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Abstract—RAKE reception for Ultra Wideband is crucial —on the Central Limit Theorem which requires large numbers
as the radiated power is restricted to be very low and there of independent random variables. From the latest results
exist many resolvable multipath components. In this paper, the ganerated by IEEE802.15sg3 [2], the lognormal distribution is
effectiveness of RAKE reception is investigated analytically. First, . . o
the conditions under which the interference in the RAKE fingers recommen'ded to best fit the measured amP"tUde fading in a
can be ignored are discussed. Then a method is introduced to UWB multipath channel. So a time-delayed line (TDL) model
derive the explicit expression of RAKE performance for the with lognormal-distributed amplitude is adopted in this paper.
various combining methods for a lognormal fading channel.  Generally, performance evaluation of diversity reception is
Numerical results show that RAKE reception can greatly improve 4, tractable due to the complexity of the statistics. A
the performance, and equal gain combining has comparable . . . . . .
performance with maximal ratio combining. strategy is suggested in section Ill to simplify this process

so that explicit expressions of performance can be readily
|. INTRODUCTION obtained for the various combining methods such as equal

In the last few years, there has been a rapidly growirggin combining (EGC) and maximum ratio combining (MRC).
interest in Ultra Wideband (UWB) systems [1]-[4]. Combineéerformance of RAKE reception is exemplified in terms of
with spread spectrum technigues, especially time-hoppiagerage combined SNR and average symbol error probability
(TH), ultra narrow pulses< 1ns) are modulated to conveyin section IV.
information in UWB. To avoid interference against existing
wireless systems, the radiation power is restricted to be very I[l. SYSTEM DESCRIPTION
low. As RAKE reception [5] can collect multipath signals, and
there exist many resolvable multipath components in Uwf: Channel Model

channels, a RAKE receiver could potentially be very helpful |n [2], clusters and rays are used to account for the cluster
to UWB. But is it applicable and effective? phenomena in UWB propagations and double series of pa-
A RAKE receiver takes advantage of the ideal autocorrgameters are used accordingly. This model presents difficulties
lation performance of spread spectrum codes to eliminate g evaluating RAKE performance analytically due to the
interchip interference (ICI). So the finger spacing is generall)jse of random poisson process to simulate the arrival of
assumed to be equal to the chip width according to thgys and clusters and the resulted indeterminate mean power
sampling theory. In the TH-UWB case, it is impractical tQjistribution of every path. To make analysis tractable, we

make a similar assumption due to the complex propagatigfnplify it to a TDL model which can be represented by the
phenomenon and the fact that the TH chip width is ngpulse response

necessarily the reciprocal of signal’'s bandwidth. This results

in a group of random time-delays in a channel model. For such L
a model, without the careful design of TH-codes, the ICI will h(t) =Y ard(t — ) + n(t), 1)
become significant and deteriorate the performance of RAKE. =1

The conditions in which RAKE can work effectively in UWB here n(t) is AWGN with zero mean and variance?,

system.s will be r(]jizcussed inl sectiohn ”'B'f ¢ is the multipath delay, the fading amplitude is real and
Previous methods to evaluate the performance of RAKE 4 qiute value is lognormal distributed. WhetHog, ||

receiver for UWB are constrained to the experimental ONES Gaussian distributed with meany and variances, the
[1], [6] due to the absence of widely accepted fading Chamﬁobability density function (pdf) ofas| is
models, especially the amplitude distribution, which is critic

to performance analysis. Empirical distribution [2] of the 20 (201og; |ae| — ue)?
amplitude fading markedly differs from Rayleigh fading. This p(lal) m exp (— 902 ),

is possibly because UWB signals have high resolution and )
only a small number of multipath components fall within an

interval of delay resolution. In contrast, Rayleigh fading ishere| - | stands for absolute value. According to [2],is
justified directly from the complex Gaussian assumption bastded andwu, varies with ¢. This distribution is denoted by




lag| : A(ug,0?) where A stands for lognormal distribution. For TH-UWB, ideal autocorrelation is not the only nec-
The first and second moments |af;| are given by essary condition to ensure ICI to be eliminated, modulation
9 2 methods also determine the effect of cancelling ICI - a factor
Ellac|] = exp(In (10)/20 v, + (In 10)7/800 o), (3) often ignored without justification. Poorly chosen modulations
Ela?] = exp(In (10)/10 u + (In10)/200 o). (4) will cause similar decision variables to be generated by
As we will see in IlI-A, the sum of two independent |Ognor_desired symbols and non-desired modulated symbols due to
mal variables can be well approximated by another lognornf correlation operation with multipath components. When
variable. This assures that the cluster-plus-ray model propod8@ time jitter caused by modulations is smaller than the pulse
in [2] can be well approximated by the model suggested hemddth, this interference can be ellmlpatgd totally. This is based
even when overlapping of rays in different cluster happenin nthe_ fact that the multlpath resolution is generally Iarger tr_\an
The remained problem here is how to model the mean powg Width of pulse. The ordinary modulations combined with
of a,. Two methods are considered. The first one, considerifg! aréM-ary PPM, antipodal (bipolar) modulation, amplitude
a general single exponential decay, is widely used in tmodulayon and variations .01.‘ them. Among them, Orthogon_al
literature. But it does not reflect the dual exponential fadifg”™ Will lead to large decision error because of the potential

model in [2] well. This distribution can be expressed as  |Cl among modulated symbols. So it is not applicable to TH-
) UWB without further design considerations. For overlapped
Elaz] = o exp(—7¢/T), (5) PPM, the optimal modulation parameter is smaller than the

wheres, is the mean energy of the first arriving path & 0), width of a pulse since the values of the pulse’s autocorrelation

T is the path decay factor. Then can be expressed as could be negative [7]. The other modulation methods cause
) little time jitter.

ue =10/1n (10)(Ingo — 7¢/T) — In (10)/200. (6)  So in a system with TH codes having ideal autocorrelation

The second one, specific to the model in [2], uses the medipd an adequate modulation method, ICI can be reduced to a

power from the experimental data generated in [2] directly. Negligible order. At the same time, ISI can also be reduced as
long as the excess multipath delay is smaller than several sym-

B. Conditions for Clean RAKE Output bol periods. This benefits from the property of low duty cycle
A key condition in which a conventional RAKE works ef-and coincidenceautocorrelation. Furthermore, in amplitude
fectively is when ICI and intersymbol interference (ISI) can bmodulated systems especially those with bipolar modulation,
ignored. Ideal autocorrelation performance of spread spectrtim interference from 1Sl plus ICI can be smaller than that from
(SS) codes is always assumed and utilized to eliminate tthe pure ICI due to cancellation between antipodal signals.

ICI. Note that ISI can not be reduced in this way in modn a RAKE receiver withJ fingers, when ICI and ISI are
existing SS systems such as the widely used DS-CDMA. ltignorable, we could get a “clean” RAKE output and obtain
because the orthogonality of SS codes’ autocorrelation codle well-known expressions for instantaneous signal-to-noise
be destroyed by ISI unless the excess multipath delay is fatio (i-SNR)

smaller than the length of SS codes.

(371 ajg5)?

For TH-UWB, if the maximum multipath delay is as small _ B (221959 7
. . Vs P 2 J 2 ) ( )
as the frame period, IClI can be constrained to a small ers} Ejzlgj

degree through deliberate adjustment of time-related systerﬂ h iahts of . dd q
parameters due to the low duty cycle of UWB signals. Thiyhereg; are the Welg Is 0 RAKE Ingers and depend on
bining methods; is the normalized correlation of a single

rarely happens in high-speed applications. In most cases, io‘éo@-{p q | ianal i f iod dd d
autocorrelation and crosscorrelation of TH codes are requir@d se and a template signal in a frame period (and depends

to reduce ICI. on the modulation method)e; is the symbol energy of a
There is little published work on TH codes to date. Twgansmitted signal and; /oj can be regarded as the symbol

papers [3], [4], referring to the design of FH codes, discusdVR ©f the transmitted signal. _
the method based on permutation sequences. It is indicatedN @Pplication of the Cauchy inequality,

that the autocorrelation of TH codes is some kindcoinci- J J J
denceautocorrelation and equal to the number of overlapped O ajg)? <> a3 > g, (8)
positions [3], [4] (we restrict ourselves to the case of pure TH j=1 =1 j=1

ich has equality only whe; = a;, leads to the well-
own maximal ratio combining (MRC) and the i-SNR be-
cBmes

codes where no amplitude information of codes is utiIizedﬁr
It is emphasized that the maximum autocorrelation is high
related to the relationship between the chip numbers in
frame (V.) and the period of TH codesV, which is also
the number of pulses used to represent a symbol normally). E, J 9

Only when N, is not much smaller thav,, TH codes can 7s,MRC = p?g Zaj' ()
have desirable autocorrelation property. On the contrary, when =1

N; > N, designing TH codes with good autocorrelation iSupposing that the receiver knows the polarity of multipath
hardly possible. components and combine all fingers’ signals usipg= 1 -



sgr(a;), where sgfu;) is the function of getting the sign of 20—
a;. We call this equal gain combining (EGC) and the i-SNR 1o}
becomes of

J
ES —_— onte Carlo
Vs, EGC = P?(Z ‘aj‘)Q/J (10) -20 - gVAt e H
0
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Under the assumption of independence between RAKE
fingers, the statistical characteristics of i-SNR can be derived

directly now. But for more general performance criteria, such ael gi/n«tecam |
as symbol error probability (SEP), derivation will involve joint 3 ]
probabilities and/-fold integrations and have high computa- W |
tional complexity if treated in a general way [8]. Fortunately, o MRC 1
for the lognormal distribution in UWB applications, there are osp . FSC ‘ ‘ ‘ ]
simplifications that make this tractable as discussed next in 2 4 6 & 10 12 14 16 18 20

number of fingers

section IlI-A.
Fig. 1. Theu, and o2 for MRC and EGC obtained by the methods of
Ill. PERFORMANCEANALYSIS Monte Carlo, SYA and WA whereg = 0.035, o = 3.3941dB andI'=4.3.

A. Distribution of the Sum of Lognormal Variables The curves obtained by 3 methods overlap each other.

We represent the instantaneous ShNRas the product of
a scalar\ and a random variable, v, = Aa. Thena = showsu, ando, for varied J in MRC and EGC cases. The
(Z'j]:l la;|)? for EGC anda = ijl a? for MRC. curves obtained by different methods overlap totally indicating

The basic idea here is to find the pdf@fand substitute the complete agreement. The parameters involved in plotting the
joint pdf involved in performance analysis. There is a genergfaph are given in section IV.
agreement that a sum of independent lognormal random Va§i- perjyation of Explicit Expressions of Performance
ables can be well approximated by another lognormal random , . o .
variable when the spread ofin (2) is not too wide £ 30dB With the known distribution of the random factor in t_he
in our cas&) [9]-[11]. Moreover, this approximation is alsoinstantaneous SNRy, performance of RAKE can be readily
applicable to the sum of correlated lognormal variables. So tﬁgaluated. . . .
distribution of & can be treated as lognormal and representedThe mean and variance of i-SNR can be obtained by
asa : A(uy,02). Different approaches to find the parameters E[vs] = AE[q], (11)
of the 're.sultant Iognor.mal'distribution have been proposed. Varly,] = A2Vara] = )\2(E[oz2] _ (E[a])z). (12)
The Wilkinson approximation (WA) and Schwarz and Yeh
approximation (SYA) [10] are most common. The former, The SEP conditional on is given by
which is simpler, first computes the mean and variance of 1 +oo )
the sum applying the general statistical formulae, and then Pr(ela) = Q(v7s) = E/ exp(—y~/2)dy.  (13)
calculatesu,,, o, and the pdf through (3)-(4) implicitly; the 4
latter starts in an inverse order, that is, find the mean afMeraging thePr(ela) over a, we obtain the mean SEP as
variance of the variabl¢ = In(e¥* 4 ¢¥2) whereY; and Y oo
are two Gaussian variables. The obtained mean and variance of "1(¢) = Ea[Pr(ela)] = /O Q(v7s)p(a)da, (14)
Z areu,, ando,, respectively ifc = e whereZ is a Gaussian .

wherep(«) is the pdf ofa.

variable implicitly. It is generally believed that SYA can give The mean SEP can be evaluated numerically via Monte

bette_r accuracy. A simpler and more accurate algorithm fE’frarlo simulation with (14). An alternative way can be used
SYA is given in [11].

In our opinion, the substance of the arguments is how tt% arrive at an explicit expression, considered next.
. . L = (201 —Uq 20,) and exchange in (14
find a distribution to best fit the one that already largel et § = (20logy & —ua)/(v204) and exchange: in (14)

deviates from lognormal distribution. The results obtaineégIth #, yielding

from WA and SYA respectively can be compared to tell hOWPI’(e) _ RS /°° Q(\/)\lo(ﬂo—aﬁ-f-ua)/QO ) exp (—62)dp.
well the distribution of the sum fits lognormal. The smaller the VT ) o

difference, the better the fit. This is because the two methods (15)
derive their results independently while their results are only |n consideration of the weight functianp(—32), (15) can

connected by the mapping of lognormal. Whenis fixed pe pest computed numerically by Hermite-Gauss Quadrature
and small for all variables, the distribution of the sum highly; 2]

resembles lognormal and both methods work well. Fig. 1

Np
ffe) ~ % S H,,@(VA0W Bt ) (16)
n=1

INote that there are some different definitions of lognormal distribution and P
a scaling should be applied during transformations between them.



where N}, is the order of the Hermite polynomidty, (-),

z, and H,, are the zeros (abscissas) and weight factors of
Np-order Hermite polynomial, respectively. These values are
tabulated in many mathematical handbooks (e.qg., [12]). In sec-

101

. i — ElY,pd

tion IV, we show N, = 16 can generate very accurate results ° € et BN
where only16 coefficients are required in the computation. o2 - xZ[gstec]]
3 s,MRC

dB

IV. NUMERICAL EXAMPLES ok

For binary PPM, in the case of optimal modulatignjs
generally in the range dD.5, 1) depending on the pulse used.
For bipolar modulationy equals tal. For convenience, bipolar
modulation is adopted to exemplify the effects of RAKE
reception below.

For single exponential decay model, parameters are choser -t

5L

as below:
o Seteq = 1/(4wd?) to account for free space propagatiorr}ig

2 4 6 8

I I
10 12
number of fingers, L

14

16 18

where d is the distance between the transmitter angdin EGC and MRC cases whef; /o2 = 12dB, d = 1.5m.

receiver;

Instead of simulating a poisson process, interval of mul-
tipath arrival is modelled as fixed. Sef = 0.167(¢ —

1)ns to demonstrate a system in which central-frequency
equalssGHz and multipath-delay interval equéld 67ns;

I' = 4.3 ando = 3.3941dB corresponds to the ray decay
factor and standard deviation of ray lognormal fading
term of CML in [2], respectively; N

For the dual exponential fading model in [2], we use the data %
of average power profile of CMgenerated by the program in
[2]. The first arrived path is excluded due to the large deviation
between it and the succeeding paths.

Figs.2-5 demonstrate the performance based on single expo
nential decay channel. All figures show EGC has comparable
performance with MRC. This alleviates the channel estimation
problem greatly.

10

10

20

. 2. The mean and variance of i-SNR versus the number of RAKE fingers
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Fig. 2 shows how the mean and variance of i-SNR va
with J, Fig. 3 demonstrates the variation of mean SEP wi
J for fixed transmitted SNRE, /o2, and Fig. 4 depicts how
the mean SEP varies with;/02. The numerical computation
of mean SEP is based on (16) witk;, = 16. It is clear
that Hermite-Gauss quadrature generates very accurate restlitssexperimental data generated from Cetween them, the
Comparing Fig. 3 and Fig. 4, we can find that increasing thi@e marked with circles is based on the original continuous
transmitted SNRE, /o2 have much better improvement on thenodel and the other marked with triangles is based on the
SEP compared to increasing the number of RAKE fingers sampled discrete model in which the nonzero fingers are

In addition, some experiments on the parameters of thhosen. The transmitted SNR here is different for the three
channel model indicate that 1) performance slightly changeases and is not given due to the unknown gain of the channel
and performance difference between MRC and EGC slighttgodels. From Fig.6, we can see that EGC still has comparable
increases withlr increasing; 2) witl" increasing, performance performance with MRC in the first two situations, while the
is improved slowly since the mean power of paths decays matierence between them is enlarged in the discrete model.
slowly and more power can be collected; 3)withincreasing, The possible reason is that the discretization of the continuous
the mean SEP decreases rapidly. Fig. 5 shows how the SB&del causes combination/sum of adjacent paths which have
changes with the distanekbetween transmitter and receivertime duration smaller than the sampling time. During each

The mean SEP based on the dual exponential fading modedlization, the sum could happen among paths with opposite
in [2] is displayed in Fig.6 to show the relationship betweear same polarity. Then large difference could be arisen among
MRC and EGC in three situations. The lines without marldifferent realizations which makes it possible that the average
correspond to the theoretical result when applying the avergummwver profile could not correctly reflect the statistical property
power profile of CM in our analysis method. For comparisonpf the channel. This is also the cause of large fluctuation of
the marked lines represent the statistical results directly fraaaerage power profile. This implies there are limitations of our

r
%g. 3. The mean SEP obtained by (16) and Monte Carlo simulation (MC)
versus the number of fingessin EGC and MRC cases whef, /o2 = 12dB,
d=1.5m.
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Fig. 4. The mean SEP obtained by (16) and Monte Carlo simulation (M
versus transmitted SNE; /02 in EGC and MRC cases wheh = 1.5m,
J =10 and20.

SEP
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theoretical results; b)statistical results based on continuous model in [2]; ¢)
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The mean SEP in EGC and MRC cases wher= 6.4dB, a)

statistical results based on discrete model in [2].
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Fig. 5. The mean SEP obtained by (16) verdus EGC and MRC cases

when E, /o2 = 12dB, J = 30. 7]

(8]

model on modelling sampled channels.

(9]
V. CONCLUSIONS

The performance of RAKE reception for UWB is evaluateflo]
in a lognormal-fading channel. Firstly, we address that in most
cases, both the property of TH codes and modulation methqgg
determine whether ICI can be mitigated to a negligible degree.
It is emphasized that without further design, the orthogonﬁg]
PPM is not applicable to TH-UWB in the sense of possi-
bly detrimental ICI. With the “clean” output, a simple way
is suggested to derive explicit performance expressions for
various combining methods based on the fact that the sum
of lognormal variables can be well approximated by another
lognormal variable under appropriate conditions. Numerical
results indicate that RAKE reception can is very effective for
UWB, and equal gain combining has comparable performance
with maximal ratio combining.
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