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Abstract—In this paper, we propose two novel pre—equalization ment seem to be more suitable for pre-Rake UWB systems.
schemes for multiple-input single—output (MISO) direct-sequence QOne option in this regard is to decrease the data rate (€., i
”'t[ja‘w'dbet:agd (DsgulvgBt) StYSte'T‘I_ﬁ "]‘!.'tht pre‘Rakel. C(;.mb'pl'tng crease the chip or/and symbol duration), which effectiwkdy
and symbol-by—symbol detection. The first pre—equalization filter . . .

(PEF) scheme employs one PEF per transmit antenna, whereasC'€aS€S the reS|dua_I |r_1tersymbol mterferenpe (ISI) atréhe

in the second, simplified PEF (S—PEF) scheme all transmit an- ceiver [8]. .Hov_vever, it high data rates are deSIred,. som® foir
tennas share the same PEF. For both schemes, the optimum fi-pre—equalization has to be applied at the transmitter. JIthi®
nite impulse response (FIR) and infinite impulse response (lIR) pre—Rake filter is replaced by a pre—filter which minimizes th
PEFs are calculated based on the minimum mean squared eror acidual IS| at the receiver based on the minimum mean sduare

(MMSE) criterion. Our approach is sufficiently general to include o . . . L
also complexity—reduced versions of pre—Rake combining that em- €1OF (MMSE) criterion. Since this MMSE pre-filter is imple-

ploy a limited number of Rake fingers. We show that under certain Mented at the chip level, depending on the underlying cHanne
conditions the S—-PEF scheme achieves the same performance agelatively long filters may be necessary, in order to achieve
the more complex PEF scheme. Moreover, our simulation results good performance. This entails a high complexity, since the
show that the proposed PEF schemes achieve significant perfor-qmpytation of the filter coefficients requires the invensié a
mance gains over pure pre—Rake combining without equalization, trix of si o the filter | th
even if only short PEFs are employed. matrix of size equal to the filter iengtn. o
In this paper, we propose a novel pre—equalization filter
|. INTRODUCTION (PEF) scheme for MISO direct—sequence (DS) UWB systems,

N recent years, ultra—wideband (UWB) signaling hﬁich consists of a bank of pre—Rake filters and a bank of PEFs.

emerged as a promising solution to high-rate short-rang@ike [9], we retain the pre-Rake filters, as they efficigntl
wireless personal area networks. Due to their extremegela o[ten Ithe lor\]/eraILCIRs, andlymp_lementélhe PEth atbthe Sym-
bandwidths, UWB systems can resolve even dense multith evel. Although pre-equalization problems have been ex

components, such that Rake combining can be used at the!¢8Sively studied in the literature, e.g. [10], existinguis can-
ceiver to significantly reduce the negative effects of fgdim 1Ot Pe easily adopted for the problem at hand, due to the pres-

the received signal [1]. However, for many UWB application&C€ of the pre—Rake filter, the imposed simple receiver pro-

the receiver is a portable device with severely limited algnC€SSing, and the spreading applied in DS-UWB. Consequently,

processing capabilities, rendering Rake combiners withffi s in this paper, we derive the optimum finite impulse response
ciently large number of fingers very challenging.

(FIR) and infinite impulse response (IIR) MMSE PEFs and an-
A promising approach to overcome this problem is to mowyZ€ the performance of the resulting system. Furthermeze
computational complexity from the receiver to the more pewe?!SC Study a simplified PEF (S-PEF) scheme, where the bank of
ful transmitter (e.g. an access point). For this purposectm- FEFS is replaced by a single PEF that is shared by all antennas
cept of pre—Rake combining (also referred to as time—raver®Ur approach is sufficiently general to include also comipfex
transmission) was borrowed from other areas, such as tinj§duced versions of pre-Rake combining that employ a lanite
division duplex code—division multiple access (TDD-CDMARUMDer of Rake fingers. We demonstrate that, under certain
systems [2] and underwater acoustic communication [3], aRgnditions, the S-PEF scheme can achieve the same perfor-
was modified for UWB applications, e.g. [4]-[8]. Pre—Rakgance as the more complex PEF scheme. Our simulation re-
combining exploits the reciprocity of the UWB channel, whicRUItS confirm that the proposed PEF schemes achieve signif-
was recently experimentally confirmed in [7]. Ideally, witte— icant perf_ormance gains over pure pre—Rake structures with
Rake combining channel estimation, diversity combiningg a Out equalization, and that the performance of IIR PEFs can be
equalization are avoided at the receiver, and a simple symb6'0S€ly approached by relatively short FIR PEFs. ,
by—symbol detector can be used [8]. In addition, it has beenPaper organizationin Section Il, we present the conS|der_ed
recently shown that pre—Rake combining also performs well §YSteém and channel model. The proposed PEF scheme is op-
the presence of multiple users [5], and an extension to piesti timized and analyzed in Section Ill, and the S—PEF scheme is
input single—output (MISO) scenarios was proposed in [A], [ mvestlgated in Sec_t|on IV. In Section \Z simulation resudte
Despite all of these desirable properties, pre—Rake combifovided, and Section VI concludes this paper. o
ing has a serious drawback. In particular, for the long chan-Notation: £{-}, [, (-)*, []", anddiag{-} denote statisti-
nel impulse responses (CIRs), which are typical for UWB a2l expectation, transposition, complex conjugation nkigan
plications, it may entail a relatively high error floor, ifnsi transposition, and a (block) diagonal matrix, respedfivel,
ple symbol-by—symbol detection is applied at the receier. €», %{ -}, andx stand for theX—dimensional all-zeros column
remedy this problem, receiver—side equalization [4] anst-po Vector, the unit vector v_vhose elements are all zero except fo
Rake combining [6] have been proposed. However, these tel nth element which is equal to 1, the real part of a com-
niques increase the receiver complexity and thus compeomidex number, and linear convolution, respectively. Furthere,
to some extend the advantages of pre—Rake combining. Thepés) = —— [~ e /2qat, 6(-), and X (e7%) & F{z[k]} =
fore, transmitter—side approaches for performance inearO\ZZo:_oo 2[k]e~7** denote the Gaussiap—function, the Dirac
*This work was partly supported by a postdoctoral fellowshom the German delta fu_nctlon, and the discrete—time Fourier tranSform[bT-
Academic Exchange Service (DAAD). respectlvely.



Il. SYSTEM AND CHANNEL MODEL vi[n] 1 [F] zo[k]
We consider a MISO DS-UWB system willi transmit anten- ‘ & ‘ 2l ‘ i }—l
- - - @_>

nas, symbol duratioff;, and chip duratio. = T, /N, where A

N is the spreading factor. A block diagram of the discreteetim " vmn] . sulk] =

model of this system is shown in Fig. 1. We note that our result {1, ()3t} e[t =] gas 11— as [k»]}—T

could be extended to multiple receive antennas in a stifaight

ward fashion. However, for the sake of clarity and since a sim .

ple receiver structure is desired, we assume that only desing aln—n Qe . 1| ylE]

receive antenna is available. For convenience, all sigaads ol

systems are represented by their complex baseband eqiszale
Transmitter structureAt antennan, 1 < m < M, the trans-

mitted independent and identically distributed (i.i.datalsym- Fig. 1. Block diagram of a MISO DS—UWB system willf transmit antennas,

bolsa[n] € {£1} are filtered with a PEF,,,[n] of lengthL;, ~pre-Rake combining, and pre—equalization.

and the filter output signal,, [n] £ f,,.[n] * a[n] is up—sampled

by a factor of V. The up-sampled signal is then filtered witfj2) are specified. The resulting four channel models (CMs) ar
a (real-valued) spreading sequenfd, 0 < k < N, and with known as CM1 — CM4 and represent different usage scenarios
a pre-Rake filtew,,,[k] of length L,. For convenience, the (associated with different amounts of ISI).

spreading sequence is normalizedﬁ}jfz’o1 lc[k]|> = 1. The Receiver structureThe received signgj[] is filtered with

e}

resulting transmit symbal,,, [k] is given by the time—reversed spreading sequetide—1—k],0 < k < N,
o and is then sampled at timés= Nn + ko, where0 < kg < N
smlk] = Z U [i]Gm [k — iN], (1) denotes the sampling phase. The resulting received sigjnal

P can be expressed as

M 00
where §,,[k] £ c[k] * gm[k] includes the combined effects _ _
of the pre[—]Rake E‘iller an([j ]spreading. We note that the con- rin] = Z Z am[NU+ kolom[n = 1]+ z[n], ()
sidered transmitter structure is very general, since weato n a - - A
impose any restrictions on[k] and g,.[k]. If a spreading Where gm[k] = gm[k] * hin[k], hm[k] = o [K] [N —1—K],
sequence is not applied, e.g. [4], [9], we haye] = 1 and denotes the overall CIR, ang[n] = >"1 " c[i]2[N(n—1) +
c[k] =0, 1 <k < N. In general,g,[k], 1 <m < M, will ko+i+ 1] the symbol-level noise, while.[k] denotes the
depend in some way on the CIR,[k], which has length chip—level additive white Gaussian noise (AWGN) with vari-
Ly. For example, an all-pre-Rake (A-pre-Rake or timanceo? = &£{|z.[k]|?}. Consequentlyz,[n] is also AWGN
reversal) filterg,,, (k] = 7, [Ly—k—1],0 <k < L, (Ly=Ly,) with varianceo? £ £{|z,[n]|?} = o2. The sampling phask,
may be adopted, or a selective pre-Rake (S—pre—Rake) filierpptimized to maximize the enerdy’,” __ [gm [N + ko) |?
with g., k] £ h¥,[L,—k—1] for the S largest coefficients of of the overall CIR. The optimum value fdf, depends orL,
hum[k] @nd g, [k] 2 0 otherwise (, < L,). Due to the reci- and L. Since the goal of the proposed UWB system design
procity of UWB channels [7]/..,[k] can be estimated at theiS to minimize the receiver complexity|r] is only multiplied
transmitter, thus relieving the receiver from any chanrséi e With a constant gain, before a decision is made according to
mation tasks. p — g .

Channel model: The equivalent baseband discrete—time aln = no] = sign {Rar(nl}}, @
CIRS hy[k] 2 gr(t) * hy(t) * gr(t)|er., 1 <m < M, con- whe_r(_ad[n—no] is the estimate_fon[n—no], ngo denotes the
tain the combined effects of the transmit filtg(¢), the decision delay, ansign {z} = 1if 2 > 0 andsign {z} = -1
continuous—time CIR.,, (), and the receive filteg(t). For Otherwise. As typical for equalization problems, the decis
convenience and practical relevance, we use in this pager éi¢layn, has to be optimized, if causal prefilters are desired.
parameters from the IEEE 802.15.3a standardization sffort As will be seen in Section lll can be chosen as> 0 without
particular, a chip duration 6f, = 0.76 ns is adopted, and bothloss of generality, i.e., the multiplication wifa in (4) is not
gr(t) andgr(t) are square—root raised—cosine filters with rollnecessary and does not have to be implemented at the receiver
off factor 0.3 [11]. Furthermore, for the wireless channel wHowever,« simplifies the optimization of the PER,[n] and
adopt the recently proposed extension of the IEEE 802.158ay thus be thought of as an auxiliary variable.
channel model [12] to multiple antennas [13]. Consequently
the passband versiot, (¢) of the baseband CIR,, (t) con- [1l. PEF OPTIMIZATION AND PERFORMANCEANALYSIS
sists ofL.. clusters ofL,. rays and is modeled as Throughout this paper we focus on a single-user scenario. In

L. L. the sequel, we adopt the MMSE criterion for optimizationtf t
/ _ _ _ PEFsf,,[n] anda. In particular, our design goal is to minimize
Fin(8) = X Zzak’l’mé(t Tim = Tetm), - (2) the error variance

m=1l=—o0

=1 k=1
whereT ,, is the delay of thdth cluster, 7, ,, is the delay o2 & &{la[n—no] — ar[n]|?}, (5)
of the kth ray of thelth cluster,ay ., is the corresponding
random multipath gain coefficient, ard,, models lognormal
shadowing. Measurements reported in [13] have confirmed t
while 1; ,,,, 7k,1,m, anday; ,, are independent across anten- N(n+1)—1 M
nas, the lognormal term&,,, are mutually correlated. In [12] pa Z Z Ellsmlk]]?} = 1, V. (6)
four parameter sets for the various channel model parasieter Pl

while limiting the powerP of the transmitted signals over one
ﬁgmbol interval, i.e.,

m=1



In the following subsections, we will derive the optimum FIRB. IIR Pre—Equalization Filters
and IIR PEFs based on (5), (6) and analyze their performancgg customary for IIR filter optimization, we drop the
causality constraint and sety = 0. Furthermore, we

A. FIR Pre-Equalization Filters define F(e/*)2[F(e?*) ... Fy(e?))? as the vector of
For FIR PEF optimization, it is convenient to first rewrit¢ 8 | |R PEF frequency responses, whekg, (e/«) 2 F{ f,.[n]},
M and Q(¢7“) 2 [Q1(e7*) ... Qu(e7*)]T as the vector of the
r[n]= Z (mem)Ha[nst [n] = (Qf)Ha[nst [n], (7) Fourier transforms of the sampled overall CIRS[Nn+ ko],
m=1 1<m< M, ie, Qu(e’) = F{gn[Nn + ko]}. Note that

Qm(e’*) is related to the Fourier transform@,,(e’*) £

S . T A 1T 1T
‘}"heie[?[’%]— [“[J?}] 0 a[ﬁ]HLtc‘g 1] o f _gl]“ér{:j % * Flagm]k+ko]} of the (time-shifted) overall CIR itself via [14]
m = UmJ] - Jmlbf— o =l - W) m

denotes anL;xL; column—circulant matrix with vector i 1 = i(w—2mk)/N

(o] dm[N+ko] - qm[N(Lg—1) + ko] OF,_,]¥ as first Qm(e™) =5 D Qmle )- (14)
k=

column. Here,L, £ L,+L;—1 is the length of the impulse ’

response of the overall system (including the PEFs), wh

N—-1

evlkgth these definitions, the error variance (8) can be resanitts

L, = [(Ly+Lp+2N —3)/N] is the length of the sampled 2 2 2
overall CIRq,,, [Nn + ko). Applying (7) in (5) yields Te L+ laffoc (15)
1 jw jw * jw jw
o2 =1+ aPo? — afflg—a'q"f + 02F1QUQS, )  — 3= | [oF"(@)QE) +a" Q" () F ()
whereg £ Q" e,,,. Furthermore, it can be shown that the aver- o Ho oiw N~ ¢ i "
age transmit poweP in (6) can be expressed as — aPF7(*)Q(e7)Q" (™) F (¢! )} dw.
p=flaf, (9  similarly, using the definition®(e’~) 2 diag{®;(e/),

where® 2 diag{®,, ..., &/} isanML;x MLy block di- P2(¢7*), ..., Par(e’)}, where @y, (/) = F{in [Nn]},
agonal matrix consisting of symmetric Toeplitz matricks, the average transmit power in (9) can be expressed as
with vector[¢,, [0] ¢m[—N] ... @m[—N(L;—1)]] in the first 1 7

row, whilep,,,[k] £ §,.[k]*g:,[—k]. Combining (8) and (9), we P=_— /FH(ej“)Q(ej‘“)F(ej“)dw. (16)
obtain the Lagrange problef( f, o) £ 02+ \(P —1), where) Qﬂ_ﬁ

denotes the Lagrange multiplier. Differentiatindf, «) with , ,

respect tof* anda* and setting the resulting gradients to zert/ note that the Fourier transfordn,, (/) of the sampled se-

leads to the optimum solution quencep,,[INn] is related to the Fourier transforﬁn(gJ'W) £
F{oml[k]} of the sequencep,,[k] itself by ®,,(e/*) =
1 H 2:\"! 1 \~N-1g i(w—2mk) /N
Fope = — (Q Q+gc<1>> a, (10) %0y Bp(e? ) [14]. Based on (15) and (16) we
opt can now formulate a similar Lagrange problem as in the FIR

) ) case. Furthermore, employing the matrix inversion lemns§ [1
Qopt = \/qH<QHQ+cr§'I>) @(QHQ+U§'I>) q. we finally obtain the following optimal solution for thesth
component off'(e/¢):
Using (10) in (8) leads to the minimum error variance

1 Fopt(ejw) _ 1 4 Qm(ejw) i (17)
i =1-4" (Q7Q+02@) q (11) Aopt P (e7)(0F + X (e72))
Noting that the received signal can be expressed as 1 7 X (edw)
. o Qopt = % m dw,
r[n] = fqaln—no] + 7 Q" an,[n] + zs[n, (12) e e
M w0
wherea,, [n] is identical toa[n] except thatitsigth component  y(ciw) — Q (¢7%)d ! (%) Q(e7) — 3 |@rm (e )|2.
is zero, we can find the following expression for the effextiv — D, (eIv)
signal-to-noise ratio (SNR) at the receiver: The corresponding minimum error variance can be obtained
H 2 from (15) as
SNR = —p—r f q‘H = —— 1. (13 , 1 A 18
f Q Q.f— |f q‘2+02 O ¢ min Oe,min — % ag—i-X(ej‘*’) w- ( )

—T

For calculation off ,;, an M Ly x M Ly matrix has to be in-

verted, which is computationally expensive for lafge There- The effective SNR at the receiver is obtained based on (33), b
fore, from a complexity point of view, short FIR filters arestte  ysing (18) instead of (11) for the error variancg, ...
able. On the other hand, the performance of the proposed pre— ”

equalization scheme improves with increasing Therefore, o n

we are interested in finding the minimum value lof which C. Optimality of A-Pre-Rake Combining

achieves close—to—optimum performance. In this contbe, tit is well known that the performance of pre—-Rake (and post—
optimum IR solution is useful, since it allows us to establi Rake) schemes does not necessarily improve when the number
the ultimate performance limit of the proposed PEF scheme.of Rake fingers is increased, cf. e.g. [16]. The reason fer thi



g1[K] s1[k] in (17) and (18) Q.. (e’), ®,,(¢’*), and X(e’*) by
: Qer(€79) 2 S0, Qum(e7%), Degr(ed®) 2 S0 @, (%),
and X g (e7%) = | Qe (679)]? / Per (e7), respectively.
sa k]

Fig. 2. Block diagram of a MISO DS-UWB system wittf transmit antennas, B'_ Co.mparlson
pre—Rake combining, and simplified pre—equalization. Itis of interest to compare the performances of the abovES-P

transmitter structure and the more complex PEF structige di
o ) . cussed in Section IlI (cf. Fig. 1). To this end, we focus on the
behavior is that while more energy can be collected by irsreqR case and note that based on the complex versiordtdét's

ing the number of fingers, the amount of residual ISI may alggequality [17] we can establish the following inequality:
increase. A similar effect can be observed, if the pre—Réke fi

ter is enhanced with short FIR PEFs. However, we will show M /2 , o\ 1/2 M
in the following that the A—pre—Rake (or time—reversalgfiiis Z 1, |2 Z Gm > Z A (20)
indeed optimum, if the PEFs are sufficiently long. = = 1 bm =
For this purpose, we focus on the IIR case and use (14) and
the corresponding definition df,, (/) to rewrite X (e/*) as  for any a,,,b,, €C. Substituting a,, :=Q,,(e’*) and
u ' b =1/ P, (e3%), squaring both sides of (20), and dividing
X)) =+ ¥ —my NBm(€]”> . (19) themsubsequently by, @,,(e7) leads to
N = Y kmo |Gm(ed=2mk)/N )2 2
| o | S0 Q)| Ao e

with Bm(ejw) A ‘ ZkN:_Ol Gm(ej(w727rk)/N)6](w727rk)ko/NX - 1 ' < Z w . (21)
H,,(e2@=2m)/N) 12 where we have used th&,(e’*) = St Pn(e7) T 2 Pml(e)
eIk G (e79) Hpn (€79), and @,,(e7%) = |G (e7¥)|?. Us- =Xt (e7%) =X (ed)

ing the Cauchy-Schwarz inequality [15], it can be shown

that X (/) is maximized if G, (e/*) = e=3«ko [* (¢7«), Therefore, sinceX (/) and X.q(e’~) appear in the denomi-
which corresponds to an A—pre—Rake filter for each branohtors of the respective error variances, the S—-PEF schame c
m, 1<m < M. Therefore, the A-pre—Rake filter min-never outperform the PEF scheme. This is not surprisingesin
imizes the error variances? . and is optimum, if the S-PEF structure may be viewed as a special case of the PEF
IR PEFs are employed. In particular, for an A-prestructure in Fig. 1 withfi[n] = --- = fas[n], 0 < n < Ly. For

Rake filter we obtain X (/%) = Zn]\f:ﬂ/}m(ej”), where the special case of an A—pre—Rake filtEgg (e7*) simplifies to

U (e79) 2 LSV H,y, (670 =2T/NY 2 ncreasing the | M-
spreading factorV improves performance by decreasing the joy_ L 77 j(w—2mk)/NY|2 _ jw
effective spectral fluctuation for a given, i.e., v, (e’*) be- Xomr(e”) = N Z Z [ Hom (e JI=X(e7), (22)
comes smoother over, which has a positive effect ot . ,
cf. (18). i.e., in this case the S—-PEF and the PEF scheme are equivalent
This equivalence for IIR PEFs and A—pre—Rake filters implies
that the S—PEF scheme should perform close to the optimum, as
IV. SIMPLIFIED PEF SRUCTURE long as a sufficiently long FIR PEF and a good approximation
In this section, we consider a simplified PEF (S-PEF) strugf the A—pre—Rake filter (e.g., an S—pre—Rake filter with a suf
ture, in which only a single PEF = [f[0] ... f[L;—1]]Tis ficient number of fingers) are employed. Thus, in this case the
employed jointly for all}M transmit antennas, see Fig. 2. Thignore complex structure in Fig. 1 can be avoided. On the other
leads to a significant reduction in transmitter complexity. hand, if a suboptimum pre—Rake filter with very few fingers
and/or short FIR PEFs are used, the PEF structure in Fig. 1 is

A. Filter Optimization preferable and will lead to a better performance than the&es—P
' structure.

As far as filter optimization is concerned, the S—PEF struc-
ture leads to an equivalent single—input single—outpus(5l

channel model with an effective overall CiRg[Nn + ko] = V. SIMULATION AND NUMERICAL RESULTS

ETI\gzl am[Nn+ko]. In the FIR case, the transmit power cain this section, we present computer simulation and nurakric
thus be expressed @= £ g f, where®,; 2 ZM & results for the.proposed PEF schemes for MISO DS—UWB sys-
Consequently, utilizing the t;esdlts in Sefction Ilﬁil W’g_'obtems. In particular, we sh_ow r(_asults for the effective S-NR at
tain the optirﬁum FIR PEFf, . based on (10) by,replac-the receiver and the resultmg bit error rate (BER). In thie-c
) opt N text, we consider the practically most relevant cased/of 1
ing Q by Q 4, ® by ®err, andg by g4 = Q. r€ny, Where andas =2 transmit antennas and adopt the channel model and
Qefféz%:l Q,,- Along the same lines, the correspondingystem parameters discussed in Section Il. In particular, w
minimum error variance is obtained based on (11) by repgacifocus on the CM1 and CM4 channel models, since they have
g, Q,and® by q.g, Q. .4, aNd P, respectively. the smallest and the largest average delay spread of the four
Similarly, in the IIR case we obtain the frequency rechannel models, respectively. For the cdde-2, we assume
sponse of the optimum IIR PEFF,.(¢?“), and the that the lognormal term&,,, m € {1, 2}, are correlated with
corresponding minimum error variance, by replacing correlation coefficient = 0.86 [13].

—

m=1k=0
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Fig. 3. Average effective SNR v&. for the PEF scheme, the S—PEF scheme, )
and the MMSE-Rake scheme [9] (UWB channel models CM1 and CM4, A&ig. 4.  Average effective SNR vd. ; for the PEF scheme and the S-PEF
pre-Rake filtersp =2, N =6, andE}, /Ny = 15 dB). scheme (UWB channel model CM4, S—pre—Rake filters with diffenembers

S of Rake fingersM =2, N =6, andE, /Ng = 15 dB).

A. Effective SNR at the Receiver differences between the PEF scheme and the S—PEF scheme for
Fig. 3 shows the average effective SNR vs. FIR PEF length=32, 16, and8 are 0.25dB, 0.62 dB, and 1.2 dB, respectively.
Ly for the PEF scheme and the S-PEF scheme, respectively,
for A—pre—Rake combining, UWB channel models CM1 a .
CM4, M =2 transmit antennas, spreading facf$r=6, and ng Bit-Error-Rate Results
Ey/No = 1/02 = 15 dB, whereE, and N, denote the aver- Next, we present simulation and numerical results for th& BE
age energy per bit and the single—sided power spectral defithe PEF scheme and the S—PEF scheme, where the UWB
sity of the underlying passband AWGN process, respectiveppannel model CM4 is assumed for all results shown in this
The numerical results for the average effective SNR were dgigction. All simulation results presented in the sequekvedr
tained by averaging (13) over 100 channel realizations|ewhtained by averaging over 100 channel realizations. Figowsh
o? ., was calculated based on the analytical expressions (sipulated BER results for the PEF scheme and the S-PEF
and (18). Fig. 3 shows that ds; increases, the FIR PEF fil- scheme with FIR PEFs of lengtlis =5, 10, and 20, as well as
ters quickly approach the performance of IIR PEF filtersi¢gsolnumerical results for the same schemes with IR PE#s2,
lines). Since the average delay spread for CM1 is consitieray =6, A-pre—Rake combining). The numerical results for the
smaller than for CM4, this convergence is much faster for CMIR case were obtained based on a Gaussian approximation of
than for CM4. We also note that while the PEF scheme achiewbe BER, by utilizing (13) and (18):
a higher SNR than the S—PEF scheme for short FIR PEFs, both
schemes achieve the same performance for long FIR and IIR fil- )
ters, cf. Section IV-B. For comparison, we have also incilide Pe=Q|4/2 (1/Ue,min - 1) (23)
Fig. 3 the results for the MMSE—Rake scheme proposed in [9].
e S Aieves e AP comparson, we aso show simulaton reuls for the
ever, since the filters in the MMSE—Rake scheme operate at Pr%]%e I_A—tpre—Rake Il(or ':lr:ne—reversal) d'schemte thljtk;i(})ILthr pre—
chip level, the convergence to the optimum IIR performalssceﬁq acliza ion, as well as the corresponding matched-filté)(
much slower than for the PEF/ S—-PEF scheme. For example,%Mn
an SNR of 14 dB is desired for CM4, the PEF scheme and the Penr = @Q (v QSNRMF) ) (24)
MMSE-Rake scheme require filter lengths of 18 and 325, re- -
spectively. The computation of the long filters requiredtfer where SNRyp = % S S oo R [K]]2, which consti-
MMSE-Rake scheme may be very difficult in practice, even iftates an ultimate performance limit for any practical eipzal
recursive (e.g. steepest descent) or an adaptive (e.g-fe@an tion scheme [18]. As can be observed from Fig. 5, both the
square) algorithm is used to avoid direct matrix inversion. PEF scheme and S—PEF scheme significantly lower the high

In Fig. 4, the performance of the PEF scheme and the S—PBER floor of the pure A—pre—Rake scheme. The performance
scheme in conjunction with S—pre—Rake combining using difap between the PEF scheme and the S—-PEF scheme decreases
ferent numbersS of Rake fingers is investigated, for UWBas L increases and disappears fof — oo, as expected from
channel model CM4M =2, N=6, andE;, /Ny = 15 dB. As the discussion in Section IV-B. We note that even for IIR PEFs
predicted in Section IV-B, with S—pre—Rake combining thé&-PEBhere remains a 1-dB gap to the MF bound. However, to fur-
scheme outperforms the S—-PEF scheme even for [IR PEFs, Hrat narrow this gap, some form of non—linear processingeat t
the performance gap between both schemes increases agr#msmitter would be required, which would (further) irecse
number of fingers decreases. For example, the asymptotic SdRnplexity.
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Fig. 5. BERvs.Ey/Ng for the PEF scheme, the S-PEF scheme, and the pgig 6. BER vs.E, /N, for the PEF scheme and the pure S-pre-Rake scheme

A-pre-Rake scheme (UWB channel model CM4, A—pre—Rake filféis; 2, jwB channel model CM4, S—pre—Rake filters wih= 16 Rake fingers
N =6, different filter lengthd. ;). The corresponding IIR bound and MF bouno(M: 1,2, N =6, different filter IeE\gthst). The corresponding IIR angd MFE

are also depicted. bounds are also depicted.
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