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Abstract—In this paper, we consider the problem of Space- the information can only be conveyed by the presence or
Time (ST) coding with Pulse Position Modulation (PPM). While  gbsence of the light pulses. For TH-UWB and FSO systems,
all the existing ST block codes necessitate rotating the pke the extension of the existing single-antenna solutionshe t
or amplifying the amplitude of the transmitted symbols, the pro- . L . . .
posed scheme can be associated with unipolar PPM consteltats mu'“'antenna_scenar'os 1S feas_'ble only if thef ST codeiagpl
without introducing any additional constellation extenson. In at the transmitter side necessitates controlling only time t
other words, full transmit diversity can be achieved while onvey- delay of each transmitted pulse (without controlling itsapé
ing the information only through the time delays of the modubted qf amplitude). In this context, combining the power-effitie
signals transmitted from the different antennas. The absece of MIMO techniques with the power-efficient PPM constellation
phase rotations renders the proposed scheme convenient fow- . L .
cost carrier-less Multiple-Input-Multiple-Output (MIMO ) Time- is of substantial importance for the low powerlconsurln.ptlon
Hopping Ultra-WideBand (TH-UWB) systems and for MIMO  UWB systems. On the other hand, the bandwidth efficiency
Free-Space Optical (FSO) communications with direct detd¢ion.  iS not a key concern in UWB systems. However, designing
In particular, we propose two families of minimal-delay ST bock  MIMO systems transmitting PPM pulses that occupy the same
codes that achieve a full transmit diversity order with PPM. bandwidth results in simple mono-band transceivers thas ha

Designate byn the number of transmit antennas and by M h simpl truct d to the alt t itith
the number of modulation positions. For a given set of values a much simpier structure compared to the alternate mu a

of (n,m), the first family of codes achieves a rate of 1 symbol UWB solution.
per channel use (PCU) which is the highest possible achieviab While a huge amount of work considered the problem of
rate_when no constellation e>_<tensi_ons are introduced. Theesond gT coding with QAM, PAM and PSK [9]-[13], the ST code
Iﬂ?'g( ogncsoedgf:?gdﬁiezpzid m;z 2 W"’_ef;a“giolf,(;;ml?‘ design with PPM remains a research domain that is not much
P 9 YR =5+ 5 Toman explored. It can be easily shown that the codes proposed in
[9]-[13] for QAM, PAM and PSK can achieve full transmit di-
Ultra-WideBand  (UWB).  Free-Space  Optical  (FSO) versity when assomate.d with PP!\/_I. However, the_dsadvmtgg
communications, Space-Time (ST) coding, Pulse Position of such an approach is an addlthnal constella_tlon extensio
Modulation (PPM). that results from the phase rotations or amplitude amplifi-
cations introduced by all the existing ST coding schemes.
These codes will fail in achieving full transmit diversity i
these additional modifications are not introduced. Comside
There is a growing interest in applying Space-Time (STpr example the orthogonal ST codes proposed in [9], [10].
coding techniques on Impulse Radio Time-Hopping Ultran this case, the entries of thex n codewords (where is
WideBand (IR-TH-UWB) [1]-[5]. In the same way, recenthe number of transmit antennas) can be equal to either
studies showed that ST coding can be a possible solution+s: wheresy, ..., s, are the QAM symbols and* stands
for solving the ‘last mile’ problem using Free-Space-Ogitic for the complex conjugate of. The orthogonal codes do
(FSO) links since spatial diversity can combat the atmosphenot introduce any constellation extension with this motiofa
turbulence that degrades the performance of such systdms [§ince s* and —s are both QAM symbols whenever is a
[8]. In this context, Multiple-Input-Multiple-Output (MIO) QAM symbol. This property will be referred to as the shape
techniques can be extended to FSO systems where the trgngserving constraint in what follows.
mitter is equipped with a laser array and the receiver is Consider a M-ary PPM constellation. This is a\/-
equipped with multiple photodetectors. dimensional constellation where the information symbats a

Pulse Position Modulation (PPM) is a very popular modepresented by//-dimensional vectors belonging to the set:
ulation scheme for low-cost TH-UWB where it is difficult

to control the phase and amplitude of the very low duty- C={em;m=1,...,M} Q)
cycle sub-nanosecond pulses used to convey the information
symbols. In the same way, transmitting unipolar signals ¥heree,, is them-th column of theM x M identity matrix
crucial for FSO communications with direct detection wher&y. The orthogonal codes are not shape preserving With
_ , _ PPM sinces and —s can never belong to the signal set given
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proposed in [11] where the codewords are given by: achieves full transmit diversity fofM > 2}, {M > 3},
{M > 3} and {M > 7} with n = 2,3,4,5 transmit

I S" antennas respectively. However, in this case, enlargiagéis
C (s on) = VSn 81 - : @ of validity of M comes at the expense of a reduction in the
oeers®n/ = o achievable data rates. In particular, the second familyodes
52 ; : _ 1, n—1logy(M—1)
sy e sy sy transmits at the normalized rafe = e Tles, (D < 1.

The rest of the paper is organized as follows. In section
where si,...,s, are PSK symbols. Multiplying the lower ||, we present the system model of MIMO TH-UWB systems
triangular part of the codeword in eq. (2) by permits to and MIMO FSO systems. The two families of PPM-specific
achieve full transmit diversity. Moreover, this code beesm ST codes are presented in section Ill. Simulations oveistéal
shape preserving when is chosen such thats is a M-ary indoor UWB channels and turbulent atmospheric links are
PSK symbol whenever is a M-ary PSK symbol for a certain represented in section IV while section V concludes.

value of M. The only value ofy that is shape preserving with  Notations: 0,,, ,, Stands for then x n matrix whose compo-
PPM is+y = 1. However, this value ofy fails to assure a full nents are all equal to zero,, stands for thel/-dimensional
transmit diversity order (refer to [11]). The same argumeall-zero vector.,, is the M x M identity matrix and® stands

applies to the diversity schemes proposed in [1] for TH-UWRyr the Kronecker product) is the set of rational numbers.
and that are not shape preserving with PPM.

To the authors’ best knowledge, the main contribution in
ST code design for PPM can be found in [6] where a shape- Il. SYSTEM MODEL
preserving ST code was proposed for binary PPM with 2 The system model that we present corresponds to a multi-
emitting lasers (or transmit antennas). For binary PPMs thintenna TH-UWB system wittP transmit antennas re-
code is shape preserving because of the structure of thi$e antennas and a Rake equipped vitfingers. ForM-
constellation that is composed of a signal and its compltmegimensional constellations, the linear dependence bettvee

defined as the signal obtained by reversing the roles of “Ofasepand inputs and outputs of the channel can be expressed
and “off” [6]. This code was extended to systems with= 4 5.

emitting lasers with On-Off Keying (OOK) and binary PPM
in [7]. However, the codes given in [6], [7] are based on the

orthogonal design [9], [10] and hence can not be applied Wifhere( is the PM x T codeword whos&(p — 1)M +m, t)-
any number of sources (transmit antennas or Iase_rs). Anqthg entry corresponds to the amplitude of the pulse (if any)
main disadvantage is that these codes are exclusive toybingsnsmitted at then-th position of thep-th antenna during the
PPM and can not be extended Ad-ary PPM with M > 2,y symbol duration fop = 1,...,P, m = 1,...,M and
without introducing a constellation extension (eventhotids ; _ {~ 7 The matricest and N areQLM x T matrices
extension does not result from phase rotations or amplituglrresponding to the decision variables and the additivieewh
amplifications [6]). _ _ ~_Gaussian noise terms respectively.

Compared with the time-switched transmit diversity p is the QLM x PM channel matrix given byd =
schgmes considered in [5], the proposed schemes can[gie_,_Hg]T whereH, = [HZ, --- HI " forg =1,...,Q.
applied even when the number of pulses used to transfffe matrix 1, , is given by H,; = [Hyy1-- Hyyp] for
one information symbol is less than the number of transmit_ I %I L is a M x ]\Z, matrixqfdrp _ i P

: _ =1,...,L. Hyp =1,...,P.
antennas. This renders the proposed schemes suitablerjor vg, (m,m/)-th element ofH,, , corresponds to the impact
high data-rate UWB systems that employ few (0r no) pulsg the signal transmitted during the’-th position of thep-

repetitions. In the same way, the schemes proposed in [5] #€ntenna on then-th correlator (corresponding to the-th
not suitable for FSO systems where no pulse repetitions Y6sition) placed after theth Rake finger of they-th receive

used. On the other hand, it can be seen that the proposgdenna. Thém, m')-th element offf,, , is given by [2]:
schemes and those proposed in [5] and [6] coincide in the

special case of binary PPM with two transmit antennas. Hyip(m,m') = hyp((m —m')s + Ay) (4)

In this work, instead of adopting the classical approach of
constructing ST codes over infinite fields, we profit from thehere § stands for the modulation delay an¥, for the I-
particular structure of the PPM constellation given in d9.t¢ th finger delay. In what follows, we consider a Rake that
construct new coding schemes that are shape-preservihg wigmbines the first arriving multi-path components and we fix
PPM. In particular, we propose two new families of ST coded; = (I-1)M T, whereT,, stands for the duration of the UWB
for MIMO TH-UWB and MIMO FSO systems with\/-ary pulse (withé > T,,). Designate by, ,(t) the convolution of
PPM. For both families of codes, and for systems equipp8te pulse waveformo(t) with the impulse response of the
with n transmit antennas, we determine the set of values fs¢quency selective channel between antennasdg. In this
M for which the proposed ST codes are fully diverse with  case/iy (1) = [,7 g4»(t)w(t—7)dt whereT; stands for the
PPM. For example, the first family of rate-1 codes achieveserage separation between two consecutive pulses.
full transmit diversity for{M > 2}, {M = 3,M > 5}, Note that the impact of the interference between the differ-
{M=2,M2>4}and{M =5,7,M > 9} withn =2,3,4,5 ent modulation positions is included in eq. (3). This interf
transmit antennas respectively. The second family of codesce is present wheh < I" whereI" stands for the channel

X=HC+N 3



delay spreadI{ >> T,). In the absence of Inter-Position-4™\{(0xs,...,0r)} [14]. In other words, the code is
Interference (IPI), eq. (4) becomes: fully diverse for given values o/ andn if all the non-zero
, , M-dimensional vectors that result in a rank-deficient matrix
Hg,1.p(m,m') = hq,p(A1)3(m —m) ) ¢ do not belong to the set given in eq. (8). Following from
whered(.) stands for Dirac’s delta function. eq. (8), elements ofd can have a maximum number of two

The previous model can be easily extended to MIMO FS@Pn-zero components. Moreover, one of these components
communications in a shot-noise limited scenario obtaing@ust be equal to+1 while the other component must be
at high signal-to-noise ratios (SNR) (refer to [6] and thequal to —1. The transmit diversity is achieved because
references therein). We suppose that the channel is flat &idthis particular structure ofd. For example, the matrix
P now stands for the number of laser sources at the transfita1, - - -, a,) does not have a full rank whea, ..., a,
array andQ stands for the number of photodetectors at tHeave all their components equal to However, these vectors
receiver side. Equation (3) can be readily applied where tH not belong to the set for all values of M.
codewordC' keeps the same structure as before but méw In order to have more insights on the properties of the
and N are (QM x T)-dimensional matrices. In other wordsproposed code, we first consider the special case f2:

L = 1 since the channel is flat and no multi-path combining [ s s
techniques are applied at the receiver. C(s1,82) = { Qso 51 } ©)
For FSO systemsH is the QM x PM channel matrix From eq. (9), rankC(ar, az)) < 2 if C = kCi whereC;

whose(q, p)-th M x M constituent sub-matrix is denoted by _ . ;
H,,forp=1....,Pandq = 1,...,Q. The (m,m’)th stands for the-th column of C' and k is a non-zero integer.

element ofH, , corresponds to the contribution, of the signaﬁslven that the components of the elementsiotan be equal

transmitted during then'-th position of thep-th source, that fo {0,£1}, thenk must be equal tat1. Moreover,C; =

results when the waveform received at tip¢h detector is kCl_"Q%es ?aéag ?I'h]'ml' anlq alth:tfﬂ'% Implying th?t
projected onto then-th basis vector fom, m’ = 1,..., M. 92 = ka2 = Saz. 1NIS IMples thala; 1S an eigenvector

In the absence of IPIH, , — h,, ® In; whereh,, stands of Q associated with the eigenval&é = 1. Following from

for the scintillation at the optical path between #h¢h source the structture of) tgg/ enin elqt. (7). arlll ﬂ:re] cogpot?]ent?hof tf;:s d
and theg-th detector. eigenvector must be equal to each other. On the other hand,

In what follows, and for the sake of simplicity, the terrnthe only vector ot having equal gomppnents is the all-zero
ector and consequently, = 0,; implying thata; = 0y

transmit antennas will be used to refer to elements of bagh ¢

UWB transmit array and the ESO laser array. In the same w all values of M. Therefore, the only rank-deficient matrix
(g/

elements of the receive antenna array and the photodete .C\}tgfsjt;iztﬁm% ;jn;nrﬁ}trlgnigr?njseff)):(;l?lo\fgliecsogfI>S 2fu||y
array will be referred to as receive antennas. "= ==

Note that for the special case of= 2, the code given in
eg. (9) is equivalent to the code proposed in [6]. However, by
writing the codewords and system model in convenient matrix
A. Rate-1 Codes forms, we proved that eq. (9) can be applied withary PPM

For M-PPM with n = P transmit antennas, the minimal-Without introducing a constellation extension for all veduof

delay codewords are represented by the matrices of dimensid! (rather than simplyl/ = 2 as indicated in [6]).

IIl. CODESCONSTRUCTIONS

nM x n having the following structure: We now consider the case > 2. In what follows, for
notational simplicity,C(a1, ..., a,) will be referred to as’”
51 S22 o Sn when there is no ambiguity. The codeward(associated with
Qs, s . n elements ofA) is rank-deficient if there exita — 1 rational
C(s1,...,80) = . ) ) (6) numbersky, ..., k,_1 such that:
: B & 52 n—1
Qsy -+ Qs, s1 C, = Z i C (10)
wheresy,...,s, € C given in eq. (1) are théd/-dimensional i=1
vector representations of the information symb6liss a M x After some manipulations and following from eq. (6), eq.
M cyclic permutation matrix given by: (10) implies that:
0= | Oixar-y 1 e [C(=1, k1, kg )] [T a1 =00 (10)
In—1 Or—1)x1 - ; -
where in the last equatiof and a; for i = 1,...,n are
Evidently, Qs € C given in eq. (1) wheneves € C and the considered as parameters (rather thab/a< M matrix and
code is shape preserving with PPM. M-dimensional vectors belonging 4 respectively).

Denote byA the set of all possible differences between two Equation (11) is verified if:
information vectors:

A={s—5"; s,§ €C} (8)

det(R)a;, =0y 5 i=1,...,n (12)

whereR = [C(—1,ki,...,k,_1)]" and when calculating the
The proposed code is fully diverse if the matrixdeterminantin eq. (12)R is considered as a x n matrix. In
C(a1,...,a,) bhas a full rank for (a1,...,a,) € thiscaseag; € Afori=1,...,n.



Since(2 is contained only in the upper triangular part®f S; = {M = 5,7,M > 9} andSs = {M = 7,M > 9}

thendet(R) is a polynomial of degree — 1 in 2. Therefore, for practical systems having = 2,...,6 transmit antennas
the linear dependance between the columns of the codewmedpectively. On the other hand, a numerical evaluatioat (th
implies the following relation: is feasible only for small values ¥/ andn) shows that the
o proposed code is fully diverse with the additional s&fs=
<Z /\Z_Qz) ai=0p:i=1,....n (13) {2,4} and S}, = {3} for n = 4 andn = 6 respectively. In
P the same way, the numerical analysis shows that full transmi

diversity is lost for(n, M) € {(3,2),(3,4),(4,3),(5,M <
4),(6,2),(6,4),(6,5)}.

As a conclusion, the rate-1 shape-preserving codes aye full
diverse withM-PPM for the values ol belonging to the sets
Sa, S3 and Sy U S} for n = 2,3, 4 respectively. On the other

Following from the structure oR, it can be easily shown
that \y = 1 and \,,_1 = —(k1)" for all values ofn. In
what follows, we limit ourselves to the casd > n. For
convenience, eq. (13) will be written as:

MX =0y X=ai,...,an (14) hand, the set$s andSs U Sj; constitute subsets of the sets of
M—1 values of M for which full transmit diversity is achieved for
M= Z NQ s N =0fori=mn,...,M—1 (15) n =5 andn = 6 respectively.
=0

Being a function of the rational numbeks, .. ., k,,_1, then B. Reduced-Rate Codes

A; is a rational number for all values of ) .

diverse with M-PPM if M verifies at least one of the threeSecond family of codes will have the same structure as that
propositions stated in what follows. given in eq. (6) but now thé/ x M permutation matrix

Proposition 1: The proposed code is fully diverse for thediven in eq. (7) will be replaced by:
values of M verifying (M) > n where ¢(.) stands for 0 1
Euler's totient function. Q= 1;(M’1) 0 (16)
Proof : The proof is provided in Appendix I. M=t (M=1)x1

Proposition 2: The proposed code permits to achieve full Because the(1, M)-th element ofQ) is equal to—1, a
transmit diversity for: polarity inversion will be introduced (on the pulse occupyi

1) n < M —d(M)if M is odd or if M is a multiple of4. the M-th position) whers, ..., s, € C given in eq. (1). From

2) n< M —d(M)+1if M is an even number that is noteqg. (6), it can be seen th& multiplies only the symbols

a multiple of4. Sa,...,8n. Therefore, in order to obtain an encoding scheme

whered(M) stands for the biggest integer divisor bf in the that transmits unipolar pulses uniqueby, ..., s, are not
set{1,...,M — 1}. For example, when\/ is evend(M) = allowed to occupy thél/-th modulation position.
M /2 and the two conditions of proposition 2 imply that the [n other words, the second family of shape preserving codes
code is fully diverse forM > 2n (resp.M > 2n — 1) when is obtained by associating eq. (6) and eq. (16) with the sysnbo

M is a multiple (resp. not multiple) of. For prime numbers, s1 € C andss, ..., s, € C’ whereC’ is defined as:
the first condition implies that the code is fully diverse for ,
M>n+1. C={epm;m=1,...,M -1} a7)

Proof: The proof of proposition 2 is provided in Appendix .

. — o,
Proposition 3: For prime values of\f, the proposed code Evidently, limiting the values ofss,...,s, in C’ rather

thanC results in a reduced rate. The normalized bit rate with

is fully diverse forn = M. respect to single-antenna systems whose transmittedspzdse
Proof : The proof is provided in Appendix IlI. P g's enha sy )
. occupy M positions is given by:

Note that the above propositions follow from the structure

of the matrix M in eq. (15) and from the values taken logo(M) + (n— 1) logy (M — 1)
by Ao and X,_;. The provided proofs do not take into R= nlog, (M)
consideration the specific values takenXy. . ., A\, 2. These _ _ _ _ _
variables correspond to linear combinationgf. - - k"' for ~ Evidently, R < 1 and R is an increasing function of/
i1,...,in_1 € {0,...,n} and, consequently, their expressiondnd a decreasing function of. Consequently, the second
become intractable for large values of family of codes is particularly appealing for high order PPM
For the sake of completeness and without discussing th@nstellations with practical systems having a limited bem
feasibility of an analysis that is based on, ..., \,_», we Of antennas per antenna array. For example 3f&PM with
can state that the set of values &f respecting at least onetfWo transmit antennasy ~ 0.95 and the data rate reduction
of the three preceding propositions constitutes a substteof (introduced by the shaping constraint) is negligible.
set of values ofM for which full transmit diversity can be Given thatC’ C C, we will next find the set of values of
achieved. (n, M) for which this second family of codes is fully diverse
Based on the above three propositions and on the analy®& s1....,s» € C. Given that the codewords of the two
presented fom = 2, full transmit diversity can be achievedfamilies of codes have the same structure (only the value of
for Sy = {M >2}, Ss={M =3,M >5}, S, = {M >5}, $ischanging), then equations (10)-(15) will hold.

(18)



TABLE |
NORMALIZED RATES ACHIEVED BY THE PROPOSED CODES

| [M=2 M=3 M=4 M=5 M=6 M=7 M=8 M=9 M=10 M=11 M=12]

n=2 1 1 1 1 1 1 1 1 1 1 1
n=23 — 1 0.8617 1 1 1 1 1 1 1 1
n=4 — — 0.8444 1 1 1 1 1 1 1 1
n=>5 — — — 1 — 1 0.9486 1 1 1 1
n==6 — — — — — 1 0.9465 1 1 1 1
n="7 — — — — — 1 0.9450 — 0.9608 1 0.97
n=2~8 — — — — — — 0.9438 — 0.96 1 0.9694

Proposition 4: For a system equipped with transmit an- P(Q sub-channels can be generated independently. A Gaussian
tennas, the second family of codes permits to achieve a fplilse with a duration off;, = 0.5 ns is used. In order to
transmit diversity order with\/-PPM for: eliminate the inter symbol interference, the symbol dorati

n< M —d(M) (19) is set to 100 ns which i_s larger than the_channel delay spread.
_ The modulation delay is chosen to verify= T), = 0.5 ns
whered(M) = 0 whenM = 27 and j is a non-zero natural resulting in IP1 between the different modulation posioAt
integer. When}M is not a power of2, d(M) stands for the receiver side, perfect channel state information israss.
the biggest integer divisor ad/ in the set{l,...,M — 1} A modified version of the sphere decoder is applied [16].

verifying the condition thatzy; is odd. This assures that the output of the decoder corresponds to
Proof: The proof is provided in Appendix IV. the closest point of the multi-dimensional PPM constedtati

~ For example, when\/ = 6, d(M) = 2 and proposition 4 (ang not simply to the closest lattice point). Note that no
implies that the code is fully diverse for € {2,3,4}. For yeference to the TH sequence or to the number of pulses per
prime numbers, proposition 4 implies that the code is fullyympol was made since these parameters have no impact on
diverse forM > n + 1. Based on the above proposition, fulkhe performance in a single user scenario. Moreover, all the
transmit diversity can be achieved with/-PPM for So = transmit antennas of the same user are supposed to share the
{M > 2}, 53 = {M >3}, 55 = {M >3}, S5 = {M > same TH sequence.
7} and .Sﬁ |: {M > 7} forn = 2,...,6 transmit antennas Fig. 1 compares the performance of single-antenna IR-
respectively. . . UWB systems with that of MIMO UWB systems using coding
If both far_ml_les of codes are _fuIIy diverse for a C‘?fa““ m_luscheme 1 with three transmit antennas. Fig. 2 shows therperfo
0]: (naM)'thlt tls mh_ore con\ﬁnlhent tot ap‘flﬁl thf f'r:St fa?;'lymance gains that result from applying the first family of code
Of COI €s ? a(]:vlle\;es ah. '% tehr rate. 1a de- (Sj ows i\flﬁh 5-PPM when increasing the number of transmit antennas.
0 Vl‘?‘ l:jeﬁ_ho ("’h. ) t(;lr whic i edpr;gose lco ES canl ¥n both cases, the receiver consists of one antenna with a 5-
jarpgllel.R E T(? |e\|{a (;:hn??;]na]:lzet fr ll)Gs:lsods own.trl; finger Rake. Results show the enhanced diversity order and
able-,7c = 1 imphies that the first family of codes must D&y, o high performance levels achieved by the proposed rate-1
applied whileR < 1 implies that the second family of codesCooling scheme
must be applied (because the first family of codes will not be Fig. 3 shows the performance of the second family of codes
fully diverse in this case). In Table-1, when no value7ofis ith 4-PPM 3 transmit antennas. 1 receive antenna ahd a
given, this indicates that neither one of the above codes C\f%(nﬁger Rake’ forl — 1.20. For 4—’PPM MIMO-UWB must
be applied. be associated with the second family of codes since the first
C. Coding Gain family of codes (having a higher rate) is not fully diverse

Proposition 5: The coding gain of both families of codesWith this constellation. Results show that, despite the:aed

with n sources and/-PPM is equal t for all values ofn rate losses, applying the proposed coding scheme results in
and M important performance gains even with systems that profit

from a high multi-path diversity orderl( = 20). Therefore,
Finally, note that propositions 1-5 will still hold if the applying the _MII\_/IOtechniques can be beneficial in increasing

columns and (or) rows of the matri? given in eq. (7) or € coOmmunication ranges of TH-UWB systems.

eq. (16) are permuted among each other. In other words, thd© highlight the advantages of ST coding with UWB

properties of the rate-1 codes (diversity order and codaig)g Systems, Fig. 4 compardsx 1 and2 x 1 systems having the

remain invariant with an arbitrary permutation matrix vertihe - Same overall diversity that is given B L. In this simulation

properties of the reduced-rate codes remain invariantanign Setup, 2-PPM is used witf) = 1 receive antenna. The product

Proof: The proof is provided in Appendix V.

permutation matrix introducing one sign inversion. PQL takes the values of 5, 10 and 20 respectively. Results
show that exploiting multi-path diversity by increasingeth
IV.  SIMULATIONS AND RESULTS number of Rake fingers is more beneficial at low SNRs. In

We first show the performance of IR-UWB over the IEEEhis case, performance is dominated by noise and the energy
802.15.3a channel model recommendation CM2 that coreapture is enhanced by high-order Rakes resulting in better
sponds to non-line-of-sight (NLOS) conditions [15]. The arperformance. For high SNRs, performance is dominated by
tenna arrays are supposed to be sufficiently spaced so thatftding and transmit diversity becomes more beneficial even



A 1x1, 3-PPM
10°H -A- 3x1,3-PPM
-O- 1x1, 6-PPM

-©- 3x1, 6-PPM
—e- 1x1, 8-PPM
—e~ 3x1, 8-PPM
T

5 10

15

SNR per bit (dB)

-e= 1x1, 1 finger
107°L| == 3x1, 1 finger
=0~ 1x1, 20 fingers
=0~ 3x1, 20 fingers

5 ;

0 5

10

15
SNR per bit (dB)

30
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Fig. 2. Performance of the rate-1 code withransmit antennas aridPPM  Fig. 4. Transmit diversity versus multi-path diversity o@MW2 with 2-PPM.

forn =2,...,5. One receive antenna and a 5-finger Rake are used.

path components of the different sub-channels are aligned.

though it does not increase the energy capture. This follolewever, this performance loss is not associated with any
from the fact that consecutive multi-path components of titkegradation in the diversity order and the same diversity
same sub-channel can be simultaneously faded becausedfantage is obtained in both cases.
cluster and channel shadowing [15]. In all cases, the pexmpos Next, we study the performance of MIMO FSO systems.
ST codes result in high performance levels even with loneordin this case, flat fading channels are considered (no IPI)
Rakes. In other words, they can shift the complexity from tr@nd, as in [7], the channel irradiances are drawn from an
receiver side to the transmitter side. Further commentsen exponential distribution whose mean is equal to 1. Fig. 6
utility of spatial diversity with UWB can be found in [17]. compares the performance ofx 1 FSO systems with ST

Given the very short duration of the transmitted UWRBoded MIMO FSO systems whei/-PPM constellations are
pulses, the differences in the propagation delays of the difsed whereM = 4. For n = 2 emitting lasers,(n, M)
ferent sub-channels can be comparable to the pulse-widtRrifies proposition 1 and the rate-1 code can be appliee (not
To show the impact of having different channel delays, widat in this case proposition 2 is also verified). For= 3,
performed simulations over the space-variant UWB chanr@ioposition 4 is verified while neither one of proposition8 1
model proposed in [18] since the relative delays between thelds. Consequently, the second family of codes is used to
elements of the antenna arrays are provided by this mod@hcode the3 x 1 and3 x 3 FSO systems in Fig. 6. The slopes
Fig. 5 shows the performance of the first family of codes ovef the error curves show that FSO links suffer from severe
profile 3 that corresponds to an “office-to-office” scenario ifiading. Consequently, the enhanced diversity orders adfer
the case where the elements of the transmit and receiverentdpy the proposed schemes can be very useful for these links.
arrays are separated by 10 cm. 3-PPM modulations are used
and the receiver is equipped with a 1-finger Rake. Results V. CONCLUSION
show that different propagation delays result in a perforcea  We investigated the problem of constructing ST coding
loss with respect to the case where the first arriving multschemes that are suitable for MIMO IR-UWB systems and
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Fig. 5. Performance of TH-UWB systems over the Kunisch-Paimmnel Fig. 6. Performance of FSO systems with 4-PPM. Dhe 1 and2 x 2
model (profile 3) using 3-PPM and a 1-finger Rake. The separdtetween systems are encoded by the first family of codes. The secanityfaf codes
the elements of the transmit and receive arrays is equal twnl0 is used to encode th& x 1 and3 x 3 systems.

MIMO FSO systems using unipolar PPM. We proposed ti§iven in eg. (8) only ifX has no more than two non-zero
first known families of ST block codes that verify the shape&zomponents. Consequently, since we are considering tiee cas
preserving constraint with PPM for any number of transmit! = 7 = 3, the only vector of the sed that has the preceding
antennas (or laser sources) and for a wide range of tHgucture is the all-zero vector. In other words,¢ A when
dimensionality of the transmitted constellation. For TvB ¢t # 0. Since eq. (14) is verified foX' = as,...,an, this
systems, the proposed solutions are appealing since the ig)Rlies that whenr = A — 1 and M > 3, the only rank-
tension of the existing single-antenna systems to the muHeficient codeword is the all-zero matrix. On the other hand,
antenna scenarios will not necessitate additional cdnggran  the conditiond > n is verified whenp(M) > n (since

the RF circuitry to control the phase or the amplitude of th&! > (M) VM). Consequently, the code is fully diverse for
very low duty cycle sub-nanosecond pulses. For MIMO Fs@l values ofM verifying o(M) = n.

communications with direct detection, an enhanced transmi

diversity order can be achieved with several lasers switchi o APPENDIX| )
between the “on” and “off” modes. Given thatM is circulant, thenM,,, = Q™~™ M,,, where
M, stands for theé-th column of M. On the other hand, given
APPENDIX | that any non-zero vector ofl in eq. (8) must havel/ — 2

ero components and two components that are equallto

nd —1 respectively. Therefore, it is possible for a non-zero
vector of A to verify eq. (14) only if two (or more) columns
of the matrix M are equal to each other. In other words, eq.

From eq. (15) M is a circulant matrix that can be expresse
as: M = M \QF with Ay = 1 since Q™ = I, The
eigenvalues ofM are given by [19]:

M-1 . (14) admits a non-trivial solution iim,m’' | M,, = M,
P = Z wyAm—i 5 k=0,...,M -1 (20)  implying that M,,, = Q™ ™ M,,.. In the same way, since
=0 M = Q™ =1 My, then eq. (14) can admit a non-trivial
wherewy; = exp (4%) is the M-th root of unity. solution if the following relation is verified:

Any subs% 1composed ofn/ distinct _elements of Imefl,...,M-1}|Y =QmY (1)
{lL,wnm,...,wy, '} forms a free set ove® if 2 < n' < . o ] '
©(M) where y(.) stands for Euler's function. Consider thevhere for notational simplicity we fix™ = M,. The i-th
case wherep(M) > n. In this case,u; # 0 for k = component of2™Y is equal toY,.» ;y wherer™ stands for the
1,...,M — 1 since A, ..., \n_1, \as multiply different el- €yclic permutation of ordem given by:7" (i) = (i —m—1)
ements of the sefl,...,w "'} and since\y, = 1. Only mod M + 1. Therefore, for a given value of:, eq. (21) can
to = M A can be equal to zero. Therefore, the rank de written as a set ai/ equations given by:

M verifies:r £ rankK M) > M — 1. Yi=Ypmuy s i=1,...,M (22)

Forr = M, eq. (14) is verified only ifi; = --- = a,, = 0y . B -
implying that the non-zero matrices given a1, ...,a,) Designate by: = gedm, M) the greatest common divisor

betweenm and M (with m € {1,...,M — 1}). Follow-
ing from the periodicity of the cyclic permutations, the
equations given in eq. (22) can be separated ingyoups of
equations where each group is composedfft: equalities.
The equations of thé-th group can be written as:

with (aq,...,a,) € A™ have full rank.

Forr = M — 1, the M components of the vectoY in eq.
(14) can be determined from a single parameteyithout
loss of generality, we fix = Y. In this case, X can be
written as: X = t[34, ..., By _1,1]T with 3,, € Q* for m =
1,...,M —1 sinceM € QM*M_QOn the other handX € A Yi=Yin=- =Yy i i=1,...,k (23)



Settingi’ = k —i+ 1 in the last equation implies that//k  wy,, the polynomiak* —w,, is irreducible overQ according
components ofY” are equal toYy,_, 41 for i/ = k,... 1. to proposition 5 in [11]. Consequently, the matfxhas a full
Consider for example the case bf = 10 with a permutation rank because it can not be equal to the all-zero matrix since
of orderm = 4. In this case, the vectors that verify eq. (21its diagonal elements are equal+td. This is in contradiction
can be parameterized by two parametgfsand Y7. In this with det(R) = 0 implying that there are no rational numbers
case, all the components &f having odd indices must beks,...,k,_; that result in a matrixM having all of its
equal toYy while the components with even indices are atomponents equal td. Therefore, whem = M is a prime
equal toYyg. number eg. (21) can not be verified implying that the code is

In all casesy; = 1 since)y = 1 in eq. (15). Therefore, for fully diverse.

1 = 1, the first group of equations given in eq. (23) contains
the following equality: APPENDIX IV

Yvy_ri1=Y1=1 (24) Denote by M; the i-th column of M. From eq. (15),
the columns ofM are related to each other by the relation:
M, = Q™™ M,,, for m,m’ = 1,..., M. On the other
hand, each non-zero vector of in eq. (8) can have two
components that are different from zero. In this case, it is
ossible for a non-zero vector oA to verify eq. (14) only
two (or more) columns of the matriXM are proportional
to each other. In other words, eq. (14) admits a non-trivial
solution if 3 m/,m” | M,y = gM,,» whereq is a non-
zero rational number. The last relation implies thet; =

On the other hand, from eq. (15); = X,y for i =
1,...,M with Y; = 0 for ¢ > n. In other words, eq. (24)
can never be verified whed — &k + 1 > n. In other words,
eg. (21) can never be verified when< M — k.

In order to have a fully diverse code, eq. (21) must n
be verified for all values ofm € {1,...,M — 1} (and
consequently for all the corresponding valuepfTherefore,
the values of: that verify eq. (24) for all possible values bf
must verify the inequality: < M —d(M) whered(M) is the g™ =’ M, wherem” — m! € {—(M — 1) M—1}
biggest divis_or OM i.n the sgt{l, ...,M—1}. For the va}lyes Given thatQ™”—m' — gm”—m'+2M then eq.’(i45 can adr"nit
g{l Z;?usgse(g;nmg g;:z Iggr?::cl;m:tﬂ; (equ) (ijr)' ggggen\éfrg:jerﬂ;% non-trivial solution if the following relation is verified
non-trivial solution resulting in a full transmit divergibrder. Ime{l,.... M -1}, 3¢qeQ| Y =¢QMY (27)

Suppose thab/ is an even number that is not a multiple of ,

4. Consider the value of given by:n = M — d(M) + 1 = Where we fix¥ = M. _ _
M/2 + 1. The integem is an even number and eq. (24) can Designate byr™ the cyclic permutation of order given

not be verified fork = d(M). In fact, for this value oft, eq. PY- 7" (i) = (i —m —1) mod M + 1. Following from

(24) implies that; eq. (7), thei-th component of2™Y is equal to—Y;m ;) for
i=1,...,manditis equal toV;m; fori=m+1,..., M.
Yyv—aony+1=Yn = -1=—-k =Y1 =1 (25) Therefore, for a given value of,, eq. (27) can be written as
Sincen is even, the equatioh] = —1 can not be verified a set ofM equations given by:
for real values ofk; and consequently eq. (24) can not be B { —qYm@y 3 i=1,...,m (28)
verified. Therefore, in this case the proposed code is fully ol @Yame s di=mAL M

diverse not only fom < M — d(M) but also forn = M —

d(M) + 1 resulting inn < M — d(M) + 1. Designate byt = gcdm, M) the greatest common divisor

betweenm and M (with m € {1,...,M — 1}). Follow-
ing from the periodicity of the cyclic permutations, thd
) ) o equations given in eq. (28) can be separated intgroups
When M is a prime number, the ser™(m’) ; m’ =  of equations where each group corresponds to the relations

1,...,M}is equal to the sefl, ..., M} for all integer values yerified by M//k components ol”. The equations of théth
of m. Therefore, eq. (21) can be verified only if all thegroup are given by:

components of the vectdr are equal. Sinc&; = 1, this
implies thatY,, = 1 for m = 1,..., M. For M = n, this Y = T;1qYem (i) :Zi72q2yﬂ2m(i) - ...

APPENDIXIII

implies that: M

P N=1:i=0,...,n—1 (26) =Tarad " Y gy 0 =Lk (29)

From eq. (12),)\; is the coefficient ofQ)’ in the poly- whereZ;; = £1 fori = 1,...,k andj = 1,_,_7% —1.
nomial obtained from calculatinglet(R) where R = From eq. (28)Z;1 = —1, however, the values taken By ;
[C(=1,k1,...,kn_1)]" andC is given in eq. (6). for j # 1 will depend onm, k and M.

Suppose that there exist-1 rational numberg, ..., k, 1 Denote by X(™) the M-dimensional vector given by
for which eq. (26) is verified. In this caséet(R) = Y20 Q° X (™) = Qm[1 ... 1]T. The structure of the matriR implies
and consequentlylet(R) = 0 when the parametef) is that Xr(n’tl) = —1form = 1,...,m and an"f) — 1 for
replaced bywy, (the M-th root of unity). m’ = m+1,..., M. Following from eq. (28) and eq. (29),

On the other hand, the matri® = [C(—1,k1,...,kn—1)]"  the value ofZ; ; can be obtained from the following relation:

has the structure of the rate x M ST codes constructed (m)
from cyclotomic field extensions (eq. (2) in [11]). Fér = Zij = Tij1 X G om (30)



with Z, ; = —1. In all casesY; = 1 since)y = 1 in eq. (15). Therefore, for
For a given value of, completing the iterations given ini = 1, the first group of equations given in eq. (29) contains

eg. (29) will result in the additional equality given by: the following equality:
Yi=T, 30" Y g, =T qtYi (31) P Yar-rp1 =Yi=1; p1 € {-1,+1}; p» € Q\{0}
? T 2 (36)

where the second equality follows from the fact thativides On the other hand, from eq. (15); = A;,_; for i =
m andn'(i) = i if I is a multiple of M. From eq. (30)Z; s 1,.... M with Y; = 0 for i > n. In other words, eq. (36)
can be written as: can never be verified wheM — k + 1 > n. In other words,
My eg. (27) can never be verified when< M — k.
I, u = H Xﬂm (32) In order to have a fully diverse code, the relatiord M —k
o must be verified for all values of € {1,...,M — 1} (and
consequently for the corresponding valueg pfespecting the
condition that% is odd (because as shown before if this value
is even then eq. (27) will imply that” = 0,y).
7™ (i) = (i — jm —1) mod M +1 Therefore, the values of that verify eq. (36) for all possible
—i—jm—14+cM+1 values_ ofk mus_t verify t_h_e inequali_tyz <M —d(M) where
. A, d(M) is the biggest divisor ofM in the set{l,...,M —
=it k(eM —gm’) Si+ck (33) 1} verifying the condition that i is odd. Whenl/ is not
wherec is an integer verifying the condition that< i+c'k < a power of2, d(M) always exists and for the values of
M wherec’ = cM' — jm’. By reordering the elemenis- ¢’k respectingn < M — d(M), eq. (27) can not be verified for

Given thatk = gcoKm,M), we fix M = kM’ andm =
km'. On the other hand:

in increasing order we obtain: all values ofm and consequently eq. (14) does not admit a
B My non-trivial solution resulting in a full transmit divergibrder.
{Xﬁ]m Z)} = {ka o (34)  Consider now the case wheké is a power of2. Given that
] n < M, the M x M matrix M can be expressed as:
Following from the structure of{ (™), Xi(fj)k = —1 for
i +]k < m = km'. ConsequentlyX /" = —1 wheni < Ao MAm-r - 7?‘1
k(m' — 7). Given that; < k, then the last inequality holds for M= A Ao : (37)
j < m'. Therefore, comb|n|ng eg. (32) and eq. (34) results in: - : . . Y
. o . AM-—1 A1 Ao
Ly = H XHJ’C H,Xzﬂ)k = (D)™ @)F =(=1) wherey = —1 and \g = 1.
= 35)  Equation (37) has the structure of the ratédl x M ST
Consider the case wherd’ = A — 201" is an even code constructed from cyclotomic field extensions (eq. 12) i
number. Suppose that’ is an even number, them’ can be [11]). Fory = —1, the polynomiak:™' — v is irreducible over

written asm’ = 2m”. ConsequentlyM = kM’ = 2kM" Q according to proposition 5 in [11]. Consequently! has
andm = km’ = 2km” implying that in this cas@k will be & full rank. because it can not be equal to the all-zero matrix
the greatest common divisor betweenand M which is in Since its diagonal elements are equal torherefore, eq. (14)
contradlcuon withk = gcd(m, M). Therefore;m’ is always [MPly thata; = --- = a, = Ox implying that the proposed
odd when is even. Consequently, eq. (35) will result ifode is fully diverse for < M when M = 2.

Iiy% = —1. Replacing this value of; M in eq. (31) results

in (1 +q%)Y = 0 implying thatY; = 0 g|ven that— is even APPENDIXV

andgq is a rational number. Replacirig = 0 for i £ ook For a given value ofn, denote byd,, the coding gain

in eq. (29) results i; =0 fori=1,..., M. Therefore, for Of the proposed schemes when associated wiithPPM.

a given value ofn, if —2._ is an even number, then thedns > dun for M > M’ since in this case thé/-PPM

only vectorY that satisfies eq. (27) is the all-zero vector. constellation is obtained by adding new dimensions taltHe
Since eq. (34) follows only from the properties of the cycli®PM constellation. Consequently:

permutation, then this equation will hold X0 is replaced dy <ds <+ < doy (38)

by Y. Therefore, for a given value af the component of

Y having the highest index in eq. (29) lerjk =Yiin—s On the other hand, consider the matd¥ that is equal

obtained by settingj = T — 1. Setting 4’ Lk — i+ 1 to the difference between two codewords given Gy =
implies that, from eq. (29)M/k components 01Y are equal C(a1,...,a,) for a; = [1,—1,01,(—2)]" € A anday =
to Yar gy fori’ =k,... 1. .- =ua, = 0p € AwhereA is given in eq. (8). The coding

Consider for example the case df = 10 andm = 4. In  gain verifies the relation:
this case, the vectors that verify eq. (27) can be paramaeteri
by two parameter¥, andYio. All the components of” hav- “M
ing odd indices are proportional f4, while the components T 1
with even indices are all proportional 1. < [det (Cf C1)] ™ = [det (2I,)]

3=

= min [det ((C(a, ...

(u’l 7~~~7an)6AO

,an))TC’(al, ce an))}

"=2 ¥ M (39)



whereAg = A" \{(0p, . .
On the other hand, fak/ = 2, the set4 can be written as:

A={0 o ;1 —1"; (-1 17} s}

={all =17 ; a=0,+1} (40)

[17]

. ,01\,{)}. [15]
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C. Abou-Rjeily, N. Daniele, and J.-C. Belfiore, “MIMO UB/communi-
cations using modified Hermite pulses,” Bnoceedings |IEEE Int. Conf.
on Personal, Indoor and Mobile Radio Commun., September 2006.
C. Abou Rjeily, N. Daniele, and J. C. Belfiore, “Diversinultiplexing

Therefore, the difference between two codewords can be tradeoff of single-antenna and multi-antenna indoor whktideband

written as:C = Cp ® [1 — 1]T where the elements of the

matrix Cyy belong to the se{0,+1}. Consequently: [18]

c'c=(ciell 1)) (Coel —1T)

=Crcy®2=207Cy (41)

Consequently[det (CTC)] " _9 [det (CT'Co)] " and the

minimum nonzero value ofdet (C7C)| ™ is equal to2 since
det (C¥Cy) is a natural integer given that elements Gf
belong to the sef0, +1}. Consequently:

dy > 2 (42)

Finally, combining eq. (38), eq. (39) and eq. (42) results in

2<dy <d3<---<doo <2 (43)

resulting ind,; = 2 for all values of M.
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