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Abstract—In the context of PAM Time-Hopping/Direct Se-
quence Impulse Radio Ultra Wide Band (IR-UWB), a residual
interference occurs at the output of the Rake Receiver when
realistic multipath propagation channel is considered even if
a large guard-time interval is used. As a consequence, the
performance is limited and exhibits BER floor. In this paper,
we explicitally explains what causes such a residual interference.
Secondly, we propose a simple way to modify the Rake receiver
in order to totally remove this residual interference. The results
are illustrated by simulations that validate the proposed method.

I. I NTRODUCTION

For several years, the Impulse Radio Ultra Wide Band (IR-
UWB) based communication has received a lot of interest,
especially for short-range and medium data rate communi-
cation schemes (see,e.g., standard IEEE.15.4a). For these
applications, the main ”signal processing” challenge is to
design a low-complexity and low-cost terminal.

Unfortunately, the propagation channel introduces multi-
path component, and Inter-Symbol Interference (ISI) usually
occurs at the receiver. To combat this kind of interference,one
can i) apply equalization-like technique carried out afterthe
standard Rake receiver (see [3], [4], [1], [2], [5]), ii) modify
the weights of each finger of the Rake receiver (see [8]), iii)
or insert a time-guard interval at each frame (see [10], [11],
[7]).

The third solution obviously is the simplest one and the most
spread in practical devices. Nevertheless, even if the guard
time is large enough, a residual interference may remain and
degrade the performance [6], [9]. Indeed, when the path delay
is less than the pulse duration, pulses associated with the same
symbol can overlap and create the ”residual interference”,also
called, ”cross modulation interference”.

A lot of recent works have focused on the Inter-Symbol
Interference mitigation whereas the elimination of the residual
interference is seldom treated.

In this paper, we propose a slight modification of the Rake
Receiver in order to cancel the residual interference in the
context of the PAM (Time-Hopping or Direct Sequence) IR-
UWB 1

1This paper has been partially produced as part of the NEWCOM Net-
work of Excellence, a project funded from the European Commission’s 6th
Framework Programme (http://new.ismb.it).

II. SYSTEM MODEL

The transmit signal of the user of interest takes the following
form [10], [12]:

x(t) =

+∞∑

i=−∞

dif(t − iNfTf )

with

f(t) =

NcNf−1
∑

j=0

c(j)w(t − jTc)

and whereNc is the number of chips of durationTc, Nf is the
number of frames of durationTf = NcTc, w(t) is the pulse
of durationTw � Tc. The transmit symbolsdi belong to a
PAM format. The user code{c(j)}NcNf−1

j=0 represents either
the so-called developed code in the context of Time-Hopping
scheme (see, e.g., [12], [9]) or the usual code on the context
of Direct Sequence scheme.

For sake of simplicity, we can consider here the single user
case and the noiseless case. The transmit signal propagates
through a multipath channel composed byNp paths of mag-
nitude {A`}Np

`=1 and delay{τ`}Np

`=1. The channel is assumed
to be known at the receiver side.

At the receiver, we consider a Rake receiver that selects any
subsetL of Lr paths (withLr ≤ Np). WhenL contains all the
paths, we get a so-calledfull Rake receiver. On the contrary,
we only get apartial Rake receiver. Without loss of generality,
the receiver demodulates the symbold0. In noiseless case, the
continuous-time receive signalr(t) takes the following form

y(t) =

Np∑

`=1

A`x(t − τ`)

which can be written as

y(t) =
+∞∑

i=−∞

dig(t − iNfTf)

with

g(t) =

Np∑

`=1

A`f(t − τ`).

Then, the signal at the output of the Rake receiver, denoted
by z, corresponds to the projection of the received signal into



the space spanned by the mappingt 7→ g(L)(t) where

g(L)(t) =
∑

`∈L

A`f(t − τ`).

Thereforez can be obtained as follows

z =< y(t)|g(L)(t) >

where < .|. > stands for the inner product defined as
< f1(t)|f2(t) >=

∫
f1(t)f2(t)dt. Consequently,z can be

expressed as follows

z =
∑

`∈L

A`

∫ Nf Tf

0

y(t + τ`)f(t)dt,

andf(t) plays the role of the signal template. One can remark
that the signal at the output of any Rake receiver can be split
into two termsz = z1 + z2 where

z1 = Hd0

with

H = Nfr(0)
∑

`∈L

A2
` ,

and

z2 =
∑

`∈L

Np∑

k=1

k 6=`

A`Ak

×
[
d−Qk,`

[C(qk,`)r(εk,`) + C(qk,` + 1)r̃(εk,`)]

+ d−Qk,`−1[D(qk,`)r(εk,`) + D(qk,` + 1)r̃(εk,`)]
]
,

with

r(s) =

∫ +∞

−∞

w(t)w(t − s)dt, r̃(s) = r(s − Tc),

and

C(q) =

NcNf−1
∑

k=q

c(k)c(k − q), D(q) =

q−1
∑

k=0

c(k)c(k − q),

and whereτk − τ` can be decomposed, via an Euclidian
division, as Qk,`NfTf + qk,`Tc + εk,`, such thatQk,` =
b(τk − τ`)/NfTfc, qk,` = b((τk − τ`)−Qk,`NfTf )/Tcc, and
the remainderεk,` ∈ [0, Tc).

Actually, z1 is the useful signal, andz2 is the so-called
interference [10], [9]. In [9], it has been remarked that,
even in presence of large guard time interval, the variance
of the interference termz2 does not vanish. This residual
interference is due to collision between pulses only shifted by
a delay belonging to[−Tw, Tw]. As a consequence, the error
probability does not tend towards zero when Signal-to-Noise
Ratio increases.

III. I MPROVED RAKE RECEIVER

The interference termz2 is viewed as nuisance term by the
Rake receiver. Indeed, the termz2 can be either positive or
negative and so may bring closer the termz to the decision
border. Thanks to the guard time interval, we are able to
remove the inter-frame and inter-symbol interference part. But
the termz2 is still non null since it also depends on the symbol
of interestd0. This remaining term disturbs the standard Rake
receiver. It is clear that this term provides useful information
about the symbol of interest. Therefore, in the sequel, we will
slightly modify the Rake receiver in order to take advantageof
the remaining term. Firstly, we need to express the interference
term z2 into two parts

z2 = H ′d0 + z̃2

where

H ′ =
∑

`∈L

Np∑

k=1

k 6=`

A`Ak

×
[
1Qk,`=0[C(qk,`)r(εk,`) + C(qk,` + 1)r̃(εk,`)]

+ 1Qk,`=−1[D(qk,`)r(εk,`) + D(qk,` + 1)r̃(εk,`)]
]

and1X is equal to one ifX is right, and to zero otherwise.
The receive signal thus can be written as follows

z = z̃1 + z̃2

with
z̃1 = (H + H ′)d0. (1)

wherez̃1 contains the information about the symbol of interest
coming from the useful termz1 and the ”nuisance” term
z2, and wherẽz2 only contains the inter-symbol interference.
Therefore, when only the residual interference occurs (i.e.,
H ′d0), the termz̃2 is null.

When partial Rake receiver is used,H+H ′ may be negative
which gives rise to error detection. Notice that when full Rake
receiver is applied (which is unrealistic in practice),H + H ′

is positive, by construction, whatever the channel realization.
Indeed, in absence of inter-symbol interference, we get

z = d0 < g(t)|g(L)(t) >

and by comparing this previous equation with Eq. (1), we have
H + H ′ =< g(t)|g(L)(t) >. For full Rake receiver, asg(t) =
g(L)(t), the termH + H is equal to a squared norm and is
thus strictly positive. On the contrary, for partial Rake receiver,
g(t) is different fromg(L)(t) and we can not conclude.

To counter-act the possible negative termH +H ′, we need
to carry out a one-tap filter equalization. Therefore, in the
context of binary PAM (which is the most likely), it is enough
to multiply z by H +H ′. Then we will take the final decision
on z′ built as follows

z′ = (H + H ′)z = (H + H ′)2d0 + (H + H ′)z̃2.



We observe that, in absence of inter-symbol interference (z̃2 =
0), z′ is always in the right decision region.

For multi-level PAM,z′ may be deduced fromz by applying
a one-tap Wiener filter (for instance,z′ = Wz with W =
(H + H ′)/((H + H ′)2 + σ2) andσ2 the noise variance).

Finally Figure 1 describes the improved Rake receiver where
the dot lines corresponds to the proposed extra operations.

.
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Fig. 1. Improved Rake receiver principle

In order to carry out the standard Rake receiver, we need
to estimate the amplitude and the delay of each path belong-
ing to the setL. To compute the improved Rake receiver,
we additionally need to have the knowledge of(H + H ′).
Although (H + H ′) depends on the amplitude and delay of
all the paths, we fortunately do not have to estimate all the
components of the multipath channel. Indeed, by using Eq. (1),
we remark that stimating(H+H ′) is an easy task if a training
sequence2 is available. Consequently, the extra computational
load is negligible compared to the standard Rake receiver.

IV. SIMULATIONS

We considerTf = 50 ns,Tc = 5 ns,Nf = 3, Nc = 10, and
Tw = 1 ns. The symbol period is thus equal to150 ns. As a
2-PAM is employed, the data rate is6.6 Mbs/s. The previous
set-up is usual for the IEEE 802.13.4a standard associated
with medium data rate and long range applications. Parameters
of the Gaussian pulsew(t) are chosen such that the pulse
spectrum fits the shape of the FCC spectral mask [13]. For
practical purpose, the pulse (with unitary energy) is truncated
to durationTw = 1 ns, and thus, can be written as:

w(t) =
2
√

2

σ2
wπ

cos(2πf0(t − Tw/2))e−(t−Tw/2)2/2σ2

w × 1[0,Tw]

with σ2
w = 911 × 10−4 ns andf0 = 6.85 GHz.

The statistical channel model considered hereafter is the
conventional one established for UWB personal area network
[14], [15] with one cluster only. In [16], it has been shown
that considering one cluster instead of several clusters was
not restrictive and obviously much simpler. We remind that
the amplitudes are zero-mean random variables given byA` =
a` ·e−τ`/2γ with γ the ray decay factor, anda` = p` ·β` where
p` ∈ {−1, +1} is an equi-likely binary random sequence and
where β` is a log-normal random variable. The delaysτ`

are independent Poisson random variables with parameterλ
and as a consequence, the difference between two consecutive
delays obeys an exponential distribution with parameterλ.

2also sent for estimating the amplitude and the delay of each path belonging
to the setL

Consequentlyλ represents the path ”density”. In Appendix,
we prove thatγ (in the context of an unique cluster) is the
delay spread of the channel. As a consequenceγ refers to as
the channel ”length”.

Like [17], we compute the true average error probability at
the output of the Rake receiver. It is given byPe(a, τ, d) =
Pr{z < 0|a, τ, d} assuming that the transmitted symbold0 is
fixed and is equal to1. The average error probability denoted
P̄e is then obtained by averagingPe(a, τ, d) over all the
random variables and can be written̄Pe = Ea,τ,d∗ [Pr{z <
0|a, τ, d}] where d∗ = d/{d0}. As the noise is zero-mean
Gaussian,P̄e reduces as follows:

P̄e = Ea,τ,d∗

[
1

2
erfc

(
z1 + z2√

2 σ

)]

whereσ2 is the variance of the filtered Gaussian noise at the
output of the Rake receiver. Given a realization of the channel,
we get

σ2 =
N0

2
Nfr(0)

∑

`,`′∈L

A`A`′

whereN0/2 is the variance of the continuous-time white Gaus-
sian noisen(t) encountered in the propagation environment.

We also define the average Signal-to-Noise Ratio denoted
by Ēb/N0 where Ēb = Ea,τ,d[

∫ Nf Tf

0 y2(t)dt] stands for the
average receive energy per bit. For our channel model, we find

Ēb = Nfr(0)

Np∑

`=1

λ`(λ + 1/γ)−`.

The number of fingers of the Rake receiver is fixed toLr =
1. Similar results could be obtained with a larger number of
fingers.

At each trial, the user code and the channel realization are
changed. We average the error probability over1000 runs.

On Figures 2, 3, 4, and 5, we plot̄Pe versusĒb/N0 for the
standard and improved Rake receivers in the case of channels
CM1, CM2, CM3, and CM4 with one cluster respectively. For
exemple, in the context of CM3, the delay spread is7.9 ns,
and thus it gives rise to a lot of residual interference but to
little inter-symbol interference. We observe that the gainin
performance is substantial.

On Figure 6, we displaȳPe versusγ the so-called delay
spread for both receivers when path density remains constant
and equal toλ = 2ns−1 and whenĒb/N0 = 30dB. We remark
that the gain can be neglected when the delay spread becomes
close to the symbol period, that is to say that, when true inter-
symbol interference occurs.

On Figure 7, we displayP̄e versusλ the so-called path
density for both receivers when delay spread remains constant
and equal toγ = 5ns and whenĒb/N0 = 30dB. We remark
that the gain is almost independent of the path density.

V. CONCLUSION

In order to handle properly the residual interference, we
have introduced an improved version of the Rake receiver
with minor extra complexity in the context of PAM Time-
Hopping/Direct Sequence Impulse Radio Ultra Wide Band.
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Fig. 3. Average error probability vs. ”signal-to-noise ratio” for CM2

APPENDIX

First of all, we need to evaluate the path probability density
function.

Since we only consider one cluster, we know that the differ-
ence between two consecutive delaysτ`−1 andτ`, denoted by
t`, is a random variable satisfying an exponential distribution
t 7→ pt(t) with parameterλ. Moreover the random processt`
is independent and identically distributed. Asτ` =

∑`
k=1 tk,

we get

pτ`
(t) = pt(t) ? pt(t) ? · · · ? pt(t)

︸ ︷︷ ︸

` times

where? stands for the convolutive product and wherept is
the distribution oft. One can then easily check that

pτ`
(t) =

λ`

(` − 1)!
t`−1e−λt

1t≥0 (2)

where1t≥0 is equal to1 if t is positive and zero otherwise.
In order to determine the Mean Excess Delay and the Root

Mean Square Delay Spread [18], [19], we have to derive the
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Fig. 5. Average error probability vs. ”signal-to-noise ratio” for CM4

Power Delay ProfileP (t) defined as follows

P (t) = E[|h(t)|2]
where

h(t) =

Np∑

`=1

A`δ(t − τ`).

As A` = a`e
−τ`/2γ and asa` is independent ofτ`, we obtain

that

E[|h(t)|2] =

Np∑

`,`′=1

E[a`a`′ ]E[e−(τ`+τ`′)/2γδ(t− τ`)δ(t− τ`′)].

Since a` are independent and identically distributed (with
varianceΩ0), one can write

E[|h(t)|2] =

Np∑

`=1

Ω0E[e−τ`/γδ(t − τ`)].

Therefore

E[|h(t)|2] = Ω0

Np∑

`=1

∫

e−τ`/γδ(t − τ`)pτ`
(τ`)dτ`
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and then

E[|h(t)|2] = Ω0

Np∑

`=1

e−t/γpτ`
(t).

By using Eq. (2) and by considering thatNp is large, we
finally obtain

P (t) = Ω0λe−t/γ .

The normalized power delay profilẽP (t) such that
∫

P̃ (t)dt =
1 can be introduced as follows

P̃ (t) =
1

γ
e−t/γ .

The normalized profile can play the role of the ”probability
density” and actually exhibits the mean power located at time
t. Consequently, it is relevant to define the Mean Excess Delay
as

tm = E[t] =

∫ +∞

0

tP̃ (t)dt

when t is P̃ (t)-distributed. After straightforward algebraic
manipulations, we get

tm = γ.

Then the Root Mean Square Delay Spread (around the Mean
Excess Delay) can be defined as follows

trms =
√

E[(t − tm)2] =

√
∫ +∞

0

(t − tm)2P̃ (t)dt.

One can easily check that

trms = γ

which concludes the proof.
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