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Abstract—In this paper, we consider the application of Multi- In this paper, we consider the problem of ST coding with
pulse Pulse Position Modulation (MPPM) as a power-efficient N-multipulse/-PPM modulations and we propose the first
modulation scheme for Impulse-Radio Ultra-Wideband (IR-n6wn9 % 2 code that can be applied with such constellations

UWB) communications and we propose the first known MPPM- .
specific 2 x 2 space-time code that is convenient for this for all values of M and V. In particular, the proposed code

modulation. The proposed rate-1 code achieves a full transin  reduces to the x 2 PPM-code proposed in [9] for the special
diversity order with all MPPM constellations without intro ducing case of N = 1. The proposed code is rate-1, fully diverse
any constellation expansion. We also show that the proposed and shape-preserving with MPPM. Moreover, in the absence
_code profits from a low de_codlng complexity in the absence of of Inter-Pulse-Interference (IP1), the proposed scheme ca
interference between the different modulated UWB pulses. . . . . Lo
be associated with a low-complexity Maximum-Likelihood
Index Terms—Ultra-Wideband (UWB), Space-Time (ST) (ML) decoder whose complexity grows linearly with the
codes, Multipulse Pulse Position Modulation (MPPM). dimensionality of the MPPM signal set. Finally, the numbkr o
pulses transmitted from the two antennas during consetutiv
|. INTRODUCTION symbol durations can be made different thus offering more
scalability to the code and permitting to achieve diffelenels

Wideband (UWB) communication systems where it is com-

plicated to control the amplitude and the phase of the very

low duty-cycle sub-nanosecond modulated pulses. This can II. SYSTEM MODEL
be achieved by deploying time-modulations such as PulseC
Position Modulation (PPM) that takes advantage from ﬂ}?an
high temporal resolution of UWB systems [1]. An alternativeve
time-modulation to PPM is Multipulse-PPM (MPPM) tha&w0
was considered in [2], [3] in the context of free-space Optnlhult
cal communications. FaV-multipulsed/-PPM, each symbol
duration is divided intoM time slots and modulation is

perfc|>tr_meq by t_rans|m|tt|n?\f”<t_M Eulses iy %'_St'rﬁt slots pulses are transmitted iV, (resp.N2) slots out of theM
resulting in a signai constefiation having a cardinal y(% possible slots. For thid/-dimensional modulation, théth

While the interest in PPM resides in its energy efficiency . . .
; i . . Anf t bol b ted by led I
MPPM modulations are characterized by higher bandwidt orma IOAn symbot can be represented by 'mensiona

o X ctors; = [s;1 -+ st for i = 1,2 where exactlyN;
efficiency and lower peak-to-average power ratios [2]. _COMpONeNts among, ;....,s;  are equal to 1 while the

On the other hand, there is a growing interest in appIy"}gmaining components are equal to 0. In other words:
the Space-Time (ST) coding techniques on Impulse-Radip (IR

UWB systems [4], [5]. While the problem of ST coding for N;
UWB systems was initially considered with conventional mod ~ s; € Ci £ {) en, ; m # -+ #ny,} 3 i=1,2 (1)
ulations such as BPSK, more recent contributions proposed k=1
new ST codes for PPM [6]-[9]. In what follows, we define ?Nhereem stands for then-th column of thel x M identity

shape—preservmg code as a code thgt dogs not introduce rix In;. Note thatM-ary PPM follows as a special case
expansion to the uncoded constellation; in other words, t settingN; = Ny — 1

transmitted coded symbols belong to the same signal set S ssume that the receiver is equipped withantennas and

onsider a Time-Hopping (TH) UWB system where the
smitter is equipped witl?* = 2 antennas. In what follows,
propose a minimal-delay diversity scheme that conveys
information symbols during two symbol durations. The
ipulse modulation scheme is as follows: each symbol
duration is divided intoM time slots, and for the communi-
cation of the first (resp. second) symbdl; (resp.N2) UWB

finger of the Rake, a bank @ff correlators is used to separate
Cﬂﬂg different components of th&/-dimensional transmitted
symbols. For a single-user scenario in the absence of inter-
symbol-interference, the linear dependence between the ba
band inputs and outputs of the channel can be expressed as:

(scheme 2) or shape-preserving such as the binary PPM
proposed in [8] and thé/-ary PPM codes proposed in [7]
(scheme 1) and [9].
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where(C' is the2M x 2 codeword. The(p — 1)M + m,t)-th A3 xA2\{(0ar,0ar)} where0,, stands for theél/-dimensional
entry ofC can be equal to either O or 1 indicating, respectivelgll-zero vector. From (4) and (5§ (a1, a2) can be written as:

the absence or presence of an UWB pulse awithil position T
of the p-th antenna during the-th symbol duration fop = C(ay,ay) = ai1l v AiM G2.x(1) 0 A2.(M)
1,2, m=1,...,M and¢ = 1,2. The matricest and N are azi -0 GzmM G110ttt GLM

grij]\{h: r?oir;]:ttr:r?r?sc;ce)rsrsgst?\?edlyl/ng o the decision Var'abl%ﬁ'herew(.) stands for the cyclic permutation of order:

In (2), H is the QLM x2M channel matrix that can be (i) =(i—2) modM +1 (8)
written as: H = [H)  H®), H®) is a QLM x M matrix .
whose((q—1) L M+(I—1) Mm, m’)-th element corresponds to In What_foll_ows,C(al, az) will be denoted b)_C when th_ere
the impact of the signal transmitted during thé-th position S o amb|gU|t?/. on Lhé othﬁrtuagj, E(?g< 2hlf thgre les(;[s
of the p-th antenna on then-th correlator (corresponding to 2 NONZ€ro reainumboersuch that-s = kC;y wheret; stands

the m-th PPM time slot) placed after theth Rake finger of Iﬁr theti';h CO“;\?” cl)fC fct>_r it': 1’t2h. Leir:n bz %\r}lntege:r:n
the ¢-th receive antenna. This element is given by: e se{l,. .., }_' hvestigating thém-th anc ( -+ m)-
rows of C' respectively, the relatiods = k£C, implies that:

H(p)((q—l)LM—i—(l—l)M—i-m,m’): agm =karm; m=1,..., M (9)
—+oo
/ Gap(Ow(t — Ay — (m —m))dt (3) W = Kagnm) 3 M= 1,00, M (10)

Combining the above equations results in:
wherew(t) stands for the pulse waveform having a duration 9
T, and g, ,(t) stands for the convolution of(t) with the am =k a1xm) s m=1,....M (11)
impulse response of the frequency-selective channel lsetwe The above equation implies thatd is rank-deficient and
antennag andg. In (3), § stands for the duration of each PPMf one component amon@ 1, ..., a1, IS equal to zero, then
time slot ¢ > T’,) andA; £ (I—-1)T,, stands for the delay of the remaining components will be all equal to zero since
the I-th finger of the Rake. Interested readers are referredtife functionr(.) defines a circular permutation over the set

[9] for more details on the system model. {1,...,M}.
Assume thatV; < % Since exactlyN; components of
I1l. CODE CONSTRUCTION elements of’; are different from zero (and equal to one), then

at most2N; components of elements of; can be different

ftom zero. Since in this caskV,; < M, then there is least one

component ofz; that is equal to zero resulting iy ; =---=

51 S ay,p = 0 following from (11). Replacing these values in (9)
results inaz 1 =- - -=asg,p =0. Therefore, ifN; < % then the

Clons) =
52
. . . . ._only rank-deficient matrix is the all-zero matriX(0s, 05).
whereC; andC, are theM-dimensional signal sets given in rccime now thatV, > X Vector a; can be written as:

) . X e i 5
(2). Q is the M x M cyclic permutation matrix given by: a1 = 51 — 5, wheres,, s, € C1. Since N, components of,

- [ O1x(m—1) 1 } 5) and N, components ok| are equ_al to one, then .the relation
- 2N; > M will imply that there is at least one integeére

. {1,...,M} such thats; ; = s}, = 1. In this casea;; = 0

where0,, . stands for then x n matrix whose components resulting inay; = = a1 a =0 andag,; = - - = as.ar =0

are all equal to zero. o following from equations (11) and (9), respectively. THere,
Evidently, 2s2 € Co wheneversy € Cp implying that rank[C(a1, az)] < 2 and Ny > | thena; = as = 0.
the proposed code does not result in any expansion of thgs 5/ is odd thenNN; is eith2

' . : er strictly less thar or
multipulse constellations. I|_'1 other wor.ds, t.he transrdite- strictly greater than]\é_{. Consequently, based on the previous
coded symbols belong to eith€r or C- (just like the uncoded

) i ' discussion, if ranlC(a1,a2)] < 2 and M is odd, then

symbols) implying that the proposed code is shape-presgrvi, _ . _ implying that the only rank-deficient matrix

with all mgltlpulse constellations. ) is the all-zero matrixC'(0,r, 0as). Therefore, the code is fully
Proposition: The proposed code achieves a full transmfiverse for all values ofV; when M is an odd integer.

diversity order for all values o/, N; and V,. In particular, Assume now that)/ is even. For a given value ai,

the proposed code is fully diverse in the case wh€re= N2 it gne of the relationsV; < X or Ny > % is satisfied,

. . . 2

(i-e. when both information symbols are carved from the samigp, a5 before, the only rank-deficient matrix will be the all

mult|puI§e signal set). _ _ zero matrix. Now consider the cagé, = 2 (which can be
Proof: Denote by.A; the set of all possible differencesgyisfied sincels is even). If at least one componentaf is

between two information vectors carved frainfor i = 1, 2: equal to 0, then from what preceded réfikay, az)] < 2 if

A2 (s—5; 5,8 €Ci} ; Ao A (s—5'; 5,8 €Ca) (6) and onIy_ ifar = ax = 0y Ifall M = _2N1 components of

a; are different from zero then, following from the structure

Based on the rank criterion [10], the proposed code is fultyf the setA; given in (6), exactlyN,; components ofi; must

diverse if the matrixC'(a1,a2) has a full rank for(a;,a2) € be equal to+1 while the remainingV; components must be

In this paper, we propose the following structure for th
(2M x 2)-dimensional codewords:

} ; s1€Ci; s2€C (4)

S1

Ing—1 Ovr—1)x1



all equal to—1. Consequently, (11) can not be satisfied in thig®, =>"(h{))23"s3  + dD =322 N "2

case. In fact, sincé? > 0, then (11) holds if and only if all 0, m .l m
components ofi; have the same sign. Since (11) does not h0|9(5) — _9 (h(l) (1) 12,2 )
then rankC(a1,a2)] = 2. Therefore, the only rank-deficient *'-*? ;Sl’m; 0 Yo T a1 Yglm

matrix is the all-zero matrix for the caseg < &, N > &
: ' 6) _ 1,2
or N; = % that is, for all values ofV;. dgl)m = _2252% Z hq,lyq,l,m
Note that since the above proof holds independently from m ol
H 2 1
the value taken byN., then the proposed code is fully d(", = —2>" sy () > h(2), 1)
m q,l

. . L. q,l yq,l,m
diverse for all values of\/, N; and N,. In particular, if it

is desired that all the transmitted symbols must belong to
the sameM—dime_nsionalN-muI_tipuIse si_gnal set, we can Setdg?& -9 Z hglz)ht(fz) Zsl,m (52.m + 52.2(m))
N; = N; = N without modifying the diversity order of the o -

proposed scheme. Note that thex 2 PPM-code proposed in

[9] follows as a special case by settidg = Ny = 1. The termd.",, does not depend on ands, and, hence, it
Finally, it is worth noting that the transmit diversity iscan be removed from the metric. On the other hand, following
achieved because of the particular structure of the gBts from the structure of the multipulse constellation, S%,m:
and:lg givin"in (6|Z- Fr?r exarr(;ple,hthe ml'clltrh@(ala az) does S~ 5, . =N, for all values ofs; andy", s%{m =3, S2m=
not have a full rank when; anda, have all their components — 2) (3)
equal tol. However, these vectors simply do not belong to tI{gyazn fg; E:Lc;/raelge;hg:]Séeltg]rprrl])ﬁl?r?gtiat dus; And d, s,
1,82"

In the same way,
setsA; and A, for all values ofM, N; and Ns. sincer(.) defines a bijection over the sét,..., M}, then

IV. ML D ECODER Yom sgyﬂ(m) = N> implying thatd(;f),s2 can be removed from
A. Decoder Structure the summation. Replacing: by 7(m) in dﬁ?sZ( i)mplies that

. i i . 2), (1)
Denote by7. the maximum delay spread of the Uwgthis term can be written as:23 -, s2.m > g1 R i ¥g i r1(m)

channel {.>T,,). The Inter-Pulse-Interference (IPI) betweeMvherer (i) =i mod M+1 stands for the inverse permutation.
the different PPM slots can be eliminated by setingZ.+7,,. Based on the above simplifications, the metig ,, is
We next present a simple ML decoder that can be appliedé&guivalent to:

the absence of IPI. In the presence of IPI, a multi-dimeraion

extension of the sphere decoder could be applied [11]. dsy sy = — Zkl,msl,m - Z k2,ms2,m
In the absence of IPI, the channel coefficients in (3) can be m m
written as: + kS Z S1,m (SQ,m + SQ,Tr(m)) (15)
H®((q—1)LM + (1 — )M + m,m’) = "
oo s . (0) where:
~ o Gap(w(t — Ay)dt = by,  m= m'; 12
{ 0. mtm. 2 k23 (hg}}ygfl{m +h§?2yfl{m) - m=1,...,M (16)
q,l
Denote byy(*), the (g — 1)LM + (I — 1)M + m, p)-th a 1, @), 1 o
component ofqthe decision matriX given in (2) forq = Fam = Xz: (hqalyq,l,m + hq,lyq,l,frfl(m)) ym=1,....M
1,...,Q,l=1,...,.L,m=1,...,M andp = 1,2. In this * (17)
case, an ML decoder decides in favor of thedimensional N 1), @)
vectorss; and s, that minimize the following metric: ks £ hy by (18)
q,l
_ ) & @) 2
sy ,3y = Z (@/q.,z,m —hgisim =y S2m<m>) + Eq. (16)-(18) show thak; 1,..., k1 ar, k21, .., ke are
lm 2M constants that depend on the decision variables and

Z (yfl),m _ hfj?Sz,m _ hffl)sl,m)Q (13) thg channel coefficients Whilk_g _is a constant that depends
uniquely on the channel coefficients.
Denote byS; the set of indices of the nonzero components
Expanding the metric given in (13) results in: of tth—dimensional vectosy; that is:Sp = {m | 52,m = 1}
. and_lt containsV, eIemepts. A_ssumg that (or equivalently
d _ Z ) (14) Ss) is known at th_e receiver side. Sind§ components of;
51,52 51,52 are equal to 1 while the other components are equal to 0, then,
conditioned onsy, (15) is minimized if the set of indices of
the nonzero components ef is chosen as:

q,l,m

where the functiorr(.) is defined in (8).

J=1

A= ((yt(z,ll),m)rz + (yt(z,zl),m)Q)

q,l,m

where:

S1ls, =MAX [{/ﬁ,m —k3(s2,m + 52.7m)) 3 m=1,..., ]\/[}]
(19)
dg)-,sz = Z ((hgfl))? + (hfl))2) ZS%,m where the function MAXS] returns the indices of théV,

.l m largest elements of the sét



Finally, based on (15), the ML decoder decides in favor of °1
§1 and s, such that:

(31, 82) = arg ggg{z |:_d51\52752:|
107

=arg mEaJCX § kl,m+ § kQ,m_k3 E (52,m+52,ﬂ'(m)) o
s i
T mesy., meSs MES1 sy 6

(20)

10°

10

where the seC, given in (1) contains(f\‘f) elements and

.. . 2 . -0~ 1x1,N=1
the setS,|,, (containingN; elements) is determined frory o ¥
according to (19). e
—— 2xL, N;=N=3
10° T L L L
5 10 15 20 25 30
B. Decoder Complexity SNR per bit (¢B)

Note that, unlike the direct implementation of ML decoderssg. 1. Performance of multipulse modulation willi = 8 times slots over
(20) avoids evaluating th@l\\[/’) (]I\‘]{) metrics associated with all CM2 in the absence of IPI. A Rake receiver with= 5 fingers is deployed.
e|emem,5(517 52) €Cy % Co. lThiszwas realized by determiningFor thel x 1 systems,N denotes the number of pulses per symbol.
s1 from s5 in @ unique way according to (19). In what follows,
we evaluate the complexity of the proposed ML decoder
terms of the number of multiplications required for decggen mainly from the dimensionality of the signal set and not from

pair of information symbolg$si, s2). This simplified approach the structure of the encoder/decoder
neglects the complexity of the additions and comparisons '

involved in the decoding algorithm.
The ML decoding procedure is as follows:

1) The receiver calculates the&M + 1 constants
{k1m M, {kom }M_, andks given in (16)-(18). This
step necessitat&SV QL+ 2MQL+QL = (4M+1)QL
multiplications.

2) For each value of, (among(f\‘é) possible values), the
decoder determines the value @f according to (19).

tﬂ‘l the order of% ~ M for large values of\f) follows

V. SIMULATIONS AND RESULTS

Simulations are performed over the IEEE 802.15.3a channel
model recommendation CM2 [13]. A Gaussian pulse of dura-
tion T,, = 0.5 ns is used. In the no-IPI case, the modulation
delay is chosen ag = 100 ns which is larger than the
maximum delay spread of the UWB channel while in the
IPI case we seb = 0.5 ns. The presented results show the

variation of the Symbol-Error-Rate (SER) with the Sigra-t

There are no multiplications involved in this procedure. . : ) i
In fact, given that the ternisz ,, +52.(m)) €an be equal Toise Ratlggz((sll;l;?glogzel(rwp)lt. The proposed code transmits at
5 N1 No

to either 0, 1 or 2, then the terrhy ,,, — k3(so.m + the rate ofl bits per channel use (bcu) while
Sa.x(m)) Can be calculated by performing 0, 1 or 2N-multipulse/-PPM 1 x 1 systems transmit at the rate of
additions respectively without necessitating any numbbg; () bcu. Given that the proposetix 2 (resp.1 x 1)

of multiplications. In the same way, the sorting functiosystem transmits on the average:™ (resp.N) pulses per
MAX [.] can be implemented based on comparators argymbol, then the energy of the UWB Gaussian pulse must be
hence, doeja not require any number of multiplicationglormalized by\/ﬁ (feSP-\/Lﬁ)-

3) Once the(y,) candidate symbol pairss,,,s2) are  Figures 1 and 2 compare the performance of the proposed
determined, their corresponding metrids, . s, are code with that of single-antenna systems in the absence
calculated and the decision is made according to (2Qnd presence of IPI, respectively. Results show the high
Once again, sincEss,;n+s2,7(m)) € {0, 1,2}, thenthere performance levels and the enhanced diversity order aethiev
are no multiplications involved in this step. by the proposed scheme. In coherence with [3], under a

From what preceded, the ML decoder requit¢s/ +1)QL fixed average power constraint, multipulse systems permit

multiplications for the detection of one pair of informatio to achieve higher bit rates at the expense of deteriorating
symbols. Note that this complexity increases linearly with the performanceN-multipulsed/-PPM ST-coded IR-UWB
dimensionalityM of the signal set and it does not depend osystems can constitute a strong candidate solution for high
values taken byV; and N,. Note also that since there are naate wireless communications; in particular, this modafat
up-converters and down-converters in IR-UWB systems, tieheme is more bandwidth-efficient comparedfePPM. For
channel coefficients (as well as the modulated symbols) aeample, Fig. 1 shows that the ST-coded multipulse system
all real-valued; consequently, all of the above multigiiwas with (M, N) = (8,3) outperforms the single-antenna 8-ary
correspond to real-valued multiplications. Even though tiPPM system by approximately 3.5 dB (at a SER16f3)
proposed code is not orthogonal, its complexity is comparalwhile transmitting 1.93 times faster. Finally, based on diee

to that of the orthogonal Alamouti code [12]. In fact, forcoding procedure described in (19)-(20), it is more corseni
decoding one pair of one-dimensional PAM symbols, thie chooseN, < N;. For example, in Fig. 2, the proposed
Alamouti code required@L real-valued multiplications. In scheme with(N7, N2) = (1,2) would achieve the same error
other words, the additional complexity of the proposed deco performance and data rate as i, N2) = (2,1) system
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2. Performance of multipulse modulation witi = 4 times slots over

CM2 in the presence of IPI. A Rake receiver with= 5 fingers is deployed.
For thel x 1 systems,N denotes the number of pulses per symbol.

[11]
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[13]

but at the expense of a slightly higher decoding complexity
(more additions and comparisons but the same number of
multiplications).

VI. CONCLUSION

We introduced a new construction method for unipolar
shape-preserving MPPM ST codes with two transmit antennas
for any signal-set dimensionality. This novel constructibat

was based on pulse permutations can open the door to new

families of codes that can be applied with any number of
transmit antennas.
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