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Abstract—In this paper, we consider the problem of ap- Time-Hopping (TH) UWB systems are often associated
plying the Multiple-Input-Multiple-Output (MIMO) techni ques wijth Pulse Position Modulation (PPM) where the information
on Impulse-Radio Time-Hopping Ultra-Wideband (IR-TH-UWB) 5 conveyed by a sequence of time-shifted unipolar pulses.

communications. In particular, we propose two novel Space- - o . . A
Time (ST) block codes that are suitable for UWB. The proposed Unipolar transmission is appealing for TH-UWB since it is

encoded MIMO-UWB schemes present the main advantage of difficult to control the phases and amplitudes of the very
conveying the information only through the positions of the low duty-cycle sub-nanosecond pulses used to convey the
very short unipolar UWB pulses. The constraint of unipolar jnformation symbols. On the other hand, while a huge amount
transmissions keeps the transceiver structures very simplsince o \yori considered the problem of Space-Time (ST) coding

it imposes no additional constraints on the RF circuitry to @ntrol . . . .
the amplitudes or the phases of the sub-nanosecond UWB pukse with QAM [9]-[11], the problem of ST coding with PPM is

Consider the case where the transmitter is equipped with? NOt very much explored.

antennas and whereM PPM modulation positions are available. Consider a single-user MIMO-UWB system equipped with
The first proposed scheme achieves a full transmit diversitprder P transmit antennas. Assume thatf positions (or time
for M > P while transmitting at the rate of log, (M) bits Per gi5t5) are available for data modulation within each symbol

Channel Use (PCU). The second scheme is fully diverse with yan - . . . .
number of antennas and transmits at a rate ofM log,(P)/P bits duration. M is often fixed by the complexity constraints

PCU. The proposed codes permit to achieve different levelsfo On the transceiver since the dimensionality of the position
compromise between complexity and performance since scherd modulated constellation as well as the number of matched
necessitates\/ -dimensional Maximum-Likelihood (ML) decoding filters at the receiver both scale with/ [6]. In this context,
while scheme 2 necessitated/ P-dimensional decoding. We also PPM ST codes can be classified into two categories. The

present a comprehensive analysis on the enhancement in tesnof first cat f codes i 0l h the inf tion i
the data rate achieved at a certain communication distancedsed 'St Cal€gory Of COdes IS unipolar where the information 1S

on realistic indoor channel models and on an exact system meti Conveyed exclusively by the time delays of pulses that des ta
that takes inter-pulse-interference and inter-symbol-irterference  only one amplitude level. The interest of unipolar codegles

into consideration. in the fact that they introduce no additional constraintstn
Index Terms—MIMO, Ultra-WideBand (UWB), Space-Time RF circuitry (especially on the pulse generators) compared
(ST) coding, Pulse Position Modulation (PPM). to the corresponding single-antenna PPM systems. Unipolar
codes can be either shape-preserving [7], [8] or non shape-
|. INTRODUCTION AND MOTIVATION preserving. Shape-preserving codes are appealing simse, |

Recently, Impulse-Radio (IR) Ultra-Wideband (UWB)as in the single-antenna systems, only one unipolar pulse is
emerged as a strong candidate for Wireless Personal Ateansmitted from each antenna during each symbol durdtion.
Networks (WPANSs). IR-UWB is a carrier-less transmissiothis context, the code proposed in [12] is shape-presewithg
technique that gained increased popularity because of 2t°PM and non shape-preserving witi-PPM for M > 2.
capability of achieving high data rates with simple low+tcosThe second category of codes is non-unipolar and, in this
transceivers. However, the stringent power constrainpesad case, the extension of the single-antenna PPM systems to the
on the unlicensed UWB transmissions in different parts ef thmulti-antenna scenario necessitates transmitting phiaeisg
world [1] constitute the main limiting factor on the achibla different polarities and amplitude levels [2]-[6]. Evidsn
rates and communication distances especially in Non-Lingen-unipolar codes break down the structure of the PPM
Of-Sight (NLOS) scenarios. Consequently, advanced comnugnstellation and increase the complexity of the transmitt
nication techniques are needed to overcome these limittidn this context, the different solutions that we proposehis t
and to respond to the growing demand of various WPAPaper are all unipolar.
applications for data rate. In this context, several sohgipro- The first contribution of the paper is that we propose
posed merging the Multiple-Input-Multiple-Output (MIMO)a novel unipolar and shape-preserving rate-1 ST code that
technigues with IR-UWB [2]-[8]. transmits at the rate of 1 symbdbg, (M) bits) Per Channel

o ) o Use (PCU) with M-PPM. This scheme will be referred to
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transmit antennas for all values 8f > P. Scheme 1 shares
the same interesting properties as the PPM-codes proposed
in [7], [8]. Namely, scheme 1 as well as [7], [8] are all
unipolar, shape-preserving and transmit at the same rate of
log, (M) bits PCU. The superiority of the proposed scheme
over [7], [8] can be summarized in the following points. (1):
Scheme 1 can be applied for a wider range(&f M) (in
particular for all values ofP satisfying P < M compared to
the values of(P, M) given in table-1 in [8]). For example,
scheme 1 is the first known unipolar shape-preserving code
that can be applied with the following values OP, M):
(P,M) € {(p;m) ; p=3,4; m=4U{(p,m); p =
5,6; m=06,8tU{(p,m); p=7,8; m=28,9,10,12}. (2):
Scheme 1 requires a simpler decoding complexity compared to
[7], [8] since the decoding procedure involvgs dimensions
rather thanPM dimensions as in [7], [8]. (3): In contrast to
all fully diverse ST codes that extend over at le&ssymbol Fig. 1. ST codes fol\/-PPM with P transmit antennask? stands for the
durations, scheme 1 extends over only one symbol duratis ar:;l:(ljlzsedtsdata rate in bits PCU. The proposed solutiongemmesented by
thus reducing the decoding delays at the receiver side. Note '
that ST coding over one symbol duration is rendered possible
because of the particular structure of the PPM signal set ad M. (2): As will be explained later, scheme 2 is based on a
will be explained later. time domain constellation expansion rather than an angaitu

On the other hand, a key solution that was adopted in tHemain expansion making it capable of maintaining unipolar
literature for exceeding the rate of 1 symbol PCU achievdensmissions. (3): The rate of scheme 2 (resp. [6]) ine®as
by rate-1 QAM ST codes consisted of introducing a constdinearly (resp. logarithmically) with}M and, consequently,
lation expansion to the uncoded signal set [10], [11]. Sud¢heme 2 can achieve much higher data rates for large values
constellation expansions often consist of either ampéit(m 0f M. (4): Scheme 2 admits a simpler decoding complexity
phase) scaling [10] or of algebraic rotations [11]. For PR, since it can be associated witR)M-dimensional decoders
idea of constellation expansion was applied in [6] to prepms rather thanP? A/-dimensional decoders as [6].
family of full-rate ST codes that is based on pulse permaiasti ~ Fig. 1 shows the different classes of PPM ST codes. The
and algebraic rotations. Even though [6] transmits at a ra2eoposed schemes are described schematically in Fig. isin t
that exceeds 1 symbalog, (1) bits) PCU withM/-PPM, the figure, we also show the schematic representation of spatial
introduced algebraic rotations render this scheme norolarip Multiplexing for comparison. Note that one-PPM symbol

In this context, the second contribution of the paper cassigind its permutated versions are transmitted from the eiffer
of proposing the first known ST code that is capable @ntennas in scheme 1 that will be referred to as pulse antenna
transmitting at a rate that exceelis, (1)) bits PCU while permutation. In scheme 2, one antenna is pulsed during each
maintaining unipolar transmissions. In particular, thiieme modulation position and this scheme will be referred to as
(that will be referred to as scheme 2 in what follows) trartsmiPulse antenna modulation (in analogy with pulse position
at the rate ofM log,(P)/P bits PCU. Given that practical modulation). Note that in scheme 2, the index of the antenna
MIMO systems are often equipped with a limited number dhat is pulsed is permuted among tiesymbol durations.
antennas (because of the cost constraints) while the numbéNotations 1,,., and 0,,x, correspond to then x n
of modulation positions\/ can take relatively large values,matrices whose elements are all equal to 1 and O respectively
then the rate of scheme 2 often exceeds the limibgf (/) €em Stands for then-th column of theM x M identity matrix
bits PCU especially for large values 8f. For example, with [n. ® stands for the Kronecker product ang; stands for
P = 2 transmit antennas anti/ = 32 modulation positions, Kronecker’s delta function. The function VeX) stands for
scheme 2 transmits 3.2 times faster than the rate-1 PPM cogi@king the columns of the matriX vertically one after the
([7], [8] and scheme 1) and 1.6 times faster than the ful-rapther. The functiorjz] rounds the real numberto the nearest
codes proposed in [6]. Note that these high multiplexingigaiinteger that is greater than or equal to it.
are associated with an enhanced diversity order since schem
2 is fully diverse for all values of” and M.

As a conclusion, comparing scheme 2 with the other unipd- Basic Parameters
lar codes, it can be seen that the advantages of scheme 2 over general expression of the signal transmitted fromttta
[7], [8] reside in a potentially higher data rate especiddly antenna is given by:
large values of\/ and in the fact that scheme 2 can be applied
for all values of(P, M) with the same decoding complexity
(PM-dimensional decoders are required). The superiority of ® p(t) Z Z Ap,j,m Z (t—( =1L
scheme 2 over [6] can be summarized in the following points. 7 tm=t
(1): Unlike [6], scheme 2 can be applied with all valuesrof —(n— 1)Tf —cnTe—(m—1)5) (1)
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(a) Scheme 1 (b) Spatial Multiplexing (c) Scheme 2

Fig. 2. Schematic representation with= 3 transmit antennas antl/ = 4 modulation positions. (a): Scheme 1 with= 2 € {1,..., M}. (b): Spatial-
Multiplexing with s; = 2 and sp = s3 = 1; note thats, € {1,...,M} forp=1,..., P. (c): Scheme 2 withs; =1, so = 2, s3 = 1 ands4 = 3; note
thatsm € {1,...,P}form =1,..., M. (a) and (b) extend over 1 symbol duration while (c) extendsr 8 symbol durations.

where the multiplying factor’T_ was introduced in order to  In what follows, the indices € {1,...,Q},p € {1,..., P}
have the same total transmitted energy as in the case oésingind ! € {1,..., L} will correspond to the receive antenna,
antenna systems. In eq. (1): transmit antenna and the Rake finger respectively. In the
- apjm = 1 (resp.a, ;. = 0) stands for the presencesame way,j € {1,...,J} stands for the symbol index,
(resp. absence) of a pulse emitted from ghth transmit 7 € {1,..., Ny} for the frame index andn € {1,....M}
antenna during thex-th PPM position of the-th symbol for the PPM position index. In what follows, we consider the
duration. case where the information is mapped into ST codewords that

- w(t) is the pulse waveform of duratioff,, and it is extend overJ symbol durations.
normalized to have a unit energy. From eq. (1), the signal received at ti¢h antenna can be

- 4 is the PPM modulation delay chosen to verify> T,,. Written as:
- Ny is the number of time-hopped pulses used to transmit

P oo M
one information symbolTy is the average separation . (;)— a b, — 1T,
- : m (J )
between two consecutive pulses afid= N1} is the ! ;; 2_: " Z
symbol duration. —(n—1)Ty — CnTc — (m—1)8) + ng(t) (4)

- ¢, € {0,...,N, — 1} is the additional time shift (nor-
malized byT,) applied on the pulses transmitted by thavhere h; (t) stands for the convolution ofu(t) with the
considered user during the-th frame of each symbol impulse response of the channel between antepnasd q
duration.T. is the ch|p duration anadV, is the number and nq( ) is the noise at thQ -th antenna and it is assumed
of chips per frame (of duratiof;). In order to result in to be real AWGN. Note that the normalizing factgfP Ny
the same average multi-user interference as in the single-€d. (1) was omitted for simplicity; in fact, this term caa b
antenna case, all antennas of the same user are assumétrtgded in the variance of, () which is equal taP Ny Ny /2
share the same pseudo-random TH sequence. Moreo(#here N, stands for the noise spectral density).
this sequence will be assumed to be periodic with period The receiver consists of a bank of correlators that collect
Ny. JQLN¢M decision variables during the duration of each

Denote byl" the maximum delay spread of the underlying@deword. These decision variables are given by:

UWB channel " > T3,), Inter-Frame-Interference (IFl) and, Ty _
consequently, Inter-Symbol-Interference (ISI) can bengli Yj,q.l,n,m :/ 7q(t)W;,1,n,m (t)dt (5)
nated by choosing: 0

wherew; ; ., m(t) is a reference signal given by:

WignmE)=w ({t—(G—-1)Ts—A—(n—1)Tf—c,Te— (m—1)d)

In the same way, the interference between the differ- (6)
ent modulation positions (referred to as IPI for Inter-Rulswhere A; 2 (I — 1)T,, corresponds to the delay of thieh
Interference) can be eliminated if the modulation delayssatRake finger.

Ty >T + N.To + (M —1)5 + T, )

fies the relation: Replacing eg. (4) in eq. (5) results in:
§>T+Ty, 3
P oo Ny M
Note that the absence of IPI implies the absence of IFl andy; ,;,, ,, = Z Z Z Zap Grmthap [(G—3)Ts + A
ISI as well. p'=1j'=1n'=1m/=1
+(n = n" )Tt 4 (cn — cp)Te + (M = m")0] 4+ 15 g 1.n.m
B. System Model @)

We assume that the receiver is equipped wittantennas
and that each antenna is followed by &nth order Rake
receiver that combines thé first arriving multi-path com- Ts
ponents. ha.p(7) _/

T _
wheren; g1nm = fo " g ()W) 1,n,m (t)dt and:

h. (tw(t —7)dt (8)

q,p



The ST encoding scheme will be determined by the choibg:

of the PM x J codewordA whose((p — 1)M + m, j)-th
entry is equal taz, ;.. In what follows, we denote byl the
PM J-dimensional vector given byd = veq A).

At a first time, we ignore the interference among the
different codewords. Based on the above notations, tharine
dependence between the baseband inputs and outputs of the

channel can be expressed as:

YV=HOIp; @ (An,;x1 @ )] A+ N 9)

where) is the decision vector of lengthi¢) LN ;M such that:

VI —1)QLN;M + (¢ —1)LN; M

+ (I —=1)NiM + (n—1)M +m] = yjg1nm (10)

His+1  Hig His—(-2)
(i) = | Tz T ' (15)
: Hig
Hiv1)s Hiszv2  His+

where the construction of th@ LN M x PN ;M matrix H,
is as described above. From eq. (12), it follows thgt will
be equal to the all-zero matrix wheh < 1. Based on this
notation, the channel matrik(?) in eq. (11) can be written
as:H© = H(0).

C. Simplified System Model in the Absence of Interference

From the previous subsection, it is evident that the model of
MIMO UWB systems described in eq.(14) is intractable and

and.\ is the noise vector that is constructed in the same Wa¥es not lend itself to a simple analytical analysis. Thnesf

as).
Ineq. (9),H? is the JQLNyM x JPN;M channel matrix
given by:

H1 0QLN;MxPNsM 0QLN;MxPN;M
7O — Ho Hy :
; 0QLN;MxPN;M
Hy Ha Hy

whereH; quantifies the interference (IFI and ISI) between tw

columns of the same codeword that are separate(ljby1)
symbol durationsH; is a QLNsM x PNyM block matrix
whose(q, p)-th block is denoted by<;,, forg=1,...,Q
andp = 1,...,P. Hjqp is @ LNsM x Ny M matrix that
can be written as;,, = [H],,, --- H],,.|" where
Hj,q,p,1 1S QN M x Ny M block matrix whosen, n')-th (M x
M)-dimensional block is denoted 8% 4. 1.0’ fOr n,n’ =
1,...,Ny. The(m, m')-th element ofH; ¢ .1 n.n/ IS given by:

hap (=Tt Art(n— )Ty +(cn =) Tt (m—m')3)
(12)
Each codeword can interfere witN;,, codewords where:
N = [T Ty = NeT. = (M —1)0 — Toy)
" TN T;

(13)

we adopt the following approach in our work. First, we
consider the problem of ST code design in the absence of IPI.
This first step is convenient for determining and understend
the main characteristics of the proposed schemes; edpecial
the achieved transmit diversity order. Even though, theecod
design is based on the simple scenario of no IPI, the analysis
that we present on the coverage extension offered by MIMO-
UWB systems in section IV as well as all simulation results
will be based on the exact model presented subsection II-B
and that takes into account IPI, IFI and ISI. This approach is
equivalent to assuming that interference can be considesed
a perturbation on the proposed schemes. This assumptibn wil
be further justified and strengthened in section Il where we
present the different code constructions.

In this subsection, we present a simplified system model
in the absence of IPl. On the other hand, the solutions that
we propose do not depend on the value takenNyy and,
consequently, unlike [2] can be applied with very high data-
rate UWB systems that do not employ any pulse repetitions
(N = 1). Since Ny has no impact on the performance of
the proposed ST codes in the absence of interference, we also
assume thaiV; = 1 in this model for the sake of simplicity.

In the absence of ISI, the constituent sub-matrikgf the
channel matrix+(®) in eq. (11) will be equal to the all-zero
matrix whenj # 1. Consequently’{(®) can be written as:
() =T1; ® H;. Denoting™; by H, eq. (14) can be written

Including the interference among the different codewordgs.

eg. (9) will be modified to:

YV=HO[Ip;® (In,;x1® In)] A
+H™ [Ipsn,, ® (In,x1 @ )] A + N (14)

where A" is a vector of lengthN;,JPM. It is given
by: A = [[A(N:)]T --- [A1)]T)" where A(i) stands

for the vector of length/PM obtained from the vertical
concatenation of the columns of the codeword that prece
the considered codeword hy symbol durations. Based on

V=[I;H|A+N (16)

On the other hand, foVy = 1 and j = 1, the channel
coefficients in eq. (12) reduce to:

hg,p (A + (m — m')d) = hg,p (A1) S (17)

whered; ; corresponds to Kronecker's delta function and the
second equality follows from the condition of no IPI.

ded herefore, in the absence of IPI and fof; = 1, the

EM x PM channel matrixH in eq. (16) can be written

this notation, the vectotd in eq. (14) can be written as @

A= A(0).

In eq. (14),H"™ is a JQLN;M x N;,JPN;M matrix where H is a QL x P matrix whose((q

given by: H™) = [H(Ny,) --- H(1)] whereH(i) is given

H=H®&Iy (18)
— 1)L + 1, p)-th
element is denoted by, ;, forg=1,...,Q,1=1,...,L



andp =1,...,P. From eq. (8) and eq. (17hq, iS given where0,,x., is the all-zerom x n matrix.
by: The Maximum-Likelihood (ML) decoder decides in the

Ty favor of vectorS that minimizes:
hqip = hq, (Al) = / h! (t)w(t — Al)dt (29)
e o 7 |V — HOS|2 = YTV — 2VTHDS + STOTHTHDS (24)

I1l. CODES CONSTRUCTIONS where from eq. (18)HTH = (H®Iy) (H®ILy) =
As indicated before, the model given in eq. (16) will bed” H ® I, following from the properties of the Kronecker
used for the code construction in this section while all & thproduct. In what follows, we denote ldy the P x P symmetric
numerical results will be based on the exact model presentedtrix given by:G = H” H. From eq. (19), it can be easily

in eq. (14). seen that thép, p’)-th element ofG is given by:

A. Scheme 1: Pulse Antenna Permutat oS
. Sc eme - u_se n enna_ ermutation _ G, p) Zzh(b Lohaip (25)
The first diversity scheme is based on pulse permutations a=11=1

and extends ovey = 1 symbol duration only. For simplicity,
since J = 1, the pulse positions,, ;. can be denoted by ~©On the other hand, eq. (23) implies th@t is a unitary

apm forp=1,...,Pandm=1,..., M. matrix whose transpose is given by ‘. Consequently, from

Denote bys € {1 , M} the posmon of aM-ary PPM €q. (22),@7 = [Iyy Q' ... Q~(P=V]. Therefore, after
information symbol. The transmission strategy corresgdnd SOme manipulations, the matrix” 7 H® in eq. (24) can be
fixing: written as:

Ap,m = 671'?*1(5),m ;o p=1,...,P (20) P P
) A . Ta /T _ —(i—1) . 0J—-1 _ e Yt
wherer”(.) stands for the cyclic permutation of ordegiven THIHS = Z Q ZQWQJ - Z ZQWQJ
by: = = i=1j=1 (26)
78(@) = (i+k—1) mod M + 1 (21)

As stated in the proposition, we limit ourselves to the case

In other words, the first antenna transmits only one pulgg < M. The reason for this choice will become clearer at the
during the s-th modulation position while the-th antenna end of this subsection. Consequently, eq. (26) can be writte
transmits one pulse that is cyclically permutated joy- 1  as:

positions forp = 2, ..., P. Evidently, this scheme introduces M M
no expansion to théa/-PPM constellation since each antenr@THTH(I):z ngQj—i (27)
transmits only one unipolar pulse during one out of fhe o1 =1
available positions. o
The most appealing feature of this diversity scheme is _Z giilnr+ Z g”QJ +ZQUQJ il (28)

its simplicity since only oneV/-PPM information symbol is

involved in the encoding and decoding procedures. Morgover

this simplicity is achieved with no penalty on the data ratghereg; ; is given in eq. (25) for(i,§) € {1,...,P}? and

since scheme 1 is a rate-1 ST code that transmits at the gte =0 for (i,5) e {P+1,..., M}2

of 1 M-PPM symbol log, (M) bits) Per Channel Use (PCU). By a change of vanable the flrst summation in eq (28) can
Unlike all of the existing ST codes that extend over at leagk written asZ; 2 Z;W 141959 J—i — ZJ g Y. In

J = P symbol durations, scheme 1 profits from an enhancgge summatiorZ;, j < M — i implying thatj < M — i + 1.

diversity order by conveniently encoding the positionst® t Consequently; +j — 1 < M and from eq. (21):
unipolar pulses transmitted during= 1 symbol duration as

Jj=i1+1

stated in the next proposition. @) =(G+j—1) modM +1=(i+j—1)+1=i+j

Proposition 1: For P transmit antennas, scheme 1 achieves (29)
a full transmit diversity order with\/-PPM constellations for consequently, summatiorf; can be written as:Z; =
the values of)M satisfying: M > P. Z?ﬁ? Gimi ()

Proof: For scheme 1, the codeword in eq. (16) re- Denote byZ, the second summation in eq. (28). Since
duces to aPM dimensional vector that can be written asQ = I, thenZ, = Zg lngJ i = ZJ 1ngJ M
A=lel el €r(s)r elp_ 14" wheree,, stands for then-th By a change of variable, this summation can be written
column of theM x M |(§ent|ty matrix I,;. In an equivalent as:Z, = Z;”;wl i1 Giviti— &Y. In this summation; >
way, A can be written asA = ®S whereS = ¢, and® is M — i+ 1 implying thati 4+ j — 1 > M. Therefore, from eq.

the PM x M matrix given by: (21):

P = [ I (Ql)T (QP*1)T }T (22) (@)= (i+j—1) modM +1

where() is the M x M cyclic permutation matrix given by: =(+j-1-M)+1=i+j-M (30)

- { 015 (m—1) 1 ] (23) consequently, summatiorf, can be written as:Z, =

Inp—q Om-1)x1 Z; M i1 Jior ()Y



Therefore, eq. (28) can be written as: wherea andj|,,_, can be obtained from equations (36) and
M M1 (37) respectively. Note that from eq. (37); contains at most
Tq,T _ . N QLP non-zero terms sincg; .-;;) = 0 whenw=7 (i) > P.

VHIHD =D giilu + D im0 (1) From equations (36) and (40;,)it follows that agt)high SNRs
v a < 1 (and consequently the PPM symbgl is lost) if and

_ only if |hg;,] < 1forg=1,...,Q, L = 1,...,L and
ngﬂ (3) (32) - &P . . .
P p=1,..., P. In other words, the information symbol is lost
only when theP@ sub-channels suffer from fading over a
duration LT,,. Therefore, the proposed scheme achieves full
transmit, receive and multi-path diversities.
M ] The next argument will also show that the proposed scheme

i=1 j=1

M M-1
=1 [Z Gii| + Z QJ
i—1 j=1

Applying the change of variablg = —j+ M on the second
summation of the last equation results in:

M
PTHTHO =1, lz Gii
=1

M—1

+ Z Q*jJrM

J=1

Zgi,rjw(i) guides the receiver in the sense of making correct decigsiens
i=1 P increases. Note that in eq. (4@),corresponds to a correct
(33)  decision whiles; corresponds to confusing the transmitted po-
M M sition with a position that ig slots further (in a cyclic pattern).
=1y lz Giyi Zgi,ﬂj(i)] (34) Sincea can be written agy = Bo and sincer (i) # i for
i=1 i=1 j=1,...,M—1,theng; < aforj=1,..., M—1 following
where the last equation follows sin€g” = I,,, Q1 = QT from the properties of the autocorrelation function. Forxadi

M-1

+3 (@

J=1

and sincer™ (m) =m form=1,..., M. value of (@, L), note thata (and consequently the diagonal
Equation (34) can be written as: elements ofb” HTH®) adds up coherently a8 increases. On
M1 the other handg; for j = 1,...,M — 1 (and consequently
STHTHD = alyy + Z 8, (@7’ 35) all the non-diagonal elements d’ HTH®) do not contain

any squared channel coefficient sinég;; # hq i)
following from 7=7(i) # 4 for j = 1,...,M — 1. As
a conclusion, the gap between the absolute values of the
M - P o diagonal elements (corresponding to correct decisiord}tae
OB g =D gia=2D > hou (38) non respond |
bt e ol non-diagonal elements (corresponding to erroneous desisi
=l =t o increases withP thus enhancing the diversity order of the
Wk ‘ proposed scheme and making it more resistent to errors.
ZZ UL SO While in the above analysis the diversity order was inves-
tigated in the absence of IPI, the impact of IPI will manifest
@7 ) iy ;
) itself in the presence of additional cross terms that will be
where the above equations follow frpm eg. (25) and fr_om the®ided toa and 3, in eq. (40). Since these cross terms can
fact thatg;; = 0 andg; ;) = 0 for i > P by construction. pe positive or negative with the same probability, thenrthei
The elements oi(QT)J are equal to 1 on thg-th upper average will tend to zero. Moreover, these interferencaser
diagonal and(M — j)-th lower diagonal and are equal todo not add up coherently and, consequently, their effect can
zero elsewhere. Consequentqsz)'7 can not be equal td,; be considered as a perturbation @n(and, consequently, on
for j = 1...M — 1. Therefore, from eq. (35), the diagonathe overall diversity order of the system).
elements o HTH® are all equal tav.
In eq. (24), since the vectds' (which is the vector repre- g scheme 2: Pulse Antenna Modulation
sentation of al/-PPM symbol) is equal to a certain column of .
T =TT . . Single-antenna systems, scheme 1 as well as the shape-
Ly, thenS™ @77 HDS is always equal to a diagonal element reserving PPM codes [7], [8] all correspond to transnttin
of ®T"HTH®. From what preceded, since all the diagonzﬂ 9 ' b

elements ofd”HTH® are equal, then a ML decoding ruleone. .pulse during one out of tha/ ava|Ia.bIe _modulguon
: N ] positions. The novel idea that we propose in this sectiorsis a
equivalent to eq. (24) is given by:

follows: during each modulation position, only one transmi
[yTches} (38) antenna (out of theP antennas) is allowed to transmit an

} information-carrying pulse. In other words, instead of mod

Consider the high signal-to-noise ratio (SNR) regime angating the information symbols over the/ PPM positions

Jj=1
where:

=

i=1 gq=1 I=

M P
Bi &Y Gimi =) _ Gini ()=
i=1 =1 ‘

P
=1

q=11=1

{1, M

assume that the PPM symbe) € {1,..., M} was transmit- for each transmit antenna(p = 1, .., P), these symbols are
ted, then) = Hde,, resulting in: modulated over thé® transmit antennas for each modulation
§=arg max [GZ:)(I)THTH(I)GS] (39) positionm (m =1,..., M). Evidently, the proposed scheme
se{l,...,M} is exclusive to MIMO systems.

On the other hana,!, 7H7 H e, is equal to the s, s)-th Designate by, ,..., sy € {1,..., P} M P-ary symbols.
element of®”HTH®. Based on the structure @’ H7H® The diversity scheme that we propose extends over P
given in eq. (35), it follows that: symbol durations and is given by:

S = S0,

«Q, apjm =Opoi-t(sy) 3 P=1...Pj=1...0;m=1...M
ﬁ|so—s|a § 7£ 50-

(40) (41)

el ®TH HPe, = {



where o%(.) stands for the cyclic permutation of ordér whereEIRP is the effective isotropic radiated powét,is the
(among theP transmit antennas) given by: —10 dB bandwidth of the transmitted pulse&s, and G, are
k- . the gains of the transmit and receive antennas respectively
= k—1) modP +1 42) |
o"(%) (ZJT ) _ + - (42) is the path loss exponent. ff,.;,, and f,,.. stand for the-10
In other words, for a given modulation positiam, antenna B edges of the spectrum occupied by the waveforms, then

07~ !(sm) is pulsed during thg-th symbol duration. From eq. ¢, — /727 = F is the noise figure of the receiver ard
(41), it follows that the number of bits transmitted PCU is: s the implementation los;, = % is the transmission rate

R M log, (P) (43) whereR is the number of bits transmitted PCR: = log, (M)
2T P (resp.R = M log,(P)/P) for scheme 1 (resp. scheme 2).
while the rate of scheme 1 (and of all the existing shape-
preserving PPM codes) iR, = log,(M) bits PCU. Given V. SIMULATIONS AND RESULTS

that practical systems are equipped with a limited number of ) ] . )
antennas, thed/ is often much greater tha® and scheme e consider FCC—c_omphant G_aussmn pulses occupying the
2 presents the main advantage of an enhanced data rate With 5-1] GHz bandwidth. In this casefIRP = —41.25
respect to scheme 1. For example, for modulation aver dBM/MHz [1]. In eq. (44), we fixG, = G, = 0 dB,
positions with 2 transmit antennas, scheme 2 transmits t4io = 6 dB, I = 5 dB and o = 2 which corresponds to
times faster than scheme 1. free-space propagation. The transmit and the receive @rray
Unlike spatial-multiplexing systems where the data rate € supposed to be sufficiently spaced so that each one of
increased at the expense of sacrificing the transmit diyersine Q sub-channels is generated independently from the
order, the increase in data rate that results from scheméther sub-channels using the standard IEEE 802.15.3a ehann
is accompanied with an enhanced diversity order as statedMfdel recommendations CM1 and CM2 that correspond to
the next proposition. Finally, since for scheme 2 in the ager line-of-sight (LOS) and non-line-of-sight (NLOS) conditis
M/ P pulses are transmitted from each antenna, the wavefolk4]- The modulation delay of the PPM constellation is fixed
w(t) in eq. (1) must be normalized bg/p/M to ensure the t0: 6 = 0.5 ns. Sln(_:eé_ is small compared to the channel
same transmission level compared to SISOPPM systems. delay spread (that is in the order &f = 100 ns), all of
Proposition 2: For P > 1 transmit antennas, scheme dhe presented simulations take IPI into consideration.h&t t

achieves a full transmit diversity order witl/-PPM constel- receiver side, perfect channel state information is asdume
lations for all the valued/. A modified version of the sphere decoder is applied [13].

Proof: The proof is provided in the appendix. This assures that the output of the decoder corresponds to
From proposition 1 and proposition 2, it follows that onéhe closest point of the multi-dimensional PPM constediati
advantage of scheme 2 over scheme 1 resides in the fact fi@ad not simply to the closest lattice point).
the former can be applied for all values @, M) while the  In the first simulation setup, we fi¥’; = 100 ns which is
latter is limited to M > P. On the other hand, scheme Jdarger than the channel delay spread. Consequently, thip se
presents the disadvantage of an increased decoder cotgplgxighlights the diversity and multiplexing advantages oé th
since M P-ary symbols PM dimensions), as compared toproposed schemes independently from IFI and I8}. has
one M-ary symbol (/ dimensions), must be decoded jointlyno effect on the performance in the absence of IFI and ISI
In this case, the nonlinear PPM-specific sphere decodésrd it is fixed tol.
proposed in [13] must be applied resulting in more complex Fig. 3 compares the performance of single-antenna IR-UWB
receivers. Finally, fold > P, the choice of applying schemesystems with that oP x 1 MISO-UWB systems using scheme
1 or scheme 2 depends on the complexity constraints on thavith 5-PPM forP = 2, 3, 5. The receiver is equipped with a
receiver and on wethé®, is smaller or greater thaR,. Note 4-finger Rake. Results show the enhanced diversity order and
that the decoding complexity of scheme 2 is the same as tHze high performance levels achieved by the proposed scheme

of [7], [8]. In Fig. 4, we compare the performance of scheme 1 with that
of the rate-1 shape-preserving code proposed in [8] with 8-

IV. COVERAGE EXTENSION OFFERED BY THEMIMO PPM. This simulation shows that the diversity order of both
TECHNIQUES codes is the same and that [8] slightly outperforms scheme

The low transmission levels imposed on UWB communica- (by about 0.5 dB atl0—3). However, this enhanced per-
tions have direct implications on the achieved commurocati formance is realized at the expense of an increased decoding
ranges and data rates. In this section, we discuss the cowamplexity since [8] necessitates the joint ML detectionfof
age extension and the data rate enhancement offered by P& symbols while scheme 1 is symbol-by-symbol decodable.
diversity schemes that we proposed in the previous sectiorNote that [8] is the best known rate-1 PPM code and that,

Designate by, and N, the average energy per informatiorwith respect to this code, scheme 1 compromises a small
bit and the noise spectral density respectively. The 8§V, performance loss with an important reduction in the reaeive

can be related to the communication distan€ebly [14]: complexity especially for large numbers of transmit ansenn

E A fod In Fig. 5, we compare the two diversity schemes with

Fb = ETRP+10log,;((B)+ G+ G, —10alog; < < ) 16-PPM. The enhanced multiplexing gain of scheme 2 (that
0

reaches 8 bits PCU with 4 transmit antennas compared to 4
— 10log,(Ry) — (=173.83+ F) = I (44) pjts PCU for scheme 1) manifests itself in high performance
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Fig. 3. Performance of scheme 1 on CM2 with 5-PPM. One recaiNenna Fig. 5. Scheme 1 versus scheme 2 with 16-PPM. Simulationpeafermed
and a 4-finger Rake are used. over CM2 and the receiver is equipped with a 5-finger Rake.
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Fig. 4. Scheme 1 versus the rate-1 code in [8] with 8-PPM. &itiams are Fig. 6. Transmit diversity versus multi-path diversity wis-PPM. Scheme
performed over CM2 and the receiver is equipped with a 4-fifpke. 1 is applied in the MIMO case. Simulations are performed @ii2.

levels especially at low SNRs. This figure shows the very highansmit antennas can be more beneficial than enhancing the
performance levels achieved by scheme 2. The performamaelti-path diversity by increasing the number of Rake firsger
enhancements are associated with a higher decoding compkyen though there is no increase in the energy capture. This
ity (which is the same as that of [8]). follows from the fact that consecutive multi-path compasen

To highlight the advantages of ST coding with UWBof the same sub-channel can be simultaneously faded because
systems, Fig. 6 compares systems having the same ovevéitluster and channel shadowing [14]. For SNR=20 dB, Fig.
diversity order that is equal to the produeQ) L (with @ =1 6 shows that it is possible to achieve error rates smaller tha
in this case). 3-PPM is used and for a fair comparison, we plti—> by increasing the number of transmit antennas while it
the symbol error rates (SER) as a functionfof. for SNRs was impossible to reach such error rates with single-aatenn
of 15 dB and 20 dB (note that the gap between the 1 systems with any number of Rake fingers.
and P x 1 systems will increase if the SER was plotted as a In Fig. 7, we consider the impact of IFI and ISI. We
function of L alone). For example, & x 1 system equipped fix Ny = 1 and the frame duration can take the values of
with 60 fingers achieves a SER®& 10~* ata SNR of 20dB. 7y = 8, 15 or 100 ns. In particular, we comparg x 2
In this case, the x 1 system with only 30 fingers achievessystems employing either scheme 2 or Spatial-Multiplexing
a better SER in the order afo—> while the 3 x 1 system (SM) with 16-PPM. The superiority of scheme 2 is evident
with 20 fingers achieves a SER ¢f 10~°. Fig. 6 shows that for all levels of interference. In this scenario, both sckem
exploiting the transmit diversity by increasing the numbér 2 and SM transmit 8 bits PCU. However, scheme 2 presents
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Fig. 7. Scheme 2 versus spatial-multiplexing in the presafdnter-symbol- Fig. 9. Performance over the Kunisch-Pamp profile-2 modg]. [$cheme
interference2 x 2 MIMO systems are considered with 16-PPM. The receivet is used with 4-PPM.
is equipped with a 1-finger Rake.

10° for high data-rate WPANSs since they can boost the data-rate
e and (or) the coverage of such networks. For example, while a
v single-antenna system can not deliver more tharMbps at
¥ 33, CML a distance obh m on CM1, the6 x 6 system achieves the data
=7~ 3x3, CM2 . .
A 44, CM1 rate of about3 Gbps (without any channel coding).
=D 4x4, CM2 . . . .

10°k & 55, Cu1 || While all of the previous simulations were performed as-
=0- 5x5, CM2

suming that the MIMO channels are independent, Fig. 9 shows
the performance over the space-variant UWB channel model
proposed in [15]. Simulations are performed over profile 2
that corresponds to an office NLOS scenario for antenna
array separations of 5 cm and 10 cm. Scheme 1 is applied
with 4-PPM. Results show the high performance levels over
this realistic MIMO model that takes spatial correlatiomoin
consideration. It can be observed that the diversity orftars
both array separations are the same with the larger separati
resulting only in a slightly better performance.

Data-rate (Mbps)

10

25

Distance (m)

Fig. 8. The achievable data rate as a function of the comratiait distance VI. CONCLUSION
ata _SER ofl0—3 with 4-PPM. Results are shown for CM1 and CM2 using We presented two novel diversity techniques for IR-MIMO-
a 3-finger Rake. . . .

UWB systems using unipolar PPM constellations. The pro-
posed constructions solve the problem of the non-existefice
unipolar codes for any number of transmit antennas andlsigna
set dimensionality. With respect to single-antenna syste¢he
proposed schemes add no additional constraints on the RF
circuitry to control the amplitude and the phase of the UWB

filses. Results show that data rates in the ordet Gps

the additional advantage of being fully diverse. This erdean
diversity results in decreasing the error floors that refsatn
interference. For example, SM has an error floos of 10~2
for Ty = 8 ns while scheme 2 can achieve error rates that

-2 i itti - . . .
Tng;aliler thanl0™* while fransmitting at the same data-rate o an be achieved by the proposed schemes for communication
pS- distances that do not exceddm thus making the proposed

By applying eq. (44), we plot the binary ratg, as a gchemes strong candidates for high data-rate WPANS.
function of the communication distancé in Fig. 8 for a

target SER ofl0—3. Scheme 2 is applied with 4-PPM and
a 3-finger Rake. We fixVy = 4 while T} is varied from2.5
ns to 100 ns. At a first time, the SER is averaged ouér To simplify the analysis, in the construction of the
channel realizations by Monte Carlo simulations. At a secoriPM x .J)-dimensional codewordd, instead of stacking
time, the value ofE; /N, corresponding to a target SER ofa, ;1,...,ap ;1 Vvertically for a given value of(p, j), we
103 is determined and is calculated from eq. (44). Resultschose to stack jm, - .., ap m Vvertically one after the other
show the suitability of the proposed MIMO-UWB solutiongor a given value of(m, j). In other words, theé(m — 1)P +

APPENDIX
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p, j)-th element ofA will be equal toa, ;.. Based on this implying that the L fingers of all of thePQQ MIMO sub-
new formulation, eq. (16) will be written as: channels add up coherently and that the system profits from
full transmit, receiver and multi-path diversity orders.
For S # S’, combining equations (50) and (52) results in:
M P-1

YV=[Ip@Iu@H)A+NE2HA+N  (45)

where the constituent elements of tQd. x P matrix H are
given in eq. (19).
Based on the encoding scheme described in eq. (41), the

P2M-dimensional vector4d can be written as: (53)

A2 veqA) = oS (46) m=1 k=0 ¢=1 I=1
T k k(o ; ;
_ _ Note that fors,, # s,,, c"(s,m) # o”(s),) implying
=| tyolp)’ Iyo)T Iy @ QP17 a m m . m
(In®@Ip)" (In®Q) ( M® T ) } that ZkP:()l Got oyt < ZkP:Ol Gok (o) ok (o) o
[el - el ] (47) following from the properties of the autocorrelation fuoat

] ~ Consequently, an erroneous estimated positignwill result
wheresy, ..., sM € {1,..., P} co_rres_pond to the information i, cross terms that do not add up coherently3ing: and that
symbols and? is the P x P matrix given by: are smaller tham.. Consequently, the imposed diversity order

01 (p_1) 1 enhances the useful information-bearing part of the reckiv
Q= [ Iri Oty } (48) signal without increasing the probability of confusing iithv
other signals corresponding to different information spfsb
The ML criterion is the same as eq. (24) whée H =
[Ip ® (Iny @ H)" [Ip ® (Iny ® H)] = Ip @ (Iny ® G) fol-

Note that in the absence of IPI, the block-diagonal strectur
of the matrix®”"HTH® in eq. (49) insures that the symbols
lowing from the properties of the Kronecker product where, ..., sy can be decoded separately. This is not the case in
G = H"H is the P x P matrix whose constituent elementghe presence of IPI where these symbols must be decoded
are given in eq. (25). jointly. Once again, IPI results in cross-product termst tha
Following from the structure of matri® given in eq. (47) do not add up coherently and, consequently, do not affect
and from the fact tha(Qi)T = Q¢ it can be directly proven the overall diversity order of the system. These interfeeen

that:
P

d o

i=1

STHTH® = Iy ® 2Iv®¢G

Inspecting the structure &f, it can be proven that itg, j)-

. (1]
th element can be written as:

(2]

P—-1
gi7j = Zgak(i),a’k(j) ;o 4Lj=1,...,P (50)
k=0 [3]
Since the P permutationso?(p),...,c"~1(p) span the
entire set{1,..., P} for all values ofp = 1,..., P, then [41
the diagonal elements &f are given by {=1,..., P):
5
P-1 P P Q L Bl
Gii2a= Z Gok (i),0% () = ng,p = Z Z Z h2,l,p
k=0 p=1 p=1qg=11[=1 6
(51) [6]

Consequently, for any?M-dimensional information vec-
tor S whose structure is described in eq. (47), the scalar
STOTHTH®S is always equal taV/G; ; which is a constant
implying that this term can be removed from the ML metric
given in eq. (24).

Therefore, the decision can be based on the mgtig(®S.
Assuming that the vecta$’ [e;q - el 17 was transmit-
ted, then at high SNRY = H®S’ implying that:

(8]

El

M

VIH®S = ST THTHOS = Y G,y 2 fss  (52) 1O
m=1

From eqg. (51) and eq. (52), it follows that for a corredt!

decision by the ML decodefis: s» = Ma=M Y, h2,

terms become more and more negligible comparegktg:
M Zp,qzl h;l,p (corresponding to a correct decision)/ds P,
(49) Q or L increase.
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