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Abstract— One of the major issues for the design of ultra-
wideband (UWB) receivers is the need to recover the signal en-
ergy dispersed over many multipath components, while keeping
the receiver complexity low. To this aim we consider two schemes
for reduced-complexity UWB Rake receivers, both of which
combine a subset of the available resolved multipath components.
The first method, called partial Rake (PRake), combines the first
arriving multipath components. The second is known as selective
Rake (SRake) and combines the instantaneously strongest multi-
path components. We evaluate and compare the link performance
of these Rake receivers in different UWB channels, whose
models are based on extensive propagation measurements. We
quantify the effect of the channel characteristics on the receiver
performance, analyzing in particular the influence of small-scale
fading statistics. We find that for dense channels the performance
of the simpler PRake receiver is almost as good as that of
the SRake receiver, even for a small number of fingers. In
sparse channels, however, the SRake outperforms the PRake
significantly. We also show that for a fixed transmitted energy
there is an optimum transmission bandwidth.

Index Terms—Reduced complexity Rake receivers, partial
Rake, selective Rake, UWB propagation channel, stochastic
tapped-delay line model

I. INTRODUCTION

LTRA-WIDE BANDWIDTH (UWB) spread-spectrum

(SS) techniques for multiple access wireless communi-
cations were first proposed in the 1990s to meet the demands
of future wireless networks [1], [2]. The use of an extremely
wide transmission bandwidth results in desirable capabilities
including position location and ranging (from which com-
munications services may benefit), immunity to narrowband
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interference, multiple access capability for broadband wireless
communications, covert transmission, possible easier material
penetration, and robustness against multipath fading [3]-[15].

Commercial interest in UWB techniques increased signif-
icantly after the US Federal Communications Commission
(FCC) allowed unlicensed UWB communications [16] subject
to certain constraints on the spectral properties of the emitted
radiation. At the same time, the Task Group (TG) 3a was
established within the IEEE 802.15 to define a standard
for high data rate communication systems based on UWB
technology. Later, the IEEE 802.15 TG 4a was formed to
develop a standard for low data rate applications with high-
precision ranging capability. Due to its high versatility, UWB
technology was also included in this new standard. Two of
the physical layer schemes that have been proposed for those
standards are based on Impulse Radio [2], [3], [17]-[20], and
direct-sequence (DS) [21] SS techniques.1

One of the key advantages of UWB signals is the immunity
to fading. Depending on the bandwidth, a receiver can resolve
multipath components (MPCs) whose path lengths differ by a
few tens of centimeters, e.g., 15 cm for a signal bandwidth of
2 GHz. An increase in the transmission bandwidth improves
the capability of resolving MPCs. Each of the resolved MPCs
can be viewed as independently fading, thereby providing a
high degree of diversity (delay diversity, frequency diversity)
for the transmission [23]. However, in order to utilize the
available diversity, the receiver must be able to extract and
process the different MPCs.

A Rake receiver can exploit the high degree of diversity
that results from a large number of MPCs. Combining all
resolvable paths as in the all-Rake (ARake) receiver provides
the optimal performance [24]-[27]. However, the number of
MPC:s that can be utilized in a typical Rake combiner is limited
by power consumption constraints, complexity considerations,
and the availability of channel estimates [28]. In typical UWB
scenarios, the available number of MPCs at the receiver
is often more than 100 [28]-[34]; hence the ARake UWB
receiver serves only as a benchmark and provides a bound
on the performance that is achievable by other suboptimal
combining schemes. The complexity can be reduced, at the
price of a performance penalty, by employing the selective
Rake (SRake) receiver structure, which combines a subset
of the available resolved MPCs, namely the instantaneously
strongest Ly, MPCs [24]-[27], [35]. The SRake provides a

'A third scheme, based on orthogonal frequency division multiplexing
(OFDM) combined with time-frequency interleaving [22] does not involve
the Rake receiver architecture that are the focal point of this paper, and will
not be discussed here.
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TABLE I
SUMMARY OF THE CHANNEL MODELS USED IN THE ANALYSIS.

Frequency Amplitudes | Comments
Nakagami Dense channel: almost
LF model 0.3-0.8 GHz (m varies continuous rays’
with delay) | exponential decay
Sparse channel: some re-
HF model | 3.1-10.6 GHz | Lognormal solvable delays are empty
(very high resolution)
Filtered Tend to First path is not necessa-
HF model 3.1-3.6 GHz Rayleigh rily the strongest one;
generally, PDP is sparse
Rayleigh- Nakagami Comparison with conven-
equivalent 0.3-0.8 GHz m=1 tional wireless systems

reduction in the number of correlators and thus reduces power
consumption. However, the selection procedure still requires
full channel estimation, which may not be easily available.
In this paper we propose a simpler partial Rake (PRake)
receiver structure, which combines the first arriving L, paths
out of the available resolved MPCs.? Thus this technique
requires only synchronization, but not full channel estimation.?
We compare the performance of PRake, SRake and ARake
receivers that employ maximal-ratio combining [39]-[43] in
realistic UWB channels.* We analyze the signal-to-noise ratio
(SNR) statistics at the combiner output and the bit error
probability (BEP) of these Rake receivers using several widely
used channel models. We consider both the IEEE 802.15.3a
channel model, suitable for simulating UWB systems that
operate in the 3.1 — 10.6 GHz range, and a channel model
that is based on baseband pulse measurements [29]-[31]. We
analyze the influence of small-scale fading statistics and the
influence of a “sparse” channel model (such as the IEEE
802.15.3a) on the performance of different Rake structures.
Finally, we investigate the dependence of both BEP and
output SNR on the system bandwidth. We show that for a
bandwidth of less than approximately 1 GHz, the performance
improvement of the SRake as compared to the simpler PRake
is quite small if the fading is Nakagami (a typical case for
UWB), whereas larger improvements result in Rayleigh fading
channels. For much larger bandwidths (up to 7.5 GHz), the
PRake is not a good choice regardless of the fading statistics.
The rest of the paper is organized as follows. In Section II
we present the channel models employed in the analysis.
Sections III and IV.A discuss the SNR distributions and BEPs,
respectively, for SRake, PRake, and ARake structures. The
impact of the bandwidth on the BEP is investigated in Section
IV.B. A summary and conclusions are presented in Section V.

II. CHANNEL MODELS

We consider several UWB channel models to evaluate the
receiver performance. A low-frequency (LF) model, proposed
in [31] is based on experimental data collected in an office
environment using baseband 1 ns pulses. The antennas further

2A number of papers have taken up this concept after we first proposed it
in our conference paper [36].

3Synchronization techniques for UWB signals can be found in [37, 38].

4Maximal-ratio combining is optimum for noise-limited systems with ideal
autocorrelation properties of the spreading sequence, as well as ideal channel
estimation. In the following, we will assume that these conditions are fulfilled.
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modified the pulse spectrum, especially at the lowest frequen-
cies towards zero, resulting in a 3-dB bandwidth of about
500 MHz, from 300-800 MHz. A high-frequency (HF) model,
designed for 3.1-10.6 GHz, has recently been developed by
the IEEE 802.15.3a for the simulation of FCC-compliant
communication systems [32], [44].

The most important differences between this HF model and
the LF model lie in the arrival statistics of the MPCs and in the
distributions of MPCs’ amplitudes. The HF model is sparse,
i.e., there are resolvable delay bins that do not carry significant
power mainly due to the use of much larger transmission
bandwidths. Concerning the amplitudes’ distributions, the HF
model is lognormal while the LF model is Nakagami. The
variance of the lognormal distribution of the HF model is as-
sumed to be independent of delay, whereas the m-parameters
of the Nakagami distributions of the LF model decrease with
delay.

We consider the HF model in the whole bandwidth of
7.5 GHz as well as in a bandwidth of 500 MHz, obtained by
filtering the realizations of the HF channel impulse response
over the band 3.1-3.6 GHz (referred to as the “filtered HF
channel” in the following). We consider this frequency range
because it allows an effective comparison with the LF model,
using the same bandwidth but exhibiting different amplitude
statistics. Indeed, several lognormal-fading MPCs interfering
at each resolvable delay lead to a path amplitude with quasi-
Rayleigh distribution. The power delay profile (PDP) of the
HF model is generally not monotonic, but rather sparse,
and the direct path (i.e., the first MPC of the PDP) is not
necessarily the strongest one.

Finally, we also evaluate the receiver performance in a
Rayleigh-equivalent UWB channel in the same band as the
LF model.> This is of interest because previous performance
analysis of UWB systems has often assumed Rayleigh fading,
owing to the lack of a suitable channel model.

Table I summarizes the channel models used in the follow-
ing analysis and their main characteristics. Some details about
the LF and HF models are provided in the following.

A. Low-Frequency Channel Model

The LF channel model [31] has been accepted by the
channel model subcommittee of the IEEE 802.15.4a standard-
ization group for performance evaluation of UWB systems
operating below 1 GHz [45].

The LF model is based on a measurement campaign per-
formed in a typical office building [29], [30]. It characterizes
the shape of the PDP using a tapped-delay line model where
the k-th tap is determined by the path gain GG, and the delay
7, = (k — 1)A7, where A7 = 2 ns is the resolution of the
considered system.® The model distinguishes between large-
and small- scale fading, hence the local path gains Gy, are
derived by the superposition of these two effects. The model
parameters are summarized in Table II, where the global

5The Rayleigh-equivalent channel model is obtained from the LF model
assuming the m-parameter equal to 1 for all delay bins.

By definition, the delay bin of the first quasi line-of-sight (LOS) path
begins at 71 = 0. The model prescribes the statistics of the path gains and
their dependence on the delays 7.
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TABLE II
STATISTICAL MODELS AND PARAMETERS FOR THE LF MODEL.

GLOBAL PARAMETERS = Giot and Gy,

20.4 - logyy (-2 d<1lm
Path Loss L= " (dO) d

—56 + 74 - log, (%) d>1lm
Shadowing Giot ~ LN (—PL, 4.3)

Decay Constant
Power Ratio

e~ Ly (16.1, 1.27)
7~ Ly (—4.0, 3.0)

LOCAL PARAMETERS = Gy

Energy Gains G ~ G (Gg, mx)

my ~ TN (MIH(Tk;_)v Urle(Tk))
pm (%) = 3.5 — %

o2 (1) = 1.84 — %

m values

TABLE III
PARAMETERS FOR THE IEEE 802.15.3A MODEL

Parameters | CM1 CM2 | CM3 | CM4

|
A [lnsec] | 0.0233 | 0.4 | 0.0667 | 0.0667
Allmsec] | 25 | 05 | 21 | 21
r | 7.1 | 55 | 1400 | 24.00
5 | 43 | 67 | 79 | 12
o1 [dB] | 3.3941 | 3.3941 | 33941 | 3.3941
o2 [dB] | 3.3941 | 3.3941 | 33941 | 3.3941
oz[dB] | 3 | 3 | 3 | 3

parameters characterize the large-scale fading and the local
parameters characterize the small-scale statistics.’

The small-scale averaged PDP (SSA-PDP) is completely
specified according to:

_ G L: re—73)
G(r) = #% {5(7—71) +kz_2 {ref( kT2 } 5(7——7%)},
. M
where G4 is the total mean energy, given by the mean path-
loss (described by a dual-slope model) and the shadowing
(modeled as lognormal fading). The time decay constant,
(measured in ns), is also modeled as a random variable, as is
the power ratio r = G/G7, which indicates the amount of
“extra” power (compared to the pure exponential decay law)
carried in the first bin. Finally, F(¢) = 1/(1 — exp(—AT/¢))
is a normalization constant [31].

Over the small-scale region, the Gy, are random variables
around the mean values G, given by the SSA-PDP in (1) at
each delay bin 75. Their probability density function (pdf)
can be approximated by a Gamma distribution (i.e., the
amplitude distribution is Nakagami) with mean G}, and shape
parameter my. The parameters my are Gaussian-distributed

"In Table 11, £y (x,y) denotes a lognormal distribution with mean z and
variance y of the underlying Gaussian distribution; G(z,y) denotes a gamma
distribution with mean x and shape parameter y; finally, 7 (z,y) denotes a
truncated Gaussian distribution with mean x and variance y.
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random variables whose mean and variance decrease with
excess delay.® Implementation details can be found in [31].

B. High-Frequency Channel Model

The HF channel model has been established by the IEEE
802.15.3a standardization group for evaluating various pro-
posals for high-data-rate UWB communications systems [32],
[44]. This model is intended to represent the channel charac-
teristics in the frequency range from 3.1 to 10.6 GHz. It is
based on the Saleh-Valenzuela model [46], which represents
a “clustering” of the paths. The channel impulse response is
defined as

L K
hi(t) = X; Z Za}c’lé(t =T —114) 2
1=0 k=0
where a?l is the tap weight associated with the k-th ray of
the [-th cluster, X; represents the log-normal shadowing, and
i refers to the ¢-th realization; K is the number of rays in each
cluster, and L is the number of clusters. The distributions of
cluster and ray arrival times, respectively, are given by

>0
k> 0.

p(Ti|T1—1) = Aexp[-A(T} — Ti—1)],
P(Th,1

Tlh=1),1) = Aexp[=A(Th1 — T(k—1),0)],

The channel coefficients are defined as ax; = pr1 & Bk
where p,; € {+1,—1} is equiprobable and represents the
signal inversion due to reflections. The parameter &; reflects
the fading associated with the [-th cluster, and /31, ; corresponds
to the fading associated with the k-th ray of the [-th clus-
ter. The distribution of the channel coefficients is given by
|&10k| = 100mertmitn2)/20 - \where ny ~ N(0,07) and
na ~ N(0,03) are independent Gaussian variables corre-
sponding to the fading of each cluster and ray, respectively.
The parameters py,; are given by

101In(Q0) =10 T;/T =10 7,1/ (0% 4 03) In(10)
In(10) 20

JUNES » (3

where )y is the mean energy of the first path in the first
cluster, T} and 7, are the excess delays of cluster ! and
of the k-th ray in cluster [, respectively. I' is the clusters’
decay constant and v is the rays’ decay constant. Finally, the
total energy contained in the terms {a} ,} is normalized to
unity for each realization, because the 16gn0rmal shadowing
of the total multipath energy is characterized by X;, for which
201og,q X; ~ N(0,02). Table Il summarizes the parameters
of the model for the four different environments defined by
the IEEE 802.15.3a standard.

Based on the work of [47], IEEE 802.15 also recommends
a new way of modeling the path-loss. While there is still
shadowing superimposed on a polynomial power decay law
with the logarithm of distance, the decay exponent n and the
shadowing variance o have now become random variables.
Table IV shows the path-loss at a distance of 1 m, Ly, as well
as mean and standard deviation for LOS and non-LOS (NLOS)
situations. The distributions of all variables are modeled as
Gaussian.

8Note that the Gaussian distribution is truncated, so that the (non-physical)
values m < 0.5 cannot occur.
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TABLE IV
STATISTICAL VALUES OF THE PATH-LOSS MODEL PARAMETERS [47]

| LOS | NLOS
| Mean | Std. Dev. | Mean | Std. Dev.
Lo@B) | 47 | NA | 505 | NA
no | 17 | 03 | 35 | 097
o@B) | 16 | 05 | 27 | 098

III. THE DISTRIBUTION OF THE SNR

The Rake combiner “rakes up” (appropriately sums up) the
signals from the different Rake fingers to produce a decision
variable, which is then processed by a data detector. The
detector “sees” only an equivalent channel created by the
cascade of the physical radio channel and the Rake combiner.
Thus, the quantity that determines the receiver performance
is the SNR at the Rake output. More specifically, the system
performance is determined by the pdf of either the instan-
taneous SNR or the small-scale-averaged SNR, depending on
the receiver characteristics. The former is the relevant quantity
for all systems that have a “memory” much shorter than the
channel coherence time. The “memory” of the system in this
context could be caused, for example, by coding, interleaving,
perception of the human ear, or the size of typical data
structures (files) to be transmitted. If the length of the system
“memory” is comparable to, or larger than, the coherence time
of the channel, the relevant quantity is the pdf of the small-
scale-averaged SNR.

We obtain the pdfs of the SNR as follows. We generate
a local PDP according to each of the models described in
Sec. II, and we select either all available L., the strongest Ly,
or the first L, taps for the ARake, the SRake, or the PRake,
respectively. We then add the SNRs of the selected taps,
yielding the SNR at the Rake combiner output. This procedure
is then repeated for several different channel realizations.
The histograms of such channel ensembles give a discrete
approximation of the pdf of the SNR. Similarly, the pdf of
the small-scale averaged SNR is obtained by considering the
SSA-PDP. In the following subsections, we will discuss these
distributions in the considered channels.

A. SNR Distributions in the LF Channels

Figure 1 (a) shows the cumulative distribution functions
(CDFs) of the SNR for the LF model, for both SRake and
PRake. It can be seen that the SRake receiver has a slightly
better energy capture performance than the PRake, especially
for a small number of fingers. For example, SRake can capture
approximately 2 dB more energy than PRake for the case of
2 fingers. The difference shrinks to less than 0.5 dB when the
number of fingers increases to 16.

This behavior can be attributed to the fact that the average
PDP is exponentially decaying and that the fading severity
parameter m of the Nakagami distribution is greater than 1
for the amplitudes of the first several arriving bins. Indeed, as
outlined in Sec. II-A, the m-parameters (modelled as random
variables) vary with the excess delay, i.e., a different m-
parameter belongs to each delay bin. In particular, since the
mean of the m-parameters follows a linear decay with excess
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Fig. 1. The CDFs and the small-scale averaged CDFs (SSA-CDFs) of
the SNR at the output of the PRake (solid) and SRake (dashed) receivers
combining 2 and 16 fingers in the LF model assuming Nakagami and Rayleigh
fading. The average transmitted SNR is set to 20 dB and the transmitter-
receiver (Tx-Rx) distance to 1 m.

delay (see Table II), in general the m-parameters of the smaller
excess delays are greater than 1, while m = 1 is observed
at large excess delays. If the channel taps were not fading,
then the PRake and the SRake would perform identically:
as the PDP is monotonically decaying, the PRake and the
SRake would pick the same fingers. In the presence of fading,
however, there is a finite probability that one of the first
taps is in a deep fade (even though on average they carry
the largest energy). Such taps can be avoided by the SRake,
but not by the PRake (by definition). The probability for
such situations, however, is relatively small for the considered
channel model: Nakagami fading leads to smaller variations of
the instantaneous amplitudes than, e.g., Rayleigh fading (see
also below). Especially for the paths with small excess delays,
the m-parameter is considerably larger than unity, implying
that the instantaneously strongest paths are still concentrated
in the first portion of the excess delay axis.

Figure 1(b) shows the performance of SRake and PRake in a
channel with Rayleigh amplitude statistics. It can be seen that
the performance of a PRake receiver is considerably worse
than that of an SRake in such a channel, and the slopes of
the CDFs are quite different. The reason for this is that for
Rayleigh-fading taps, there is a larger probability that one of
the first taps is in a deep fade. For Nakagami fading,” on
the other hand, the fading depth is much smaller, so a tap
that carries large average energy also has a high probability
of carrying high instantaneous energy. Conversely, from the
comparison of Fig. 1(a) with Fig. 1(b), it emerges that with
an SRake, a Rayleigh-fading channel actually gives a higher
average energy than a Nakagami-fading channel. This can be
explained by the fact that Rayleigh fading leads to a larger
probability not only of deep fading dips, but also of higher
amplitudes than Nakagami fading. Those higher amplitudes
are exploited by the SRake. The PRake, on the other hand,
cannot exploit those higher amplitudes and always performs
worse in Rayleigh fading due to a larger probability of deep

9To simplify notation, henceforth we use “Nakagami fading” to denote
“Nakagami fading with m > 1”.



CASSIOLI et al.: LOW COMPLEXITY RAKE RECEIVERS IN ULTRA-WIDEBAND CHANNELS

(a) CM1 (LOS) (b) CM2 (NLOS)
1 1
72 /
0.8 0.8
[ /
L 06 w 06 2-fingers
a 2-fingers / a /
© 04 . / © 04 >
# 16-fingers /
6-fingers
02 // 02 = 9
/
0 / 0
0 10 20 30 0 10 20 30

SNR at the receiver output (dB)
(c) CM1 (LOS) (d) CM2 (NLOS)

1 1
0.8 // / 0.8 ! /
0.6 /

SNR at the receiver output (dB)

2-fingers /

w w
a o 0.6
/
o o
3(; 0.4 2-ﬁngers// / 3(; 0.4 \// /16—ﬁnqers
® L ®
02 16-fingers 02
' = '
0 ‘74 0 J/
0 10 20 30 0 10 20 30
SNR at the receiver output (dB) SNR at the receiver output (dB)
Fig. 2. The CDFs and the SSA-CDFs of the SNR at the output of the

PRake (solid) and SRake (dashed) receivers combining 2 and 16 fingers in
the filtered HF model with a bandwidth of 0.5 GHz (3.1 — 3.6 GHz). The
average transmitted SNR is set to 60 dB and the Tx-Rx distance to 1 m.

fading dips compared to Nakagami fading.

If the receiver (or transmitter) moves, then the channel
changes within a finite time, and the system memory can thus
extend over many small-scale realizations of the channel. In
this case a system would average the SNR over the small-scale
fading. Note that we have assumed here that the number and
delays of the Rake fingers stay fixed during the movement
(this approach might be used, e.g., in order to avoid frequent
re-estimation of the complete channel); the results would have
been different if the SRake is adjusted to the instantaneously-
best fingers and averaged over the resulting SNR.!°

Figures 1(c) and 1(d) plot the CDF of the small-scale-
averaged SNR for different numbers of fingers. We note
that the averaging leads to a steeper CDF (compared to the
distribution of the local SNR), especially for a PRake in
Rayleigh fading with a small number of fingers. For a large
number of fingers, the difference in the CDFs (between the
local SNR and the SSA-SNR distributions) is small, since the
local SNR CDFs are already steep due to the high degree of
diversity. Similar behaviors can also be observed for Nakagami
fading.

B. SNR Distributions in the HF Channels

Figure 2 shows the CDFs of the SNR for the filtered HF
model in LOS and NLOS conditions.!" A system bandwidth
of 500 MHz in the frequency range from 3.1 to 3.6 GHz is
considered. It can be seen in Fig. 2 (a) that, for a 2-finger
Rake, the performance difference between the SRake and the
PRake in the LOS channel CM1 is larger than that in the LF
model. The reason for this lies in the different fading statistics:
as mentioned in Sec. I, the fading is more Rayleigh for the
filtered HF model than for the LF model. The difference in
mean SNR between SRake and PRake is about 3 dB, but

0Note that the latter case would require more frequent estimation of the
full channel impulse response.

1'With reference to Table III, these correspond to the sets of parameters in
the CM1 and CM2 columns, respectively.
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Fig. 3. The CDFs and the SSA-CDFs of the SNR at the output of the

PRake (solid) and SRake (dashed) receivers combining 2 and 16 fingers in
the HF model with a bandwidth of 7.5 GHz (3.1 — 10.6 GHz). The average
transmitted SNR is set to 60 dB and the Tx-Rx distance to 1 m.

for the 10% outage probability, the SNR difference increases
to about 5 dB. This necessarily implies that the first path is
not always the strongest, otherwise, if the first path were the
strongest, the difference between SRake and PRake would be
at most 3 dB. This difference is due to the SRake capability
of tracking the instantaneously best second path, while, in
the worst case, the second finger of the PRake may even
capture zero energy. In the NLOS case, shown in Fig. 2 (b), the
performance of the PRake is worse, because in that scenario
the first component can be weak and can even be followed by
less energy in the subsequent delay bin. On the other hand,
we find that for a 16-finger of PRake, there is no discernible
difference between SRake and PRake. This is due to the fact
that 16 fingers of PRake cover 32 ns delay, covering almost
the entire support of the impulse response.

Figure 3 considers the HF model with the full bandwidth
(7.5 GHz). It can be seen in Fig. 3 (a) that in the LOS channel
CML1 the performance difference between SRake and PRake is
considerably larger than those for the LF model and the filtered
HF model. This difference is attributable to the “sparseness” of
the channel model. With high probability, the tap immediately
after the LOS component does not carry energy and thus the 2-
finger PRake does not provide any diversity gain. The SRake,
on the other hand, gathers energy from the second finger and
thus provides a diversity gain. It is also interesting to note
that the average gain of the SRake compared to the PRake
is larger than 3 dB. This can be explained by the fact that the
LOS component is not always the instantaneously strongest
one. This fact can be verified by a visual inspection of the
channel realizations specified in the IEEE 802.15.3a model.
In the NLOS channel model CM2, shown in Fig. 3 (b), the
performance of the PRake is much worse. In that scenario, the
first component can be very weak, and even less energy can
follow in the subsequent delay bin. For the 16-finger case, the
difference between the two Rake structures is smaller, but still
has several dB of difference. The reason is that even the 16
fingers of a PRake cover only a small portion of the support
of the impulse response, namely 16 % 0.133 ns = 2.128 ns.
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This is in contrast to the filtered case, where the 16 fingers of
the PRake cover 32 ns.

When considering the small-scale averaged case, we find
that the difference in performance between the two Rake struc-
tures is reduced for both the filtered HF channel and the full-
bandwidth HF channel (similar to the LF model). However,
the full-bandwidth case exhibits the largest difference. For the
LOS case, shown in Fig. 3(c), the PRake shows slightly less
than 3 dB performance loss (compared to the SRake). This is
consistent with the fact that on average, the LOS tap is the
strongest, followed by a no-energy-carrying tap; furthermore
other existing taps carry almost as much energy as the LOS
tap. The slope of the CDF is determined by the shadowing.
Similar statements are true for the NLOS case, as shown in
Fig. 3 (d); however, the performance loss of the PRake is
larger, as the first tap is not necessarily the strongest, even
on average. Note that this is a basic difference between the
LF and the HF channel models. Signals with low frequency
components can penetrate objects quite well or can easily
diffract around them. For this reason, the first-arriving MPCs
are always strong. At microwave frequencies (HF model),
however, indirect propagation paths that involve one or more
reflections can carry large energy, so that the average PDP
shows a non-monotonic behavior. This in turn leads to the
difference in the PRake performance shown in Fig. 3(d) and

1c).

IV. THE BIT ERROR PROBABILITY

In this section, we evaluate the uncoded BEP of the SRake
and PRake structures in different channels. We assume that the
fading is sufficiently slow compared to the symbol duration
(i.e., the inverse of the channel Doppler frequency is smaller
than the symbol duration). In that case, the BEP is obtained
by averaging the conditional BEP, F,, , conditioned on the
received instantaneous (local) SNR per bit, v, at the Rake
output, over the pdf p,, () as given in [23], [43]:

Pe= / Cl’)’b p'Yb( )d

We consider binary pulse position modulation (PPM) with
coherent detection. Thus, the conditional BEP is given by [43]:

PC|’YI> =Q (\/V_b) (5)

where Q(z) = \/%f;o e /2dt, x> 0 or equivalently

Q(z) = Lerfe (%)

A semi-analytical calculation of the BEP can be obtained
by averaging F%,, over the channel ensemble, namely one
thousand realizations of the channel impulse response for each
value of the average SNR.

Following the same procedure outlined in Sec. III to obtain
the distributions of the SNR for various Rake receivers, we
generate a channel ensemble for each of the considered UWB
channel models. However, unlike in the previous section, we
consider here a normalized channel with unit total energy.
In other words, the shadowing is eliminated by appropriate
normalization. This allows a better insight into the different
Rake receiver structures since the relative comparison between
them is not influenced by the total received energy.

“)
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Fig. 4. A comparison of the effects of the amplitude distribution when

the small scale statistics are modelled by a Nakagami (solid) or a Rayleigh
distribution (dashed), while the average PDP profile follows an exponential
decay in both cases. 2 and 16 fingers SRake and PRake are considered. The
Tx-Rx distance is 6 m. As a benchmark the ARake performance is also plotted.

We will compare both the gain in SNR (to achieve a target
BEP, e.g., 1073), and the diversity order (i.e., slope of the
BEP curves at very high SNRs). Unless otherwise specified,
the BEP curves presented in the following sections are plotted
against the average SNR per bit at the reference distance dy =
1 m.

A. BEP in LF and HF Channels

Figure 4 shows the BEP as a function of normalized SNR
at the Rake output for the ARake, the SRake, and the PRake
in the LF channel. We first discuss the results for the case
of SRake and PRake with two fingers. As anticipated, the
ARake has the best performance, having an SNR advantage of
almost 10 dB (for both the Nakagami and Rayleigh fading) as
compared to the SRake at a BEP=10"3. The PRake performs
somewhat worse than the SRake, leading to a loss in SNR
of about 4 dB (for Nakagami fading) and 9 dB (for Rayleigh
fading) at BEP=10"3. Moreover, the PRake and SRake curves
have different slopes, for example, the performance difference
between the two receivers is small at BEP=10"1. These results
again demonstrate the importance of using the correct UWB
fading distribution. Otherwise, wrong conclusions about the
relative performance of different receiver architectures could
be drawn.

Figure 4 also depicts the performance when the number of
Rake fingers is increased to 16. Naturally, the performance loss
of the SRake compared to the ARake decreases; it becomes
approximately 2 dB (for both Nakagami and Rayleigh fading)
at BEP= 10~3. We also note that the PRake and the SRake
have approximately the same diversity order and differ by only
about 1 dB. The reasons for this similar performance have
been discussed in Sec. III.

Figure 5 shows the BEP for the four scenarios of the HF
channel model listed in Table III, with the full 7.5 GHz
bandwidth. The differences between the 2-finger Rakes and
the ARake in the HF channel are much larger than those in
the LF channel: 10 dB (for CM1) and 15 dB (for CM4) for the
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is assumed, while the shadowing is normalized.

SRake, as well as 15 dB (for CM1) and 18 dB (for CM4) for
the PRake at BEP=10"3. The reason for this is that the energy
is spread over more resolvable delay taps due to the larger
transmission bandwidth. We also note that the performance
difference between the SRake and the PRake in the HF channel
is larger than that in the LF channel, the reasons for which
have already been discussed in Sec. III.

B. BEP vs. Spreading Bandwidth

We now investigate the influence of the spreading band-
width on the system performance.'?> The first effect we can
expect from an increase of the spreading bandwidth is an
increase of diversity gain, resulting in a performance im-
provement. This is obvious for the ARake, as the number
of diversity paths is directly proportional to the spreading
bandwidth. Nevertheless, the diversity gain also increases with
spreading bandwidth for the SRake and the PRake, though the
reasons in those cases are subtly different.

For the SRake, the number of combined diversity paths Ly,
remains fixed. However, in a dense multipath channel, the
number of resolvable multipaths increases with the spreading
bandwidth. This implies that the number of the available
diversity paths, L,, out of which the SRake chooses to combine
the diversity paths increases. Hence, the probability that all
of the combined paths simultaneously fade decreases, and
consequently, the BEP performance improves. This fact has
been proven for Rayleigh fading channels [49].

For the PRake, the diversity gain is related to the PDP. In
general, the diversity gain is highest for a uniform PDP [50,

12Theoretical analyses of the effect of spreading bandwidth have been given
for Rayleigh-fading in [24]-[26], [48].

The BEP vs. Ey,/No for PRake and SRake in the HF channel model with the full transmission bandwidth (7.5 GHz). The path-loss model of [47]

51], while only a few fingers carry significant energy for a
strongly decreasing PDP. The energy distribution among the
resolved multipaths varies with the spreading bandwidth. In
the extreme case of a narrowband system, only a single finger
captures energy. For a very wide bandwidth system, each of
the resolvable delay bin is very short (compared to the delay
spread). Thus all fingers in PRake are placed within a small
fraction of the PDP, each capturing (on average) almost the
same amount of energy. This leads to the highest effective
diversity gain. Since higher diversity gain means lower prob-
ability of fading dips, the BEP performance improves.

However, as the spreading bandwidth increases, the signal
energy is dispersed among more resolvable multipaths, hence
the amount of energy captured by a Rake receiver with
a fixed number of fingers decreases. In other words, the
loss in captured energy increases, essentially unlimited, as
we increase the spreading bandwidth.'> On the other hand,
the BEP improvement due to diversity gain saturates as the
spreading bandwidth increases.

Depending on the strength of these two counteracting effects
due to an increase of spreading bandwidth (namely, the
increase of the diversity gain and the decrease of the captured
energy), we can anticipate a BEP-vs.-bandwidth curve to
exhibit either a minimum or a monotonic behavior.

The existence of a minimum also depends on whether the
system is power limited, or whether it is power spectral
density (PSD) limited, for example, by FCC regulations. In the
following, we will analyze the LF model under the assumption

3Note that this argument is valid for a fixed transmit power. For a fixed
transmit power spectral density, the energy captured by a fixed number of
fingers stays approximately constant.
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Fig. 6. The BEP vs. the spreading bandwidth in a Log-Log scale for different
numbers of PRake (dashed) and SRake (solid) fingers in the Nakagami LF
model. The Tx-Rx distance is 6 m and the average transmitted SNR is 30 dB.

of power limitation, and the HF model under the assumption
of PSD limitation.

1) LF channel: Figure 6 plots the BEP in the LF channel
as a function of the spreading bandwidth for different numbers
of Rake fingers. It can be seen that there is indeed an optimum
value which increases with the number of Rake fingers (for
very high number of Rake fingers, the optimum is no longer
visible on the plot). This is intuitively clear, as more fingers are
capable of capturing the energy provided by a larger number
of resolved paths.

At low spreading bandwidths some of the BEP curves
merge. This occurs since only a few MPCs of the channel
are resolved at low spreading bandwidth, and having more
fingers does not provide an additional advantage. For example,
suppose that only 10 paths carry energy, in which case it does
not matter whether 16, 32, or more fingers are available; only
10 can be used, and the weight of the others is set to zero.

It is clear in Fig. 6 that the SRake outperforms the PRake.
The difference in their performance decreases as the number
of fingers increases. For the SRake the optimum bandwidth is
at higher values - with the selective combining, more energy
is collected.

2) HF channel: Figure 7 shows the results for the HF
model with a constant PSD. Note that the BEP consistently
improves as we increase the bandwidth. The reason for this
effect is that, in order to keep the PSD constant while the
energy is distributed among more taps, the energy per tap
stays approximately constant leading to an improvement in the
SNR at the Rake output and, consequently, in the BEP.!* This
energy increase is fully exploited by the SRake, which is able
to track the instantaneously best paths and is thus immune
to the sparseness of the channel. As shown in Fig. 7, the
BEP for the SRake consistently decreases with the spreading
bandwidth. On the other hand, the PRake is quite sensitive to
the channel sparseness, as proven by the existence of a distinct
minimum in the BEP curves: the larger the bandwidth, the

!4The energy per tap stays approximately constant as long as the resolv-
able delay bin width is larger than the interarrival times of the multipath
components.
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larger the percentage of PRake fingers that collect no energy
at all. Naturally, the minimum occurs at larger bandwidths for
larger numbers of Rake fingers.

For a power limited system, the optimum bandwidth of a
SRake receiver is always higher than that of a PRake in both
the LF and the HF model. This can be explained by the fact
that the average energy capture is higher for the SRake, so that
more spreading can be used before the energy loss becomes
prohibitive.

V. CONCLUSIONS

We have analyzed the performance of low complexity Rake
receivers in UWB indoor channels. In particular, we have
introduced a PRake architecture, which exploits only the first
arriving propagation paths. PRake receivers are usually less
complex than conventional Rake receivers, since they do not
require a complete channel estimation or a full adaptability.
We have compared the performance of the PRake with that
of the more complex SRake in different channels. Due to
the different behaviors of propagation media at different
frequencies, the comparison based on channel models valid
for frequencies either below 1 GHz or above 3.1 GHz has
allowed us to highlight which particular Rake architecture is
most suitable for a given frequency range.

The characteristics of the LF channel, namely the exponen-
tially decaying PDPs and the Nakagami fading, make a PRake
performance almost as good as a SRake performance. In
particular, our results show that, for a transmission bandwidth
on the order of 1 GHz and a number of fingers greater
than eight, the performance of the PRake receiver is similar
to that of the SRake. This behavior is even more evident
if the path gains have a Nakagami distribution with fading
severity parameters m greater than 1, which is typical for
UWB channels.

Conversely, the SRake outperforms the PRake for a large
transmission bandwidth. In this case the path arrival times,
rather than the path gain statistics, play a key role. The HF
channel impulse response is sparse and some paths do not
carry signal energy, an effect that is even more pronounced
in NLOS situations, where the first arriving component is not
necessarily the strongest one. In these channels, when accurate
channel estimates are available, the full adaptability of the
SRake allows for a better performance. We found that the
relative difference between PRake and SRake strongly depends
on the transmission bandwidth and the operating environment.
In the HF channel, a system with a bandwidth of 7.5 GHz
based on PRake loses more than 10 dB at a target BEP
of 1073 with respect to a similar system based on SRake
reception. A PRake thus is a viable option only when the
transmission bandwidth is considerably less than 7.5 GHz,
i.e., the upper limit for the bandwidth prescribed by the current
FCC regulations.

Finally, we have analyzed the Rake performance for dif-
ferent spreading bandwidths. We found that the optimum
spreading bandwidth depends on (i) whether we use PRake
or SRake, and (ii) whether we employ a constant transmit
PSD or a constant transmit power.

Our results provide important guidelines for the design of
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A constant PSD is assumed.

low complexity Rake receivers for both consumer and military
applications.
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