Gaussian noise (AWGN), with
power spectral density of . The received signal is

(8)

where is the received signature waveform given by

(9)

where is the impulse response of the th user given in
(1). Denoted by , the pulse response of
the front-end filter is used in forming .

When , , (9) reduces to the conventional
case [11] and the conventional RAKE is thus reached. In simu-
lations, the estimated channel impulse response will be
used to replace the . The channel estimation will be ad-
dressed in Section IV. With pulse distortion included in ,
we call our new receiver structure (in Fig. 2) the generalized
RAKE structure.

The optimum receiver is defined as the receiver
that selects the most probable sequence of bits

given the received
signal observed over the time interval .

The cross correlation between pairs of signature waveforms
play an important role in the metrics for the signal detector
and on the performance. The pulse distortion affects the system
through the cross correlation (see also Section V). We define,
where and

(10)
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Fig. 2. Generalized RAKE for multiuser detection. Estimated channel impulse response is used in forming the signature waveform g (t) for the kth user.

Similarly, we may define

(11)

It is important to connect these cross-correlation functions
through the channel impulse response via (9). As a result, it
follows that:

(12)

When , (12) reduces to the familiar auto-cor-
relation form. Further, when and can be modeled
by the Turin’s model, (7) reduces to , which
is the conventional form in [11]. Optimum detection and subop-
timum detection using decorrelator and minimum mean-square
error (MMSE) detector have been considered in this paper for
synchronous and asynchronous transmission. The detailed for-
mulation can follow standard procedures, see, e.g., Proakis [11].

IV. CHANNEL ESTIMATION

All the above algorithms require the knowledge of the
channel parameters in order to detect the signal. The channel
must be first estimated prior to the actual detection. One uses
a data-aided (DA) approach [13], [14] where the data frame
begins with a sequence of known data, so called pilot signal.

A. Two-Dimensional (2-D) Tap-Delayed Line Model

The key of the generalized RAKE is to use an finite-impulse
response (FIR) filter to represent the per-path impulse response

in (1)

(13)

This FIR filter has taps with tap spacing . The received
signal is sampled every seconds. Note a FIR representation
of pulse distortion was used in channel modeling [15]. As a

result many (say ) discrete taps for each generalized path are
obtained. Equation (1) is rewritten as

(14)

where is the real amplitude of each tap corre-
sponding to . With a mapping, the 2-D model is reduced to
a one-dimensional (1-D) discrete model

(15)

where

The 1-D discrete model can be handled using conventional
channel estimation algorithm that is used for a narrowband
system. Thus, the FIR representation reduces the channel esti-
mation for the generalized RAKE to that of the conventional
RAKE.

B. Optimal Maximum-Likelihood (ML) Channel Estimation

Following steps of [14], the received signal can be expressed
as

(16)

where

is AWGN with two-sided spectral density and is the
vector of the channel amplitude defined in (15). We assume
that a frame consists of known pilot symbols .
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The received channel signal is Gaussian with mean and
covariance matrix that has terms of noise variance on its di-
agonal and zeros elsewhere. The optimal channel estimation is
to maximize a function , where

(17)

where is a vector of channel path delays corresponding to
amplitudes . The search for the optimum is complex and we
will use a suboptimum algorithm in the following.

C. Successive Channel (SC) Estimation

The above optimal channel estimation can be used for a
one-tap channel. The estimated delay and amplitude are

(18)

(19)

where

Here, with duration is defined in (3). The above scheme
can be performed iteratively for the multipath channel defined in
(15). The algorithm is summarized by the following four steps
in [14], originally in [13]:

1. Initialization: set and
for ;

2. Perform the search for the strongest
tap and calculate by using the
above equations

3. If , go to step 2;
otherwise set and stop.

Using the above successive channel estimation algorithm, the
channel impulse response is obtained. In the following,

is replaced by the estimate for the th user, and
the superscript can be dropped for convenience.

With (13) and (14), the FIR representation of the per-path im-
pulse response is estimated as . When the pulse waveform

is transmitted, the estimated received signal is
used in (9). For the th path, the pulse waveform is

. Let us consider two cases.
Case 1) If one tap is used in (13), , and

thus . So the matched filter
can be implemented with an impulse response of

, the transmitted pulse waveform. This special
case is just the conventional RAKE receiver used in
narrowband and UWB scenario [10]–[14].

Case 2) If several taps (say three) are used in (13), then
, and thus the re-

ceived pulse waveform for the th path is estimated
as

(20)

The matched filter for each user should be designed to match
, instead of . In other words, the front-end filter im-

pulse response is equal to , not . The generalized
RAKE structure is obtained here.

V. COMPENSATION FOR PULSE SHAPE DISTORTION THROUGH

TIME REVERSAL COMMUNICATIONS

In (7), the received signal at a receiver is ,
where and is an AWGN noise. It is
well known that the optimum receiver is the matched filter that
is matched to [1]–[5]. The output of the optimum receiver
is , where is a new Gaussian
random variable. The correlations are expressed as

(21)

(22)

(23)

where , , and are symmetric
with maximum at , which is the sampling point
for the optimum receiver. For the commonly used second
derivative Gaussian pulse , we have

. For plots of for IEEE
channel models, the reader is referred to [1]. The per-path
impulse response in (1) affects the correlations through
(21)–(23). Equations (22) and (23) also give the mathemat-
ical justification for time reversal communications [16]–[18].
Without loss of generality, we assure that has unit energy
in (1). At , which is the total energy
of the channel impulse response. At this point, all the energies
of paths add coherently (focus at . However, this is not
true for , as the terms in the second part of (23) would add
destructively and form noise-like spikes. Through the use of

, the optimum receiver compensates for per-path pulse
waveform distortion, , while a conventional RAKE does
not. For UWB communications, the realization of is dif-
ficult since the estimate of is difficult at the receiver. This
has been illustrated in Section IV. One alternative approach is
to realize using time-reversal mirror (TRM) [16], [17].
First, the receiver sends a short pulse to the transmitter.
Second, the transmitter records and stores the received signal

. Third, the transmitter realizes , time revered version
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of , and precodes the information bits with . Finally,
at the receiver the recreated signal is . Time reversal is
based on the spatially theorems in acoustics and electromag-
netics. UWB radio experiments conducted using a time-domain
approach verified that the reciprocal theorem is indeed valid
for the indoor rich multipath environment [18]. Detailed results
will be reported elsewhere. This measurement approach is
reported in [17] and [18]. To achieve optimum performance
using time reversal, an matched filter that is matched to
should be used at the receiver. If multiple antennas are
used at the transmitter and one antenna is used at the receiver,
using the time reversal scheme the received signal is expressed
as , where is the channel
impulse response defined in (1) between the th antenna at
the transmitter and the receiver antenna. The energies of all
the signals transmitted from the antennas can be focused
at and the function of is made very sharp. This
temporal focusing greatly reduces the intersymbol interference
(ISI) for high data rates. Moreover, the focused peak achieved
at grows linearly with [18]. This property will be
able to increase the antijamming capability of the system. If
TRM is used in the transmitter, the new equivalent signal is

with AWGN noise. The new channel is much easier
to handle. It typically has a strong peak with weak sidelobes.
The ISI will be greatly reduced through time reversal. The
interuser interference will be reduced accordingly. The time
reversal process can be viewed as spatial time precoding at the
transmitter such that the signals will be temporally and spatially
focused.

VI. NUMERICAL RESULTS

We take the high-rise building environment (Fig. 1) as an ex-
ample to examine the channel model expressed in (1). The pulse
width of the transmitted pulse is about 0.4 ns. To represent the
pulse in high fidelity, in our simulation, we choose a sampling
interval corresponding to a sampling frequency
80 GHz. A spreading code of length 8 is used in a DS/SS-based
four-user system. The code is made from a Gold code of length
7 by attaching one chip to each code sequence. This code may
not be the best but selection of spreading code is beyond the
scope of this paper.

For the selected propagation channel with sparse impulse re-
sponse, to isolate pulse distortion impact, we use a special sig-
naling format to avoid ISI: spreading code length in time is equal
to 5 ns, one pulse per chip, and symbol duration 28.5 ns (i.e.,
data rate 35.1 Mb/s). Another key parameter for the SC algo-
rithm is the threshold that affects estimation accuracy. In our
simulation, we set the threshold to 30 dB down from the max-
imum amplitude in the algorithm. We use 512 pilot symbols in
channel estimation, which guarantees an energy capturing loss
less than 4% for pulse fitting with all terms (80 taps) at
around 5 dB, and less than 1% in absence of noise.

Illustrated in Fig. 3 is the impact of the number of terms
on the FIR representation of the first received pulses ,
where is plotted in absence of noise. It is observed that
the number of taps has visible impact on pulse representation.
The convolution of the template with the FIR filter impulse re-
sponse ((13)) yields the received signal .

Fig. 3. The number of taps affects the accuracy of the FIR representation of
the distorted pulse waveform.

Fig. 4. The impact of the number of taps in the FIR representation on the BER
performance for a single user.

Shown in Fig. 4 is performance comparison for a single user
case. No ISI occurs at a data rate of 35.1 Mb/s. The theoretical
bounds in a closed-form [2] are plotted in the figure. The re-
ceiver is modeled as the receiver filter followed by a threshold
detector. The matched-filter bound (lower bound) is obtained
when the receiver filter matches the distorted received signals
( and ). The curve labeled “theoretical bit-error rate
(BER) for conventional RAKE” is obtained in closed-form for-
mula in [2], where the received filter matches the input pulse
waveform . The curve of conventional RAKE (one tap rep-
resentation) agrees very well with its theoretical curve and is
1.3 dB away from that of the matched-filter bound at
10 . The generalized RAKE with three taps representation is
1.1 dB better than the conventional RAKE.

For MUD, four users are assigned the spreading
code as following: user 1: ;
user 2: ; user 3:

; and user 4: . For
asynchronous transmission, the performance is averaged over
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Fig. 5. Performance comparison based on decorrelating detector for MUD.

ten random delays. The performance shown in Figs. 5 and 6
is for user one. Here, only one term (labeled “conventional
decorrelator”) and three terms (labeled “G-decorrelator”
meaning generalized RAKE) are considered to represent a
single distorted waveform.

The performance of decorrelating receiver is given in Fig. 5.
The upper three curves are for synchronous transmission for
user one. The circle dotted curve is obtained from the closed
form and can serve as the lower bound for the performance of
synchronous transmission with different number of taps. Here,
only one tap (labeled “conventional decorrelator”) and three
taps (labeled “G-decorrelator” meaning generalized RAKE) are
considered to represent a single distorted pulse in simulations.
The two curves immediately above the matched-filter bound are
for asynchronous transmission. For synchronous transmission
the generalized decorrelator (three taps) is 0.45 dB away from
the theoretical lower bound and 1.3 dB better than the conven-
tional decorrelator (one tap). For asynchronous transmission,
the generalized decorrelator (three taps) achieves 1.7 dB gain
over the conventional decorrelator (one tap). The conventional
decorrelator detector (one tap) for synchronous transmission is
about 4 dB in at from the decorrelator de-
tector with the generalized RAKE (three taps) for asynchronous
transmission.

In Fig. 6, we compare the performance of MMSE detector
for user one. The solid line is the matched-filter bound. The
upper two curves are for synchronous transmission, while the
two curves immediately above the matched-filter bound are
for asynchronous transmission. For synchronous transmission,
the generalized MMSE detector (three taps) performs 1.2 dB
better than the conventional MMSE detector (one tap). For
asynchronous transmission, the generalized MMSE detector
gains 1.1 dB compared with the conventional MMSE detector.
For MUD, the system performance also depends on the codes
assigned to users. The performance improvement averaged over
four users by using the generalized MMSE detector (three taps)
is about 1.8 dB over the conventional MMSE detector (one tap).
Based on our study, pulse distortion has larger impact on the
performance of MUD (Figs. 5 and 6) than that of the single-user

Fig. 6. Performance comparison based on MMSE detector for MUD.

detection (Fig. 4). The conventional MMSE detector (one tap
representation) for synchronous transmission is more than 3 dB
in at 10 from the MMSE detector with the
generalized RAKE (three taps representation) for asynchronous
transmission.

Based on Figs. 5 and 6, the MMSE detector with the gener-
alized RAKE (three taps) is the best among all those schemes
considered, and only 1 dB from the matched-filter bound at

10 . By using this scheme, about 0.5 dB can be fur-
ther improved by using more taps (say 80 taps) in the FIR filter
representation the pulse distortion.

VII. CONCLUSION

This paper for the first time introduces per-path pulse dis-
tortion in MUD for UWB communications. A new generalized
RAKE structure that estimates and compensates for the pulse
distortion is used. This structure is motivated to approach the
optimum receiver that is matched to the composite channel
impulse response. The optimum receiver can be also realized
through time reversal communications to simplify the complex
task of channel estimation at the receiver. When an FIR filter
representation of the per-path impulse response is used for
generalized RAKE, the new channel estimation problem has
been reduced to a problem that can be handled by an existing
signal processing algorithm such as successive channel estima-
tion. The new generalized RAKE structure greatly improves
the system performance. With simulations for a high-rising
building environment, we show that the average performance
of the MMSE receiver is improved over the conventional
one by 1.8 dB in bit energy to noise ratio at 10 .
Pulse distortion results in waveform mismatching, which is
a common issue for various MUD schemes. Nonlinear MUD
schemes usually outperform their linear counterparts and can
be also used together with the generalized RAKE structure to
strike tradeoff between performance and complexity. TRM can
be used to compensate for pulse distortion and reduce ISI and
interuser interference. The scheme of using a TRM combined
with multiple-input–multiple-output (MIMO) antenna systems
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based on the impulse nature unique to UWB communications
will prove to be useful to receivers of low complexity.
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