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Abstract—In this paper, we propose a novel optimization-
based pre-equalization filter (PEF) design for multiple-irput
single-output (MISO) direct-sequence ultra-wideband (DSUWB)
systems with pre-Rake combining. The key feature in our degn
is that we explicitly take into account spectral mask constraints
which are usually imposed by telecommunications regulatio and
standardization bodies. This avoids the need for an ineffieint
power back-off, which is necessary for existing pre-equalizer
and pre-Rake designs that are designed solely based on avgea
transmit power constraints. Simulation results confirm tha the
proposed PEF design leads to significant performance gains/er
UWB PEF structures without any explicit spectral mask consil-
erations. Furthermore, the use of multiple transmit antenras is
shown to provide substantial combining gains compared to sigle-
antenna transmitter structures. We also investigate the ipact of
certain system and optimization parameters on the performace
of the proposed PEF design.

Index Terms— Multiple antennas, ultra-wideband communi-
cation, pre-equalization, pre-Rake combining, spectral rask
constraints, semi-definite programming.

I. INTRODUCTION

the telecommunication regulation bodies, e.g., the US igéde
Communications Commission (FCC), impose restrictpdc-
tral masksto limit UWB interference on incumbent legacy
narrowband receivers. In such a setting, the existing UWB
pre-filtering techniques can be far from optimal in practes
they require an appropriappwer back-offso that the spectral
masks are not violated.

In this paper, we propose a novpte-equalization filter
(PEF) design for direct-sequence (DS) UWB systems [10],
which explicitly takes into account spectral mask conatsdi
In particular, we consider the multiple-input single-auitp
(MISO) case and show that multiple transmit antennas can be
used efficiently to provide substantial combining gainshat t
receiver. This is a very appealing feature, given that spkct
mask regulations are usually very tight, i.e., the received
signal power should be maximized by all mednéle first
formulate an elaborateon-convexoptimization problem with
the PEF coefficients being the optimization variables. Vémth
employ asemi-definite relaxatiotechnique, which allows us
to find a close-to-optimal PEF design. Our simulation result

Ultra-wideband (UWB) is an emerging spectral underlagonfirm that our proposed PEF scheme leads to significant

technology for high-rate short-range transmission, ey,

performance gains over competing schemes without spectral

wireless personal area networks (WPANS). Due to their emask considerations. To the best of our knowledge, this work
tremely large bandwidth, UWB systems can resolve evénthe first to explicitly consider spectral mask constsiiotr
dense multipath components such that Rake combining cangse-filter design in DS-UWB systenisWe note that the PEF
used at the receiver to significantly reduce the negativaatgp designs in this paper are significantly different from poexs

of fading in the received signal [1]. However, for many UWBwork in the literature on UWBpulse-shapingwith spectral
applications, the receiver is a portable device with lighitemask considerations, e.g. in [13], which does not address pr

signal processing capabilities, making the implementatdd

equalization or residual ISI limitation.

Rake combiners with a sufficiently large number of fingers Paper OrganizatioriThe remainder of this paper is orga-

challenging in practice.

nized as follows. The system model under consideration is

To overcome this problem, a promising approach is to mopeesented in Section Il. We then formulate the PEF opti-
computational complexity from the receiver to the more pownization problem in Section Ill. An efficient algorithm to

erful transmitter (e.g., an access point). In this regarekRake

solve this optimization problem is provided in Section IV.

combiningcan be used [2]-[4]. Pre-Rake combining exploitSimulation results are given in Section V and, finally, thpgra
the reciprocity of the UWB radio channel, which has recentlg concluded in Section VI.

been confirmed experimentally in [5]. Ideally, with pre-Rak Notation £{-}, [|*, ()*, [1%, R{-}, [-], 6(-), and *
combining at the transmitter, channel estimation, divgrsidenote statistical expectation, transposition, complexjie
combining, and equalization are avoided at the receiver,aangation, Hermitian transposition, the real part of a complex

simple symbol-by-symbol detector can be used [3], [6].

number, the ceiling function, the Dirac delta function, and

However, pre-Rake combining has some serious drawbadksear convolution, respectively. Alsq (e79) & Flz[k]} =

In particular, for thelong channel impulse responses (CIRS)s~o
which are typical for UWB applications, it may entail a rela

tively high error floor if simple symbol-by-symbol detedatics

applied at the receiver [2]. To remedy this problem, whill st

ke IR, X () 2 Fla(t)y = [T a(t)e %t

-(I)m (ejw) é]:{(bm[ﬂ} = Z:O:—oo Pz [T]e_ij’ and(bww[T] £
E{x|k]a*[k — 7]} denote thediscrete—timeFourier transform,

keeping the receiver simplgre-equalizationcan be used at the continuous—timd-ourier transform, the PSD, and the au-

the transmitter to effectively decrease the residual aytabol
interference (I1SI) at the receiver [7], [8].

Most of the previous works on pre-Rake and pre-equali

1The PEF design techniques proposed in this paper could by edsnded
to impulse-radio-based UWB (IR-UWB) systems [11] as well.

Z€hpor example, the FCC spectral mask for outdoor UWB transarissin

design for UWB systems (e.g. in [2]-[9]) include side conthe 3.1-10.6 GHz band is as low as4l dBm/MHz, corresponding to an

straints to limit the overall (average) transmit power. Hdoer,
prior studies do not include constraints to limit tipewer

overall transmission power of just3.3 uW given a system bandwidth of
1 GHz. Because of these limitations, It is indispensableatature as much
signal energy at the receiver as possible.

spectral denSitXPSD) of the transmitted UWB Signals- This 3The current paper constitutes an extension of our earliek Jd®], which
can severely affect the overall system performance, as ofiostocused on the single transmit-antenna case.



il k] }—»\ aik] }“‘—["]> k] }— 0 assume that aall-pre-Rake(also called_time-reversa)l filter
. . ) is employed at each transmit antennai.e.,
A A
var[k] sarlk] kl=h* [Lp—k—1 O<k<L,L =1Ly). 5
A 2 }_,‘w }—[>\;1\,}— gm K] = hon[Ln ] (0<k<Lg, Ly=Lpn). (5)

Channel ModelThe equivalent baseband discrete-time CIR

hunk] £ gr(t) * hn () * gr(t) |k, (6)

associated with thenth transmit antenna contains the com-
bined effects of a square-root Nyquist transmit filiggr(t)
Fig. 1. Block diagram of a MISO DS-UWB system with pre-eqeatiion [10], the continuous-time CIR.,,(t), and the receive filter
and pre-Rake combiningl{ transmit antennas and one receive antenna). gr(t), sampled at chip interval.. For the wireless channel,
we adopt the proposed extension of the IEEE 802.15.3a
. . . . channel model [14], [15] to multiple antennas [16]. Conse-
tocorrelation function, respectively. Depending on thetest, quently, the passband versidd, (£) of the baseband CIR

x[k] represents either a sequence or #th element of a h. (#) consists ofL, clusters ofl, ravs and is modeled
sequence. Finallyliag(-) denotes a block-diagonal matrix. m(?) om rim 18
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as
Il. SYSTEM MODEL Lem Lr,m

. o ) h(t) = U mO(t — T} — " 7

Consider the discrete-time complex baseband model of a m() ; ; Eh.t.m( tm = Thtm)s  (7)

(single-user) MISO DS-UWB system [10] with/ transmit
antennas and a single receive antenna, as depicted in FigvliereT; ,, is the delay of théth CIUSter’Tk 1.m is the delay of
Throughout this paper, we denote the symbol duratiorfby the kth ray of theith cluster,¢ ., is the random multipath
and the chip duration by.=T7/N, whereN is thespreading gain coefficient, andy,, modeis the lognormal shadowing.
factor. In [14], [15], four parameter sets for the various channel
Transmitter StructureAt the transmitter, a train of inde- model (CM) parameters in (7) are specified. The resulting
pendent and identically distributed (i.i.d.) data symhdls|€ channel models are known as CM1, CM2, CM3, and CM4.
{£1} is first up-sampled by the spreading facf¥rto yield  They represent different usage scenarios and entail differ
. amounts of ISI. Measurements reported in [16] have confirmed
alk] = aln], if k= Nn, 1) that while T} ., 7&.1.m, and px;, are independent across
H=10" itkznN @ ol L
; if k7 Nn. antennas, the lognormal termk, are mutually correlated.
Hence, we employ a Kronecker correlation model for the
UWB CIRs associated with different transmit antennas, as
suggested in [16].
Receiver StructureThe received sum signal

At transmit antennan (1 < m < M), the up-sampled data
sequence k] is then filtered with a PEF,, [k] of length L ;.
We will optimize the PEFsf1[k], ..., fas[k] for minimization
of the amount of residual ISI at the receiver in Sectionsiid a

IV. The filter output signal at transmit antennais obtained M Ln—1
as Ly—1 y[k] = Z Z hm[l]sm[k - l] + wc[k]a (8)
Umlk] £ fulk] xalk] = Y fmllalk 1. () e
1=0 including chip-level additive white Gaussian noise (AWGN)

samplesw,[k] with variances? =& {|w.[k][*}, is filtered us-
ting the time-reversed spreadlng sequené—1—k|. Then,
down-sampling at times = Nn + ko is performed, where

ko denotes the sampling phase. The resulting receiver output
signalr[n] can be expressed as

The resulting sequencs, [k] is filtered once more by a (real-
valued) spreading sequengé], which is normalized such tha
ZkN:’Ol lc[k]|* =1, and a pre-Rake filtey,,[k] of length L,.
The resulting transmitted sequengg[k] is given by

oo

= * = Um |29 —1 M oo
ol = el gl = 2 el @ i) = Y2 Y bulNU+kolaln = + wln],  (9)
where Mo
N_1 where
Gmlk] £ k] % gm[k] = > clilgmlk =] (4) L1
i=0 bn[k] 2 fonlk] 5 gm[k) = > flil gmlk =i (10)
includes the combined effects of the pre-Rake filter[k] =0

and the spreading sequencg|. Here, we do not impose with overall CIR
any restrictions ore[k] or g,,[k]. If a spreading sequence is

not applied, e.g. as in [2], [3], [5], we simply havé)]=1 ~ Lot N—2 B
and c[k]=0, 1<k<N. In general,g,,[k] depends on the  qu[k] = Gmlk] * hm|k] = Z Imli)hmlk — 1], (11)
corresponding UWB CIRh,,,[k] (associated with thenth =0

transmit antenna), which has lengih,.* In this paper, we and

N-1
4For simplicity, we assume that the UWB CIRs,[k], 1 < m < M, all

have the same lengthy,. In the case of unequal CIR lengths;, represents cli (n—1)4+ko+i+1] (12)
the maximum length, and shorter CIRs are padded with zeros. =0



IIl. PROBLEM FORMULATION

45_ Typical It is convenient to first rewrite (9) in vector form as
—45 u
3 5 Rénge. M
rin] = 3~ (B £)"aln] + wy[n], (16)
8 55| m=1
£ o where
g : J a[n] £ [a[n] ... a[ln — Ly +1]]" 17)
with
R | L2 Ly+Ls—1 (18)
I ‘ and
10° 10 L, £ I_(Lq + Ly +2N — 3)/N-| (29)

Frequency in GHz
being the lengths of the impulse response of the overall

Fig. 2. FCC spectral mask for UWB transmissions in outdoeirenments. system (mC|Ud|ng PEEm [k]) and of the sample(_j overall CIR
A typical operational range for UWB systems is the 3.1-10HzGand. gm[Nn + kol, respectively. Moreover, we have introduced the

definition
£ 2 (fnl0] ... falLs — 1)) (20)

Finally, B,,, is anL, x L matrix, theith row of which is equal
to the (N (i — 1) + 1)th row of anZ;, x L; column-circulant

matrix B,,, with vector

b (ko] by [1 + ko] .. bn[Lg + Ly — 1+ ko] OF 41"
as its first column, where
(13) Ly2 Ly+ L+ Lf+2N—4 (21)

and 0z, denotes an(L; —1) x 1 vector with all entries
equal to zero. We can rewrite (16) in a more compact form

denotes the symbol-level noise. Herk,,[k] includes the
combined effects of the channel filtér,[k] and the time-
reversed spreading sequenc¢®/ —1—k]:

=

P [k] 2 hon[k] %[N =1 —k] = > cli]hm[k+i— (N —1)].

Note thatw,[n] is also AWGN noise with variance

o2 L eflwnlPy = o2 Y |l =02 (14) ccording o
i=0 r[n] = (B £)7 a[n] + w,[n), (22)
Since our goal is to design a UWB system withinimal where
: goe It gn @ Lo SYS : B 2 [By,Bs, -, Byl (23)
receiver complexityno additional filtering is applied at the
receiver, and symbol decisions are made according to is of sizeL; x M Ly and
A [¢T T 71T
aln — no) = sign{R{r[nl}}, (15) E2 08 By ] (24)

Next, we study PEF design aspects.
wherea[n—no) is the estimate for[n — ng), no denotes the ~ Spectral Mask Constraints\e first note that our system
decision delay, and sign} = 1 if > 0 and sigfz} = —1 model is indiscrete—timewhile the spectral mask is usually
otherwise. Note thano equalizer is used at the receiver.  defined incontinuous—timeLet 2 andw denote the angular
Next, we will optimize the PEFS, (k] (m=1, .., M) with [feduency associated with the continuous-time and deret
respect to the following design goals: time Fourier transform, respectively. We defifk,, an
) Y ~ Quax as the minimum and maximum frequencies used by the
« Obeying spectral mask limitation$hroughout the entire UWB system (€.g Qumin = 27x3.5 GHz andQ., = 27 x4.5
operational bandwidthB;, the transmitted (sum) PSD GHz [10]). ThusB, = Qa—min denotes the total bandwidth
must obey spectral mask limitations that are imposed iged by the designed UWB system. Also te{f2) denote
telecommunications regulation bodies in order to prevefife imposed spectral mask. For example, in the case of the
interference to incumbent legacy narrowband receiversCC spectral mask we have(Q) = —41.3 dBm/MHz for
As an example, the FCC spectral mask for outdo@hy(,,;, <Q <., cf. Fig. 2, where the radiated emissions

communications is shown in Fig. 2 [17]. are measured using a resolution bandwidth of 1 MHz [17].
« Focusing of channel energjsince we assume thato Therefore, we need to ensure that we obey the spectral mask
equalizer is used at the receiver, most of the energy Wfthin every 1 MHz of occupied bandwidth. L&, ..., Qx

the overall CIRsg,,[k] must be concentrated insingle denote K £ —Z:- + 1 discrete frequency levels which uni-

channel tap. The amount of residual ISI must be stricthsrmly spread out over the bandwidi,. Clearly, we have
limited, in order to avoid error floors. AQ=0—01 = ... = Qg — Qg1 = 27 x 1 MHz.

« Limiting average transmit poweiThe overall average For eachy = 1,..., K it is required that the transmitted sum
transmission power of the MISO DS-UWB System muﬁsower Spectra Obeys the Spectra| mask’ i_e.'
be smaller than or equal to some upper linit*a* .~
(e.g. due to hardware limitations). /‘”Wz o ( w)
In the next section, we propose an elaborate optimizatioff—| Jw,—22 g ch
framework for the design of efficient PEFs subject to the abov ‘ Q,+42
constraints. We will provide an algorithm to solve the résgl < / m(Q) dQ
optimization problem in Section IV. —Je ’

M 2

O, o (7)) dw (25)




wherew,, 2T, 2, [18, Ch. 1.7],Aw 2T.AQ, Gr(j Tic) = Whereao[n]éa[n—no]:a[n—npm], ame[n]é [a[n] ... a[n—
Flgr(t)}, and®, (') denotes the PSD for transmittedy,r. —1]]7, anday,si[n] £ [aln —npre +1] ... aln— Ly +1]]7.
signal s,,, [k]. Recall thatgr(¢) is the transmit filter. We can We can rewrite (35) in a more compact form according to

show that | ] = (Bo£)" agln] + (Byre £) apren]
Dy (€)= |G em\ 5,0, (7). (26) + (Bpost D) apostn] + wyln],  (36)
whereG,, (¢7%) = F{gn[k]}. We also have where
(™) {Gmlk ]i ) Bo £ [B1o,--+ B, (37)
JUJ s _]w
D55, (€77) = |Fn(e/)]” ®aa(e’) = |Fn(e?)|”, (27) By 2 Bipre, »Basprel (38)
where F,,(e’%) = F{fn[k]} and ®zz(e’*) =1 due to the
i.i.d. assumption for the data symbolgn]. From (26) Bpost = [Bipost s Barpost] (39)
and (27), and assumlng ‘that the spectral masK2) and In order to achieve a low bit error rate (BER), we have to
PSD |Gr(j 1 )2 @, ., (e7) are practically constant overconcentrate most of the energy of the overall @R in a
Q,-42 <0< Q 4 AQ Aﬂ andw, — &2 < w < w, + A single high energy tapB, f, while keeping the residual ISI
respecuvely, for eaclu = 1,.... K inequality (25) becomes caused by the term®,,. f)" ayc[n] and(Byos: £) ay0s (1]
in (36) as small as possible. This introduces the following
constraint on the PEF coefficients:
Z A (@) |[Frn (7)) < m(9), (28) e .
7B, Bpref + 7B Bpostf <, (40)
where whereq is a design parameter which imposes an upper bound
o RNE: for the amount of residual ISI at the receiver. One possible
A (W) = T Gm(eﬂwﬂ) Gr < “) (29) choice that leads to a desirable system performance (asnshow
1. in Section V) is to setv = o2 in order to limit the residual

Clearly, we can ensure (28) by tuning the coefficients in tH8l to be less than or equal to the noise variance. We notice
PEFsfy, ..., far. The spectral mask constraints in (28) can béat our design goal regarding the energy concentration in a

written in vector form, using single tap can also be interpreted in terms of $ignal-to-
- . " interference-plus-noise-rati(SINR) for each symbol:
]Fm(eﬂw)] =f dw)d” (w) f,, (30) o H
o , A 7By Bof
whered(w) £ [1 &/ e7@2 .. e/ (Ls=D]T Therefore, the SINR= - H ;- (41)
L : : . ; fABH B, f+ f1BI B,,sf + 02
spectral mask in (28) imposés inequality constraints on the p P
PEFsfi, ...,y as Clearly, by maX|m|Z|ng the ternf B{/B,f, while limiting
M fAB/ B,..f + 7B/ B,..f, we can increase the SINR

H H < and thus obtain a better (.e., lower) BER. _
Z A (W) £ d(wp) A7 (@) fin < m(€) (31) Power ConstraintFurther to the PSD constraints, we can

m=l also limit the overallaveragetransmission power. By taking
(n=1,...,K). Note that the terms\,,(w,), m=1,..., M, similar steps as in [8, Appendix A], we can show that the
are leEd for eaCh/L = 1 K as far as the deS|gn Of thepower constraint can be formulated as
PEFs is concerned. We can rewrite (31) in a more compact N
form according to
"o S E{lsml]P} = £7 1 £ < o 42)
fH D(wu) f S m(Qu)a (32) m=1
where where constanf’™** > 0 represents the maximum transmis-
D(w) £ diag (M (w) d(w) d7 (W), , Au(w) d(w) dH(w)g. sion power. Moreover,
(33) Y £ diag (Y1, , X)), (43)
Energy ConcentratiorSince we assume thato equalizer
is used at the receiver, it is required that for each receiv (51etrer‘rm, 1 <m < M, is a Hermitian Toeplitz matrix with
symbol, most of the channel energy is concentratedsimgle
channel tap. Considering (16), Bt,, ,.. denote the submatrix [om [0} (1], -, pm[(Ly = 1)]] (44)
of B,, consisting of the firsty,,. rows. Also letB., ,ost in its first row, wherep,,[k] 2 G [k] * Gm[—K].
denote the submatrix dB,, consisting of the lask,,,s; rows. Optimization ProblemCombining our considerations re-
Here, .. andn,.s: are selected such thay,. + 05t +1 = garding spectral mask, energy concentration, and average
L, whereL, is as in (18). We can rewrit8,, as transmit power, the proposed PEF design is obtained as the
B pre optimal solution of the following optimization problem ave
B,, = "0 ] (34) complex-valuedrector variablef:
m,post mfaX fHBngof
Here, B, denotes the(n,,reJrl)th row of matrix B,,,. We H (o H H
can thus rewrite (16) as st f (BWeBpre + BpostBPOSt) f<a
M 2D (wy)f <m(Q)
. I (45)
rln] = Z (Bno fin)™ ao[n] + (Bum,pre fin)"™ apre[n]
m=1

.fHD(wK)f S m(QK)

+ (Bin,post fm)H Apost [n]:| +ws[n], (35) fFEYf < pmax,



Problem (45) is anon-concavejuadratic maximization prob- We are now ready to rewrite problem (45) as the following
lem as the objective functioft! BY Bof is not concave inf. problem overeal-valuedvariables:
Thus, the standard gradient-based methods (cf. [19]) ¢anno ’
be used for solving it. Moreover, problem (45) has many Max z Pz
nonlinear constraints and is thus difficult to solve in ctbse T
form. Nevertheless, we can find @ose-to-optimalsolution Stz (Ppre + Bpost) 2 < 0,
for optimization problem (45) using a semi-definite reléoxat z! D(wy)z <m(Q,), nw=1 ... K,
technique, as we will explain in Section IV. In particulare w T A g < pmax
arrive at asemi-definite programmingroblem, which can be z Z= ‘
solved efficiently using, e.g., well-known software toote® e note that problems (45) and (53) arquivalent In fact,
such as SeDuMi [20]. Based on the solution of the relaxgfeir solutions can be converted into each other through the
optimization problem, a suitable algorithm will be devisegelationship in (46). Problem (53) is a real-valued noneaave
in Section IV, which is able to obtain near-optimal PERuadratic maximization problem. Next, we will explain how
coefficients that offeralmost the same performance as thgve can solve (53) with an acceptable accuracy.
optimal PEF coefficients resulting from the original proble  semi-definite Relaxatione introduce a new real-valued
formulation (45), as will be shown in Section V. matrix W such that

Finally, we note that we could easily extend the above W 2,7 (54)
considerations to the case where there is only a single PEF
£ £ [f[0],..., f[L;—1]]* of length L, that is shared by all Clearly, matrixW is positive semi-definite (i.eWW = 0) and
transmit antennas (e.g., for reasons of complexity). Toéhd, has unit rank. We also note that for arM L, x 2M Ly)-
we would have to replace the matricBs, D(w), andY in Hermitian matrixA, we have

i i L ANM N
(45) by effective matriceBq crr=> . _1 Bm,e, Defs(w)= 2T A 7 — trace(A W). (55)

m=1
SM An@)d(w)d? (w), and Yopp 2 M, respec-
tively [8], where ‘o’ stands for 0, * pre’ or “ post’. For reasons Therefore, problem (53) is equivalent to
of conciseness, we focus here on the problem formulation (45
with a separate PEF for each transmit antenna. In Section V, max trace(®o W)
we will address the issue of complexity reduction from a =~
different viewpoint. s.t. trace((®pre + Ppost) W) < «,
trace(T'(w,) W) <m(Q,), p=1,...,K, (56)

tracd A W) < pmax,

rank W) = 1.

In this section, we provide an algorithm to find a close- o -
to-optimal solution for optimization problem (45). We firstProblem (56) is still as difficult as problem (53), due to the
rewrite (45) in terms of an equivalent real-valued représenrank constraint rarf@¥V) = 1.° Therefore, wediscardthe rank
tion (since not all optimization solvers support complested constraint in the next step and consider the followiegixed
variables) and then solve it by using semi-definite relaxati Optimization problem:
and semi-definite programming techniques.

Real-valued representatidRecall that vectof in optimiza-
tion problem (45) is complex-valued. Letandy denote the st trace((®prc + Ppost) W) < a,

(53)

IV. SOLUTION OF OPTIMIZATION PROBLEM

max trace(®, W)
W0

imagi (57)
real and imaginary parts of vectfr We thus have trace(T(w,) W) < m(Q), p=1,..., K,
f=x+jy. (46) tracd A W) < pmax,
For notational simplicity, we define Problem (57) is asemi-definite programmin{SDP) problem
[22]. SDP is a generalization tiear programmingLP) over
A x matrices (rather than vectors as in LP). Several solverd) su
=1y (47)  as SeDuMi [20] can efficiently solve the SDP problem in (57).

Next, we will explain how solving problem (57) can help us

By using simple calculus, we can obtaial-valuedmatrices to find close-to-optimal solutions for problem (56). _
B, ®pre, aNd P, Of Size2M Ly x 2M Ly from By, By, PEF Design Algorithmtet W* denote the optimal solution

andB,,:, respectively, such that for SDP problem (57). Clearly, if rathV) = 1, then the
optimal solutionz* for problem (56) can be obtained by using
fABIBf = 2"®z, (48) eigenvalue decompositiari matrix W*. If rank(W) > 1, then
fHBHE B, f — 4T®. 7 (49) we can still obtain a close approximation zf (and also for
preDpre pre® x* andy*) by using the following steps which are based on
fB Bpow f = 2" ®paz. (50) the recent results in [23], [24]:

We can also obtain real-valued matricB&v,,) from D(w,,) . %tep 1h- tJhSi?‘%*EigeIr}\iallljj*eTQecomposition, obtain matrix
(u=1,...,K) and a real-valued matriA from Y (all of size such thatw= = '
2]\/[Lf X 2]\/[Lf) such that W* — V*T S*V* = U — V*T E*%,

' D(w, )f=2"T(w,)z, p=1,...,K, (51) whereV* is aunitary matrix and matrixz* is diagonal

and )
5The same problem structure has, e.g., also been encouinriete context

7Y f=2"Axz. (52) of beamforming for multiple-antenna relays, see Proble) (@ [21].



o Step 2.Using eigenvalue decomposition, obtain unit o
matrix ®* such that®*” U*T &, U* ®* becomes 10 § § § §
diagonal : : : :

U*T @0 U*:a* E* @*T = E*:G*T U*T QO U* @*7 ¥

whereZ* is a diagonal matrix.

o Step 3.Let(;, i =1,...,2M Ly, be i.i.d. random vari
ables taking values-1 and+1 with equal probabilities 102k

@ i
Also, let¢ = (C1, ..., Canmr, ). We select @ S
* x* 1 * (@*
7" = < | = U e*¢, (58) 5| | — © —No PEFs (1Tx)
y Rmax 10 —+— No PEFs (2Tx)
—Vv— - No PEFs (4Tx)
where ~ & — MMSE-PEFs (1Tx)
—>— MMSE-PEFs (2Tx)
T @*T 77+T * (@)* ~4|| — B — Optimal PEFs (1Tx)
Kmax = Inax { max ¢ e v F(w“) U e C7 10 Fl % Optimal PEFs (2Tx) v
lspsk m(Q“) 0 2 4 6 8 10 12 14 16
CT @*T U*T AU* OF C SNR 1/0§ in dB
Ppmax ’

- Fig. 3. Bit error rate (BER) vsl /o2 for the proposed optimal PEF scheme
«T T * @* (L s =5), the MMSE-PEF scheme [8](; = 10, with power back-off), and
¢ 0" U (Ppre + Ppost)U O ¢ pujrce pre-Rake combining [2] (with powe{ back-off). Thedattwo schemes do
not take any spectral mask considerations into accountnutherical results

are for an operational bandwidth @&; =1 GHz and a spreading factor of

(59) n~N=e6.

We can verify that for any random choice of vectQr . ) .
the obtainedc* andy* in (58) satisfy all the inequality (cf. Fig. 2). We set the filter length for the optimal PEFs to

«

g ; i Ly
constraints in problem (53). We then simply set Ly =5, the spreading factor 0 =6, 1 =1jposs = [ 5], and
) L a=oc?2. Throughout, we focus on transmitter structures with
f i=x"+jy" (60) one or two transmit antennad/(= 1, 2). For a fair comparison
Optimality Bound:Let £,,,; denote the optimal solution of tbetwee_? the CaTeMiOlPﬁQS M 1:.2’ ";’Ie set the maxmgm
the PEF design problem in (45). We have ransmit power leve ¥ =1 in all cases (irrespective
of the number of transmit antennas). For brevity, we only
BB f* < fg)thlBofOpt < trace(®,W*), (61) include simulation results for channel model CM1, where the

_ o _ ~ parameters are as in [14]. The results for CM2, CM3, and CM4
where the last inequality is valid because problem (57¢3s are similar, however. All simulation results have been iviete
restrictive than problem (45). From (61), theptimality loss based on 100 statistically independent channel realizstim

when usingf* instead off,,; is upper-bounded as the case of two transmit antenndd & 2), we assume that the
lognormal termsy; and ¥, are correlated with a correlation
fgthlBofOPt — FB{ Bof* - 1_ B Bof* cogefficient 0f0.86 1[16]. ’
£ B Bof,p N £ B Bof,p Performance Comparisolm Fig. 3, the BER performance
P HBHB, f* of the designed PEF scheme is compared with pure all-pre-
_-_>2o20 (62) Rake combining (‘No PEFs’) and the symbol-level MMSE-
trace(®oW*) PEF scheme (‘MMSE-PEFs’). In order to avoid violating

By using the upper bound in (62), we have verified througtﬁe spectral mask constraints in the case of pure pre-Rake
simulations that the optimality loss for the proposed desi¢g®mbining and the symbol-level MMSE-PEF scheme, we
algorithm is usually very small (see Section V). Thus, Bave applied appropriate power back-offs for each channel
PEF design based on the coefficiefitshasalmostthe same '€alization. Note that no power back-offs are needed for our
performance as that achieved with the optimal coefficigpts  OPtimal PEF design, as we take the spectral mask into account
Moreover, by following the analysis in [25], we can show thdf the optimization procedure. First, we note that the pesgb

the optimality loss isalwaysguaranteed to be less than 36%QPtimal PEF scheme (as well as the symbol-level MMSE-
PEF scheme) offers significant combining gains when multi-

ple transmit antennas are employed, despite the rathes larg
V. NUMERICAL RESULTS correlation factor between the lognormal shadowing terms.
In this section, we assess the performance of our prgloreover, we can see that our designed optimal PEF scheme
posed PEF scheme via simulations and compare it with pwignificantly outperforms pure pre-Rake combining as well a
pre-Rake combining (i.ewithout any pre-equalization) [3]- the symbol-level MMSE-PEF scheme (even though twice the
[6], [9] and the symbol-level minimum-mean-squared-errditter length has been employed for the latter). Intere$fing
(MMSE) PEF scheme in [8]. For each transmitter structurthe performance of the MMSE-PEF scheme fde=1 (‘1TxX’)
we assume that all-pre-Rake combining according to (5) is even slightly worse than the performance with pure pre-
applied. Moreover, no equalizer is employed at the receiv®ake combining, which is due to less favorable power-back-

as explained in Section II. off factors in this example. FoM =2 (‘2Tx’), however, the
Unless stated otherwise, our simulation setting is asi@lo MMSE-PEF scheme outperforms pure pre-Rake combining,
The operational bandwidth I8, = 1 GHz with Q.;, = as it tends to suffer from a smaller amount of residual ISl

271 x 3.5 GHz andQ),,,.x =27 x 4.5 GHz [10], i.e., K =1001. and thus offers better combining gains. Still, the perfaroea
The spectral mask:(2) is assumed to be flat within this areesof the MMSE-PEF scheme is relatively poor compared to the
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; ; ; . Fig. 5. Upper bound on the loss of optimality in our proposé&fRlesign
Fig. 4. Transmitted sum power spectrum of the transmittedBUaMgnals in ; . 1 19
bagseband representation VF\)/ithin t&? — 1 GHz bandwidth for the proposed With respect to solving optimization problem (45). Hereg tlesults for 100
optimal PEF schemel(; =5), the symbol-level MMSE-PEF design [8].¢ = random channel realizations are shows (= 1 GHz, Ly =5, N =6). The
10, with power back-off), and pure pre-Rake combining [2] bwiower back- UPPer bound is obtained based on inequality (62). We can rsteirt the
off). The spreading factor was chosen s 6. Note that only the optimal considered examples the PEF designs are always very cldke mptimum.
PEFs obey the spectral mask without requiring any power -oéck

close to the optimum for all considered cases (less thar?©.08
designed optimal PEFs (fak/ =2, the optimal PEFs offer loss). Hence, the PEF design based on the relaxed optioizati
a gain of aboutt.1 dB at a BER of10~%), which is again problem hasalmostthe same performance as a PEF design
due to the power-back-off factors applied in the case of timased on the original optimization problem (45).

MMSE-PEF scheme. Concerning pure pre-Rake combining,impact of the Spreading FactoEig. 6 shows the BER
we can see that increasing the number of transmit antenpagformance of the designed optimal PEF scheme as a function
does not help as much as in the case of the optimal Pkfthe spreading factal (both for A/ =1 and M =2 transmit
scheme or the MMSE-PEF scheme. For examplel/i=4 antennas). It can be seen that the BER performance improves
transmit antennas are employed, the performance of pure pigly slightly when the spreading factdf is increased beyond
Rake combining is stilB.8 dB away from the performance of N =6. Thus with regard to the effective data rate, which
the designed optimal PEFs withf =2 transmit antennas (atdrops linearly with the spreading factolN =6 appears to
a BER of 107%). be a reasonable choice. On the other hand, the effective data
Obeying Spectral MaskFor the case ofM =2 transmit rate can be further increased by lowering the spreadingrfact
antennas and a random channel realization, the sum powich comes at the expense of a rather small performance
spectra of the transmitted baseband UWB signals for the thidegradation, as long as we choose, S€y; 4.

transmitter structures are shown in Fig. 4, where we againComplexity Reduction:Although we tackled the non-
applied suitable power-back-off factors in the case of puee  convexity in optimization problem (45) by using a semi-
Rake combining and the symbol-level MMSE-PEF schemgefinite relaxation technique in Section IV, solving the re-
For simplicity, we have normalized the spectral mask level kulting semi-definite program can still be time consuming,
one. We can see that our designed PEFs lead to a transmiigé to the large number of spectral mask constraints (e.g.,
sum power spectrum that fully obeys the spectral mask:=1001 given a system bandwidth d8, =1 GHz). Fig. 7
Moreover, at multiple frequencies, the resulting sum powehows the BER performance of the optimum PEF design as a
spectrum is close to the spectral mask limit or even touchgfmction of the number of spectral mask constraints (in %)
it. In comparison, the transmitted sum power spectra foepufcluded in the optimization procedure. The spectral mask
pre-Rake combining and the symbol-level MMSE-PEF desigionstraints are always placed at frequencies whiaiformly
look more ‘peaky’. In conjunction with the mandatory powerspread out over the operational bandwidth. For example,
back-off factor, this leads to comparatively low overatsmit if only 10% of the constraints are included in the PEF design
powers, as can be seen from the areas under the correspongjstiinization problem (45), these constraints are placed at
transmitted sum power spectra. T_hl_s explains the inferiflequenciesu, 11, . . ., 1901, f11001. Clearly, in this case the
performance of pure pre-Rake combining and the symbol-lew&im power spectrum of the transmitted signasyviolate the
MMSE-PEF design compared to the optimal PEFs. spectral mask limit abther frequencies, e.g., gis, . . . i10.
Near-Optimality: Recall that the semi-definite relaxationThis requires applying an approprigtewer back-offwhere
discussed in Section IV may lead to some loss in optimality meeded (similarly to the case of pure pre-Rake combining and
our PEF design with respect to solving the original problethe symbol-level MMSE-PEF design). As a result, the BER
(45). In general, it is difficult to obtain the exact loss operformance degrades when fewer constraints are included.
optimality in each simulated scenario. However, inequaliinterestingly though, this performance degradation isieat
(62) can help to obtain ampper boundon the loss of graceful, as long as the number of spectral mask constraints
optimality. Corresponding results are shown in Fig. 5 fds not too small. For example, when including only 10% of
100 random channel realizations (both faf=1 and M =2 all spectral mask constraints, the resulting performaass is
transmit antennas). We can see that our PEF design is vstijl negligible (both fordM =1 and M =2 transmit antennas).
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procedure Bs =1 GHz, Ly =5, N=6, 1/02 =9 dB).

This is due to the fact that the resulting sum power spectra
are usuallysmooth On the other hand, a reduction from 100%[6] W. Cao, A. Nallanathan, and C. Chai, “On the Tradeoff estw Data
to 10% of spectral mask constraints will lead to a significant
reduction in computation time, which renders the proposeg
PEF design more suitable for an implementation in practice.

VI. CONCLUSIONS

We proposed a novel optimization-based PEF design fram&
work for MISO DS-UWB systems with pre-Rake combining.
Unlike the previous work on pre-equalizer and pre-Rakerfiltel9]

design in the existing literature, we explicitly took intccaunt

the spectral mask constraints, which are usually imposed fay)

the telecommunications standardization and regulatiatiéso

around the world. As a result, our design avoids the needor 1]

inefficient power back-off, which is necessary for existprg-

filter designs in order to conform the spectral mask conssai
Simulation results confirmed that the proposed PEF des
leads to significant performance gains over PEF structu

without explicit spectral mask considerations. In pattcuit

was shown to offer a close-to-optimal performance. The u

2

] X. Wu, Z. Tian, T. N.

of multiple transmit antennas was shown to offer significant
combining gains, even in the presence of fairly large shadoi#4]

ing correlations. The complexity of the scheme can be retlu

significantly by selecting only a (suitable) subset of aéctpal

s)

mask constraints within the operational bandwidth, which

usually comes at the expense of a rather small performal

degradation. Finally, we note that the PEF design has the
capability of adhering to spectral masks with arbitrarypss  [17]
although we have focused on a flat spectral mask throughout

this paper.
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