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Abstract—In the context of PAM Time-Hopping/Direct Se- Il. SYSTEM MODEL
quence Impulse Radio Ultra Wide Band (IR-UWB), a residual . . .
interference occurs at the output of the Rake Receiver when Thetransml'F signal of the user of interest takes the foligvi
realistic multipath propagation channel is considered ewe if form [10], [12]:

a large guard-time interval is used. As a consequence, the

+oo
performance is limited and exhibits BER floor. In this paper, _ ) o
we explicitally explains what causes such a residual integfence. z(t) Z dif (t —iNsTy)
Secondly, we propose a simple way to modify the Rake receiver =T
in order to totally remove this residual interference. The results \yith
are illustrated by simulations that validate the proposed nethod. NeNy—1
f&y=">_ clw(t—jT.)
§=0

I. INTRODUCTION ) . . .
and whereN. is the number of chips of duratidfi., Ny is the

For several years, the Impulse Radio Ultra Wide Band (IRumber of frames of duratioi’; = N.T., w(t) is the pulse
UWB) based communication has received a lot of interegff duration7,, < 7.. The transmit %}’mbmdi belong to a
especially for short-range and medium data rate commupiaM format. The user codéc(j)}j\ﬁo 51 represents either
cation schemes (se&g., standard IEEE.15.4a). For thesgnhe so-called developed code in the context of Time-Hopping
applications, the main "signal processing” challenge is t@heme (see, e.g., [12], [9]) or the usual code on the context
design a low-complexity and low-cost terminal. of Direct Sequence scheme.

Unfortunately, the propagation channel introduces multi- For sake of simplicity, we can consider here the single user
path component, and Inter-Symbol Interference (ISI) Uguakase and the noiseless case. The transmit signal propagates
occurs at the receiver. To combat this kind of interferenoe, through a multipath channel composed by paths of mag-
can i) apply equalization-like technique carried out afteg |it,de {Ag}évfl and delay{n}évfl. The channel is assumed
standard Rake receiver (see [3], [4], [1], [2], [5]), i) MDA {5 pe known at the receiver side.
the weights of each finger of the Rake receiver (see [8)), iii) At the receiver, we consider a Rake receiver that selects any
or insert a time-guard interval at each frame (see [10],,[1Y,pseir of L, paths (withZ, < N,,). When£ contains all the
. _ _ . . paths, we get a so-callddll Rake receiver. On the contrary,

The thlrd solutllon obvpusly is the simplest one apd the mogfe only get gpartial Rake receiver. Without loss of generality,
spread in practical devices. Nevertheless, even if thedgughe receiver demodulates the symbgl In noiseless case, the

time is large enough, a residual interference may remain aghtinuous-time receive signalt) takes the following form
degrade the performance [6], [9]. Indeed, when the pattydela

is less than the pulse duration, pulses associated withathe s N
symbol can overlap and create the "residual interfereradst, y(t) = Z Agx(t —70)
called, "cross modulation interference”. =1

A lot of recent works have focused on the Inter-Symbavhich can be written as

Interference mitigation whereas the elimination of thedesl +00
interference is seldom treated. y(t) = Z d;g(t —iN¢Ty)
In this paper, we propose a slight modification of the Rake i=—o0

Receiver in order to cancel the residual interference in thgi,
context of the PAM (Time-Hopping or Direct Sequence) IR- Np
UWB ! g(t) =>_ Acf(t—70).
=1
1This paper has been partially produced as part of the NEWCG¥ N . .
work of Excellence, a project funded from the European Cossion’s 6th Then, the signal at the OUtP_Ut (_)f the Rake re_celver_' den_Oted
Framework Programme (http:/new.ismb.it). by z, corresponds to the projection of the received signal into



the space spanned by the mapping ¢(*)(t) where [1l. | MPROVED RAKE RECEIVER

The interference term, is viewed as nuisance term by the

g = ZAlf(t = 7e)- Rake receiver. Indeed, the term can be either positive or
(et negative and so may bring closer the tegnto the decision
Thereforex can be obtained as follows border. Thanks to the guard time interval, we are able to
remove the inter-frame and inter-symbol interference. it
z=<yt)|gPt) > the termz; is still non null since it also depends on the symbol
of interestdy. This remaining term disturbs the standard Rake
where < .|. > stands for the inner product defined ageceiver. Itis clear that this term provides useful infotio
< filt)|f2(t) >= [ fi(t)f2(t)dt. Consequentlyz can be about the symbol of interest. Therefore, in the sequel, we wi
expressed as follows slightly modify the Rake receiver in order to take advantafje
the remaining term. Firstly, we need to express the interfes
"Ny Ty term z, into two parts
2=y Ae/ y(t + ) f(t)dt,
Lel 0 29 = H/do + Zs

and f(t) plays the role of the signal template. One can remavkhere

that the signal at the output of any Rake receiver can be split N,
into two termsz = z; + zo where H = Z Z A Ay
teL k=1
z1 = Hd() k7t
X [1Qu.=0[Clar,e)r(ene) + Clan,e + 1)7(en,e)]
with + 10, ——1[D(qke)7(ek,e) + D(qr,e + 1)7(ck,0)]]
H = Ngr(0)Y A7,
teL
and1x is equal to one ifX is right, and to zero otherwise.
and The receive signal thus can be written as follows
Np Z2=2Z14 2o
zZ9 = AgAk
kAL
8 Z1 = (H + H')dy. 1
% (A0 [Carr(en ) + Clane + Ditere) L (s @
d—Quo—1[D(qr,e)r(eye) + Dlgie + 1)F(ere)]], wherez; contains the information about the symbol of interest
’ coming from the useful termy; and the "nuisance” term
with z2, and wherez, only contains the inter-symbol interference.
. Therefore, when only the residual interference occues, (
[ee] , - .
’I“(S) — / w(t)w(t _ S)dt, ’F(S) — ’I“(S _ Tc); H do), the te.rmZQ is null. . . .
oo When partial Rake receiver is usdd;+ H' may be negative
4 which gives rise to error detection. Notice that when fulkRa
an

receiver is applied (which is unrealistic in practicé),+ H'
1 is positive, by construction, whatever the channel retitina

q
Clq) = Z c(k)e(k —q), Dlg) = Zc(k:)c(k: —4q), Indeed, in absence of inter-symbol interference, we get
=0 z=do < g(t)|g"(t) >

a_nq _whererk — 7¢ can be decomposed, via an EUCIIdIaI?;md by comparing this previous equation with Eq. (1), we have
division, as Q,eNyTy + qreTe + ek, SUCh thatQy, = H+ H' =< g(t)|¢g'®) (t) >. For full Rake receiver, ag(t) =

L7 = 70) /Ny Ty ], qiee = L((Te = 7e) = QueNyTy)/Te ), and - c) (t), the termH + H is equal to a squared norm and is
the remamdes,.cl € [0, T¢). ] ] thus strictly positive. On the contrary, for partial Rakeawer,

_ Actually, z; is the useful S|g_nal, and, is the so-called (t) is different fromg(£)(t) and we can not conclude.
interference [10], [9]. In [9], it has been remarked thal, 1o counter-act the possible negative teFn- H’, we need
even in presence of large guard time interval, the variangg carry out a one-tap filter equalization. Therefore, in the

of the interference ternx, does not vanish. This residualegniext of binary PAM (which is the most likely), it is enough
interference is due to collision between pulses only sthiftg multiply = by H + H'. Then we will take the final decision
a delay belonging t¢—T7,, T:y]. As a consequence, the errop, ./ il as follows

probability does not tend towards zero when Signal-to-dlois
Ratio increases. Y =(H+H)2=(H+H')*dy+ (H+ H')z.

k=q



We observe that, in absence of inter-symbol interferefige-( Consequently\ represents the path "density”. In Appendix,

0), 2’ is always in the right decision region. we prove thaty (in the context of an unique cluster) is the
For multi-level PAM,z’ may be deduced fromby applying delay spread of the channel. As a consequencefers to as

a one-tap Wiener filter (for instance, = Wz with W = the channel "length”.

(H+ H')/((H+ H')? + 0?) ando? the noise variance). Like [17], we compute the true average error probability at

Finally Figure 1 describes the improved Rake receiver whetfee output of the Rake receiver. It is given By (a,7,d) =
the dot lines corresponds to the proposed extra operationsPr{z < 0|a, 7,d} assuming that the transmitted symhiglis
fixed and is equal ta. The average error probability denoted

) . I d P. is then obtained by averaging.(a,,d) over all the
L raﬁ;arr:edcfiser 0 -+ 0 random variables and can be writtdh = E, , 4-[Pr{z <
: Ola,T,d}] whered* = d/{do}. As the noise is zero-mean
) H+H’ 777777 Gaussian P, reduces as follows:
estimation Py = Burar Ferfe (21 + 22 )}
2 V2o

Fig. 1. Improved Rake receiver principle wheres? is the variance of the filtered Gaussian noise at the

output of the Rake receiver. Given a realization of the clegnn
In order to carry out the standard Rake receiver, we nedg get
_to estimate the amplitude and the (_jelay of each path b_elong- o2 = &NfT(O) Z AgAy
ing to the set{. To compute the improved Rake receiver, 2 ter

3l !/
VAVI(:thdEIOzaLI_y ;,e)egetoe:?;%;h;ekgomwlﬁ?u%ee(fn;r dbélgl 0\%\/hereN0 /2 is the variance of the continuous-time white Gaus-
gh ( P P Y Oian noisen(t) encountered in the propagation environment.

all the paths, we fortunately do not have to estimate all the
components of the multipath channel. Indeed, by using Bq. (
we remark that stimating/f + H') is an easy task if a training
sequencé is available. Consequently, the extra computation
load is negligible compared to the standard Rake receiver.

We also define the average Sljgnal-to-Noise Ratio denoted
%y Ey/No where B, = E, 4] ONf 7 y2(t)dt] stands for the
g}/erage receive energy per bit. For our channel model, we find

NP
By = Npr(0) > N (A +1/9)7"

V. SIMULATIONS —

We considefl’y = 50 ns,T. = 5 ns,Ny = 3, N. = 10, and The number of fingers of the Rake receiver is fixed.to=
T, = 1 ns. The symbol period is thus equal 160 ns. As a 1. Similar results could be obtained with a larger number of
2-PAM is employed, the data rate Gs6 Mbs/s. The previous fingers.
set-up is usual for the IEEE 802.13.4a standard associated\t each trial, the user code and the channel realization are
with medium data rate and long range applications. Parametehanged. We average the error probability o100 runs.
of the Gaussian pulse(t) are chosen such that the pulse On Figures 2, 3, 4, and 5, we plét versusk; /N, for the
spectrum fits the shape of the FCC spectral mask [13]. R¥andard and improved Rake receivers in the case of channels
practical purpose, the pulse (with unitary energy) is tatad CM1, CM2, CM3, and CM4 with one cluster respectively. For

to durationT,, = 1 ns, and thus, can be written as: exemple, in the context of CM3, the delay spread.i ns,
9./2 L a_md t_hus it gives (ise to a lot of residual interference _b_ut to

w(t) = Q_COS(Qﬂ-fO(ﬁ _ Tw/g))ef(thwN) /200 « 1,7, little inter-symbol interference. We observe that the gain
Tw™ performance is substantial.

with 02, = 911 x 10~* ns andf, = 6.85 GHz. On Figure 6, we displayP. versusy the so-called delay

The statistical channel model considered hereafter is theread for both receivers when path density remains cdnstan
conventional one established for UWB personal area netwdtRd equal to\ = 2ns™' and whenf;, /Ny = 30dB. We remark
[14], [15] with one cluster only. In [16], it has been showrthat the gain can be neglected when the delay spread becomes
that considering one cluster instead of several clusters wdose to the symbol period, that is to say that, when true-inte
not restrictive and obviously much simpler. We remind thgymbol interference occurs.
the amplitudes are zero-mean random variables giveAy ~ On Figure 7, we display”, versusA the so-called path
ag-e~ /27 with ~ the ray decay factor, angy = p, - 3, where density for both receivers when_delay spread remains cansta
pe € {—1,+1} is an equi-likely binary random sequence anand equal toy = 5ns and whenk, /Ny = 30dB. We remark
where 3, is a log-normal random variable. The delays that the gain is almost independent of the path density.
are independent Poisson random variables with parameter V. CONCLUSION
and as a consequence, the difference between two congecuti

Mn order to handle properly the residual interference, we
delays obeys an exponential distribution with parameter broperly ’

have introduced an improved version of the Rake receiver
2also sent for estimating the amplitude and the delay of eatt lpelonging with mlnor_ extra compIeX|ty in the Cor_]teXt of PAM Time-
to the set Hopping/Direct Sequence Impulse Radio Ultra Wide Band.



CM1 channel model CM3 channel model
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Fig. 2. Average error probability vs. "signal-to-noiseioatfor CM1 Fig. 4. Average error probability vs. "signal-to-noiseioatfor CM3

CM2 channel model CM4 channel model
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Fig. 3. Average error probability vs. "signal-to-noiseioatfor CM2 Fig. 5. Average error probability vs. "signal-to-noiseioatfor CM4
Power Delay ProfileP(t) defined as follows
APPENDIX

P(t)=E 2
First of all, we need to evaluate the path probability densit ®) @)

function. where v
Since we only consider one cluster, we know that the differ- -

. ' h(t) = Aot —10).

ence between two consecutive delays; andr,, denoted by (t) ; 00t =)

ty, is a random variable satisfying an exponential distrimuti )2 o i
t +— pi(t) with parameten. Moreover the random procegs AS A¢ = ace™™/=" and asa, is independent of,, we obtain
is independent and identically distributed. As= Zizl t,, that
we get 2 o (Te+7¢)/2
— , —\Te+ Ty Y _ . , .
o () = pult) % pe(t) % -+ % pu(t) E[|h()]?] E;F[ame |E[e S(t—10)8(t —1p)]

¢ times Since a, are independent and identically distributed (with
where x stands for the convolutive product and whereis variance(),), one can write
the distribution oft. One can then easily check that

NP
R E[h(#)*] =Y QoE[e ™/ 6(t — 7).
pr,(t) = e M0 2) =1
(£—1)!
Therefore
wherel,> is equal tol if ¢ is positive and zero otherwise. N,
In order to determine the Mean Excess Delay and the Root  g[|p(4)12] = Z/e—re/v(g(t — 70)py, (T¢)dTe
Mean Square Delay Spread [18], [19], we have to derive the -



Error probabilty versus gamma with Eb/NO=30dB Then the Root Mean Square Delay Spread (around the Mean
Sandard Rake 1 Excess Delay) can be defined as follows

+o0 N
trms = VE[(t — tm)2] = \/ /0 (t — tw)2P(t)dt.

One can easily check that

0.1

Pe

ot trms =7

L+

001 which concludes the proof.
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when t is P(t)-distributed. After straightforward algebraic
manipulations, we get

tm = 7.



