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Abstract—In this contribution, we develop a (novel) fam- due to the (very) large bandwidth and angular spread
ily of Multiple-Input Multiple-Output (MIMO) UWB spanned by the UWB-IR signals, several measurement
Impulse-Radio (UWB-IR) transceivers for Orthogonal PPM- campaigns on the UWB-IR channels unveiled the high

modulated (OPPM) coded transmissions over (baseband) : . .
multipath-faded MIMO channels. To by-pass expensive spatio-temporaliversity that the UWB-IR channels are,

channel-estimation procedures, the MIMO channel path-  in principle, able to offer, ([15,20,21], [13, Chap.3]). This
gains are assumed to befully unknown at the receiver. has motivated some recent works [28,29] in trying to
Thus, according to the UWB-IR statistical channel-models  extend UWB-IR technology toward 4G-WLAN-compliant
currgntly reported in the literature for both |ndoor/outdoor. operating scenarios. To meet this goal and (fully) ex-
application scenarios, we develop and analyze three versions loit both tial dt | di it imol

of the resulting noncoherent transceiver, that are optimal for DQI oth spaua .an empora 'V‘?rs' y, new S'mp ?'
Nakagami, Gaussian, and Log-normal distributed channel- to-implement radio transceiver architectures, combining
gains, respectively. As dictated by the Saleh-Valenzuela the MIMO paradigm with the UWB-IR one should be

(SV) UWB model, the resulting noncoherent Maximum-  envisioned for low-power medium/long-range (possibly)
Likelihood (ML) Decoder explicitly accounts for the Poisson- 5\ ,tq00r applications.
distribution of the path-arrivals. Hence, after analytically
evaluating the performance of the proposed noncoherent
transceiver via suitable versions of the Union-Chernoff
bound, we prove that the family of Space-Time OPPM
(STOPPM) recently presented in the Literature is able to at- Current research on MIMO UWB-IR systenmsainly
tain full-diversity in the considered multipath-affected appli-  ¢,.,ses on flat-faded (e.g., frequency-nonselective) appli-
cation scenario. To corroborate the carried out performance . . - .
analysis, we report several numerical results supportingoth cation environments. Specifically, in [7] th? performance
the medium/long coverage ranges attained by the proposed Of MIMO UWB-IR systems over Gaussian flat-faded
STOPPM-coded noncoherent transceiver, and its perfor- channels is analyzed by simulations, while in [11,12]
mance robustness against the degrading effects induced by Alamouti-like STBCs codes are proposed for Gaussian
Inter-Pulse-Interference (IP1), spatially-correlated multipath 5,4 Nakagami flat-faded channels under the (somewhat
fading and mistiming. L .

optimistic) assumption of Perfect Channel State Informa-
Index Terms—Dense-Multipath, UWB-IR MIMO chan-  tjon (PCSI) at the receiver. The recent contribution in [31]
nels, Space-Time Blocks Codes (STBCs), STOPPM codes, , e5ants lower bounds on the SNRs required by multi-rate
Poisson-distributed arrivals, noncoherent Space-Time decod- .
ing, IP!I. UWB-IR syst_ems operating over flat_-faded Channels_.

The statistical features of the spatio-temporal multipath
fading which result from MIMO UWB-IR channels have
been also taken into account and exploited, but to make

Ultra-Wide-Band-Impulse Radio (UWB-IR) is an the analysis and design of the proposed transceiver more
emerging wireless technology proposed for low-powetractable, several (somewhat unrealistic) simplifications
high-speed data communication over unlicensed banchave been introduced. Most of them are mainly related
width spanning several GHz [1,13]. Up to date, due toto the fact that the arrival-times of the channel-paths are
hard limits on the radiated power levels, this technologyconsidered to be evenly time-spaced [19] while, according
is devisedmainly for short-range indoor applications in to several measurement campaigns (see [6], [13] and
WPAN environments (see the proposals of IEEE 802.15.3eferences therein), path arrivals are, indeed, clusterized,
and IEEE 802.15.4 Working Groups, [29]). As a con-as captured by the Saleh-Valenzuela (SV) model [9].
sequence, the UWB-IR Physical Layer is designed taMoreover, path-gains of (indoor) UWB channels typically
provide data rates of about 110 Mbps, 200 Mbps and (opfollow a Log-normal distribution, that is quite difficult
tionally) 480 Mbps at 20mt, 10mt and 2-3mt, respectivelyto analytically tackle [5,26]. As a consequence, the Log-
([13, Chap.10], [36]). So, till now, UWB-IR is essentially normal distribution is often (coarsely) approximated by
considered as a competitor of the Bluetooth one. Howevethe Gaussian one. This is done, for example, in [2], where
: , — an analog version of the Alamouti-code is developed
This work has been developed under the Italian Project: ereI(eSﬁ:or UWB-IR systems affected by multipath Gaussian

802.16 Multi-antenna mEsh Networks (WOMEN)” under grant number'™" g . g
2005093248, and partially presented at IEEE ICC'07. fading with evenly-spaced arrival-times. Under the same
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assumptions, in [18] a comparative performance analysis  (quite mild) assumptions about the system operating
of Time-Hopping-vs- Direct Sequence Spread Spectrum  conditions, the STOPPM codes recently proposed
MIMO UWB-IR transceivers is carried out, farncoded in [4] are able to attain maximum spatio-temporal
BPSK modulated data transmissions. In [30], the Inter-  diversity.
Symbol-Interference (ISl) effects induced by the evenly- « Third, we prove that, due to the Poisson-distribution
spaced multipath-spread is accounted for by proposing of the path-arrivals, the average BER performances
and comparing some equalization procedures. The main  of the optimized transceiverdo not vanishat high
drawbacks of such approach are the high cost requested SNRs. They approach, indeed, a BER floor, whose
to implement the equalizers [26, Chap.11], and the large  value exponentially decays with the average number
processing times needed to update the estimations of of channel-paths received over a signalling period.
the high number of channel paths composing the MIMO « Fourth, we report several numerical results support-
UWB-IR links. ing the medium/long coverage range achieved by the
Overall, up to date, an analytical approach to deal proposed transceivers in typical UWB-IR multipath-
with Log-normal distributed multipath fading seems to faded application environments.
be developed (only) in [3]. However, the analysis in « Finally, we test the performance robustness of the
[3] focuses on MIMO UWB-IR transceiver fauncoded proposed transceivers against channel-impairments
BPSK-modulated communications and it limits to con- induced by Inter-Pulse-Interference (IPI), spatially-
sider a (somewhat sub-optimal) receiving architecture  correlated fading, and mistiming.
composed by a Zero Forcing equalizer cascaded to a The rest of this contribution is organized as follows. Af-
Rake-combiner equipped with equally-spaced taps. Thger introducing in Sect.ll the considered system model, in
assumption of evenly spaced arrival-times is still retainedsect. |1l we derive the overall architecture of the proposed
in [12], where several sub-optimal transceiver architeCtransceiver. Thus, after (shortly) re-visiting in Sect.IV the
tures for UWB-IR propagation environments affected bymain properties of the STOPPM codes, in Sect.V we
Nakagami-distributed fading are proposed and testedjevelop the corresponding noncoherent ML decoders for
Overall, to the best of Authors’ knowledge, the clusteringNakagami, Gaussian and Log-normal-distributed channel-
effect of the SV model is accounted for in [24], where gains. Numerical results testing actual performance of
a MIMO UWB system is proposed founcodedPPM.  the proposed transceiver are presented in Sect.VIl, both
However, the transceiver in [24] is not able to fully exploit jn terms of BER-v.s.-SNR and attained coverage-ranges.
the spatial-diversity offered by the underlying MIMO Finally, some conclusions and hints for future research are
UWB channel, as pointed out in [13, Chap.3]. drawn in Sect.VIIl. Proofs of the main results are reported
in the final Appendices.
B. Proposed Contributions and Organization of the Work Before proceeding, let us spend few words about the
Motivated by the above overview, in this contribu- @dopted notation. Specifically, in the sequel, bold capital
tion we develop, analyze and test a novel noncoheredgttérs denote matrices, bold and underlined symbols
transceiver which is able tdully-exploit the spatio- indicate vectors, while non-bold characters are u.s_ed for
temporal diversity offered by the underlying MIMO Scalar quantities. Furthermore,T(.)neans transposition,
UWB-IR multipath channels,without requiring any  In(.) indicates natural logarithnepsh(.) and sech) stand
channel-estimation procedure. To attain full-diversity gainfo" hyperbolic cosine and secant, defjs the determinant
in multipath-affected application scenarios with Poisson®f the matrixA, 1, is the (LxL) identity matrix, 1,, is
distributed path-arrivals, the proposed transceiver capitatl® (Mx1) column vector with all one-entries,, is the
izes the performance improvements offered by the familjtM>1) null vector, while0, is the (LxL) null matrix.
of OPPM-based variable-rate unitary STBCs (namely, the
STOPPM codes) recently proposed in [4]. Specifically, II. THE CONSIDERED SYSTEM MODEL
main contributions on this work may be so summarized. The baseband point-to-point link we consider in Fig.1
« First, we develop a (novel) family of MIMO UWB- is composed byN;-transmit and N,-receive antennas
IR transceiver for the noncoherent ML detectionworking on an UWB-IR MIMO channel. At the sig-
of OPPM-data transmitted over multipath-channelsnalling period T (sec.), the (memoryless) source of
with Poisson-distributed path arrivals. As dictated byFig.1 generates aid-ary (L > 2) information symbol
the current statistical channel-models [13], the cases € {0,1,...,L —1}. The Multi-Antenna transmitter
of Nakagami-distributed path gains is consideredmapsb onto N; OPPM M-ary baseband analog signals
Due to many (differently-scattered) environments on{x(”)(t)7 1 <i< N} of time-duration limited up tdl,
which UWB-IR solutions are currently proposed [5], according to the following relationship:
the optimal versions of the MIMO transceiver for

Gaussian and Log-normal-distributed path-gains are Ni—1
reported too. 20 (1) & Z /Ep(t — mTy — d;T,),
« Second, after deriving the corresponding Union- "m0 Ny

Chernoff bounds on the performance of the resulting
ML noncoherent transceivers, we show that, under 0<i< Ny ,0<t<T,, (1)
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impulse-responsk;;(t) in Fig.1 is modelled as the super-
position of several path-clusters, with both inter-cluster
and intra-cluster inter-arrival times being exponentially
distributed [5,9]. However, at least for outdoor medium-
range applications, it has been experienced that the paths

UWB-IR
Multi-A
Transmitter

Multi-A
Receiver

. : composing the first cluster are the strongest ones [13,
b Nj i {N ® Chap.3], [17], so that a "Single-Cluster Poisson Model”
Destinati . . .
. eenaton suffices for capturing the behavior of eabhy(t). Thus,
L-ary Source MIMO Channel according to this modeh;(t) may be expressed as [13,
Chap.3}
v
Figure 1. The considered MIMO point-to-point UWB-IR system A L.
with Ni-transmit andN.,.-receive antennas. The Multi-Antenna trans- hji(t) = Z hn (4, 1)0 (t —Tn)
mitter is employed for the ST coding of the L-ary symbbl n=0
The MIMO UWB-IR channel is affected by multipath fading and \4
it is described by(N; x N,) baseband impulse channel-responses = i D (5.0)6 (t — T
{hji(t), 0< i< Ney 0<5 < Ny} Zoﬂ"o’ Jonl D0 (0= m0),
n=

1<i< N, 1<j <N, (2

whered; € {0,...,M — 1} is the M-ary (M > 2) PPM  In (2), the (integer-valued) numbéf of received paths
symbol radiated by the-th transmit antenna over the over a signalling period is a Poisson-distributed ran-
signalling periodT,. The (unit-energy) UWB baseband dom variable (r.v.) with mean value '} = AT, (see
pulse p(t) in (1) is limited up toT,(sec.), and it is Table ), whiler,, (ns) is the (non-negative) arrival-time of
repeatedN; times over each signalling periofl, [1].  then-th pattf. Furthermore, the (real-valued) ris, (, 7)
Hence, since each signalling period is partitioned intdn (2) is then-th path gain of (SISO) link going from the
Ny no overlapped frames of duratidfy (sec.), thenT,  i-th transmit antenna to thgth receive one (see Fig.1),
must be set as the produdt;T;. Furthermore, to avoid While the binary r.v.3,(j.i) € {-1,1} and the (non-
Inter-Frame Interference (IFI)Y; must exceed the UWB hegative) r.v.a,(j,) in (2) are the corresponding phase
channel delay-sprea#},, whose typical values are given (€.9., the sign of.,(j,7)) and amplitude, respectively.

in Table | for outdoor application scenarios [5, Table 111], About the statistic (e.g., the probability density function
[6, Table 1I]. Hence, in the sequel we sBtasMT,+T,. (pdf)) of the channel coefficient$h,,(j,i)}, it is, in-
deed, application depending [13, Chaps.1,3], [2,3,11,12].

UWB Channel Models| X\ v T, Some (recent) measurement campaigns point out that the
(CC&"EZ [12/215] E?il [gg] statistic of the fading affecting rich-scattered medium-
MG 115 T 93 159 range quasi-LOS UWB-IR links may be well modeled
by resorting to the (more versatile) Nakagami pdf [12],
TABLE I. . N
SINGLE-INPUT SINGLE-OUTPUT (SISO) UWB-IRCHANNEL [13 Chap.3],. V_Vh”e Log-normal dPStrlbUted channel am-
MODELS RECOMMENDED BY|EEE 802.15.4 WG (SEETABLE |lI plitudes{a,,(j,7)} may be more suitable for less scattered
OF [5]). LOS short-range indoor propagation environments and,

indeed, the Log-normal distribution is recommended by
IEEE 802.15.3a and IEEE 802.15.4a Workgroups for
Finally, E; (Joule) in (1) denotes the energy globally WPAN and sensor applications [5,13]. Finally, argumenta-
spent by theV, transmit antennas over each frame-periodtions based on the Central Limit Theorem [2,5,10,16] sup-
port the conclusion that zero-me&uaussian distributed
A. MIMO UWB-IR Channel Modeling and Fading Statis- channel-coefﬂmgnts weI_I model highly-scattered outdpor
. NLOS propagation environments, where each received
tics ; S o
_ _ path in (2) is, indeed, the superposition of several equal-
Due to the very low time-duration of the adopted sirength scattered components. Hence, since, in principle,
pulse p(.) in (1), UWB communications are typically the transceiver we develop should be able to operate in
affected by frequency-selective fading phenomena thaghort/medium/long-range indoor/outdor LOS/NLOS envi-

scatter the energy of the received signal over a (veryonments, in this contribution we considait the above
large) number of (resolvable) paths. Thus, after indicat-
ing by h;;(t) the baseband real-valued analog impulse- 1The generalization of the architecture of the proposed transceiver

response of the SISO link from thieth transmit antenna to the more general "Multiple-Cluster Poisson Model” is quite direct

. . . and, by fact, it only requires the adoption of somewhat more complex
to the j-th receive one, as in eq.(1) of [8] we may analytical notations.

collect these impulse-responses into the corresponding?in the sequel, we assume that > 7,1, so that, according to
(N¢x N,.) matrix H(t), thereinafter referred as the MIMO [9]. the n-th inter-arrival timeA,, = (7, —,,—1) is an exponentially-

. . distributed non-negative r.v. Furthermore, since the W.vis assumed
channel impulse-response matrix [8]. The IEEE 802.15.3a

k
0 be Poisson-distributed, we hav:(V = k) = e=*7s @, k=
and IEEE 802.15.4a Workgroups recommend that, ,1,2... This means that the probabiliy (V = 0) to receive no paths

least for highly-scattered (indoor) applications, each SISQver a signalling periodioes not vanishbut it equates:—*7s.
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mentioned pdfs, and then we derive and analyze thevorking time of the system. We anticipate that the as-
optimal versions of the proposed noncoherent MIMOsumption of IPI-free operating conditions will be relaxed
UWB-IR transceiver for Nakagami, Gaussian and Log-in Sect.VIl, where we numerically test the performance
normal-distributed fading. In doing so, we are also abldoss induced by small values gf

to evaluate the effects induced by the fading statistics on

the ultimate performance (e.g., diversity and coding gain) ) . . .
of the proposed transceiver. C. Some refinements and additional considerations about

the adopted MIMO UWB-IR channel model

Before proceeding, we want to detail some refinements

B. Received Signals and Inter-Pulse-Interference (IPI) - PIL )
and explicative comments about the here considered com-

Under the assumption of perfect time-alignment at themunication model

receiver (€.g., the arrival timds:, } in (2) are perfectly es- To begin with, let us remark that the channel coeffi-
timated at the receiver), the (analog real-valued basebang?ems{h G, i)} ’in (2), (3) do not depencbn the time-

signal y;(t) measured at the output of theth receive index ¢, thus meaning that/,(j, i)} are assumed to

antenna may be expressed via the following convolutionbe time-invariant over (at least) a signalling perigid

Ne o By fact, the assumption of quasi-static fading may be
yi(t) = aW () ® hyi(t) + w; (t) considered well met when the coherence tifag, (ns) of
N v the MIMO channel in (3) equates (at least) the signalling
(%) Z Z I, i)x(i) (t = ) + 1w, (1), period Ty, e.g.,
Moo T Toon > To = NfTy = Ny(MT, +T,).  (6)
_ . f
= Z ) Z hn (4,7) \/ ﬁtp(t —mTy —diTy = 7) + wi(t),  Since typical systems work af; < 10 andT; < 30(ns),
i=1n=0j=1 the above inequality may be considered met whgy),

1<j <N (3) exceeds250 — 300(ns). Coherence times of this order
is the real-valued zero-mean white Gaussiarf"€ quite typical for AGWLAN systems serving nomadic
users [6,13,22].
Next, in order to by-pass expensive channel-estimation
procedures, the receiver of Fig.1 figly unawareabout

wherew; (t)
noise with unit two-side power-spectral density impairing
the signal received by thgth antenna® is the convo-
lution operator anda) stems from the channel model in . .
(2). Before proceeding, let us spend few words about th € gcjcual values ret_amed_ by th_e channel-coefficients
IPI effects (possibly) induced by the multipath-spread of hn(4,1)} over_each S|gnall_|ng pgrlod (e.g, No Ch"’?”“e'
the UWB channel. After denoting by() £ p(t) @ p(—1) State Information (NCSI) is available at the receiver),
the autocorrelation function of the pulse in (1), in orderf’0 thaFttltdmusctj %er;ortm noncoherent detection of the
to retain the orthogonality property of the employed PPM ransmitted (coded) data.

format also at the receiver side, we are forced to assumé:urthermore,_ |_n the S?que' we also assume that the
that the following relationship holds (see the last row Ofchannel coefficient$h., (7, i)} areuncorrelatedover both

eq.(3) ): delay-index» and spatial-indexegj, i), thus meaning that

the scattering induced by fading is assumed to be uncor-

p((g —m)T, + (14 — Tq)) 2 related overboth time and spatial dimensions. Although
it is experienced that time-uncorrelated scattering is a

+oo quite typical operating condition in NLOS medium/long-
/ p(t —mT, — 74)p(t — 1T, — 74) = 01m0f4, (4) Fange outdoor applications [13, Chap.3], the assumption
—o0 of spatially uncorrelated fading may be, in principle, more
whered, ., andd; , are the Kronecker’s deltas. However, questionable. In this regard, we point out that several

the adopted Poisson channel model dictates that th@easurements of indoor/outdoor MIMO UWB-IR links
inter-arrival times{ A,, 2 7, — 7,_, } are exponentially [13, Sect.3.5] lead to the conclusion that the spatial-

distributed r.v.s, so that, in principle, eadh may assume cor.relﬁtioln exhi(s)itgc(ij b)(/j MIMOb UWBl'lR c(:jhann(ﬁls rils
very large (even unbounded) values. In turn, this meanlyP'cally low and, indeed, may be neglected at all when

that the IPI-free operating condition in (4) may be guaran—t e transmit/receive antennas are spaced apant,/of

teedonlyin a statistical sense, for example, over a fractionVN€ré A i the wavelength of the radiated signals in

(e.g., percentage) < (0, 1) of the overall working (e.g., (1) evaluated at the peak-frequengy of Fhe c_orr_esponding
service) time of the system. Thus, motivated by the abov&Pectra [13, Chap.3]. prever, since, n principle, high
consideration, in the sequel we assume that the tim Spatial-correlations may induce no negligible performance

duration7, of the pulsep(t) in (1) meets the following 0ss, we anticipate that the assumption of spatially uncor-
bound: P related fading is relaxed in Sect.VIl, where we test the

5) performance of the proposed transceiver in the presence
of (highly) spatially-correlated channel-gains.

that, in turn, guarantees that the IPI-free operating condi- According to the MIMO channel models for wideband

tion in (4) is met at least over a fractionof the overall applications developed in [8], the path-delays,} in

T, < —In(y) /AM,
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(2) are assumed to be independent from the spatialwhere~, £ fogiL = /7, is the SNR per transmitted

indexes(j, ) of the transmit/receive antennas. As pointedinformation bit. Furtherzmore, the termp; (1)} in (8)
out in [8], this assumption is well met especially depend on the transmitted information symtiol= 1
in medium/long-range 4GWLAN application scenarios,according té
where the delays induced by the spatial-dimensions of the N1
transmit/receive antenna arrays are negligible with respect e 1 Z )
N
k=0

to those induced by the multipath propagation across the™*
physical channel. For the same reason, in the sequel we /Ts
assume that the Multipath Intensity Profiles (MIPs) of the' | P(t = KTy — diT), — 7)p(t — kTy — 1T, — ) dt
SISO links in (2) do not depend on the spatial-indexes 0 1 ford =1
(jZ,i), but 2onIy on the delay-index,, so that we pose: = { 0: for d; 2] %)
o2 = E{h2(j.i)}. _ |

Aboui the (qu}ite critical) assumption of perfect syn-While the noise terms
chronization (e.g., perfect information at the receiver 1 Ny—=1 .7,
about the path-delay$r, }) previously introduced at the w;(l,n) £ —— Z / w; (O)p(t—kTy—1T,—1,)dt,
beginning of Sect.ll-B, we anticipate that it is relaxed Ny =0 Jo
in Sect.VIl, where we test the performance robustness (10)

of the proposed transceiver against mistiming effectsn (8) are real-valued mutually-uncorrelated zero-mean

The overall topic of time-acquisition and tracking is unit-variance r.v.s. Therefore, after indicating ¥y, 1 <

afforded in [25] and in [28, Chap.7] for MIMO UWB-IR J = Nr. the (M x V) matrix collecting the statistics
channels affected by flat and frequency-selective fading{yﬂ'(l’n)’ 0<i é M N 1’. 0 S.n =Viin (S)’ we may
recast the relationships in (8) in the following (compact)

respectively. trix form:
Lastly, we remark that, since the numtérof received matrix form.
paths in (2), (3) is modelled as Poisson-distributed r.v., Y2[Y)..Yy]=pPH+W, (12)

thus V' may assume very large (in principle, even un- i
bounded) values. However, we point out that, in practice?Vhere the (M < N.(V + 1)) matrix Y collects the
the maximum numbewV,,.., of paths resolved by the obstgrv\e;\tllqn fstatllsltﬁ]s in (8), ¥vh|le t'r(éég)NE(‘thr 1)
Var i fini T 1 Tu ; matrix W is for all the noise terms in . Furthermore,
recener 18 finite and limited up tn.; = PJ’ with H £ [Hy...Hy] in (11) is the (N, x N.(V + 1))
|.|] denoting the floor operator. : . .
channel matrix obtained by the ordered stacking of
the matrices{H,,, 0 <n <V}, where, in turnH, is
I1l. FRONT-END PROCESSING ANDDECISION the (N; x N,) matrix built up by the channel-gains
STATISTICS {hn(j,i), 1 <i< Ny 1<j<N,} of then-th path. Fi-
The ultimate task of the receiver depicted in Fig.1 ishally, ® in (11) denotes thé) x N;) matrix composed by
to compute the ML decisiorb,;;, on the information the binary-valued¢;()} coefficients in (9). Specifically,
symbolb by exploiting the analog signals in (3) observed ® represents the space-time matrix codeword associated
at the outputs of the receive antennas over the curref@ the (ordered)V;,—ple {di,...,dy,} of M-ary OPPM
signalling period. For this purpose, let us note that thedata radiated by the transmit antennas over the current
following outputs of filters matched to the (multipath- Signalling period (see eq.(1)).
delayed) versions of the M-ary OPPM pulses

IV. A BRIEF REVIEW ON THESTOPPMCODES AND
THEIR MAIN PROPERTIES

yilm) VN5 Jo v (t) kz_: p(t = KTy =T, = 7)) dt, Since the Multi-Antenna transmitter of Fig.1 maps each
= valuel assumed by the information symbpointo the cor-
0<I<M-—1, (7) responding (matrix) valu@; assumed by the transmitted
space-time codewor@®, thus, from a statistical point of
constitute a discrete set oA/ x (V' +1) x N,) statistics  yjew, ® in (11) is anL-ary r.v. whose (matrix) outcomes
that aresufficientfor the ML detection of the transmitted {®,, 0 <1< L— 1} are equiprobable and constitute the
information symbol (see [23] for additional details on this codewords of the adopted STBC. Furthermore, the rela-

topic). Thus, after replacing;(¢) in (7) by its definitory  tionship in (9) forces theV, column of &; to be unit-
relationship in (3), an exploitation of the orthogonality yectorsof R, that is,

property in (4) allows us to develop (7) as follows:

T, Ny—-1

&, = [ggl)...g%)t} eb=1, 0<I<L-1, (12)

Nt H M
~ [wNylgy L . where the ordered sequence &f unit-vectors ofR
yiln) =y N, > b3, )i(1) + w; (1, n) in ®, depends on the valuk actually assumed by the
i=1
Ny 3After recalling thatd; in (9) is the M-ary OPPM data radiated by
= /BZ hn (4, %) s (1) +w;(l,n), (8)  thei-th transmit antenna, from (4) it arises that the integral in (9) is
i—1 unit for d; = [, while it vanishes wheml; # 1.
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transmitted information symbdl. Furthermore, since in (see eq.(12)), the decision rule implemented by the ML
[32] it is proved thatunitary STBCs optimize the trans- detector of Fig.2 may be directly expressed as

mission performance of fading-affected MIMO channel - _

whennon-coherentietection is carried out at the receiver Pz = e (¥ [ 20}, (18)
side, thus, without loss of optimality, in the next Sections

. : . . wherep(. | .) in (18) is the pdf of Y conditioned on
we d|rec_tly assumes thdt in (11) is the matrix codeword the I-th codewordd,. In the Appendix A is proved that,
of an unitary STBC.

A. STOPPM codes 70—
In this respect, STOPPM codes introduced in [4] are . | Bank of Matched Filters S
a (particular) class of variable-rate OPPM-based unitary ) — JY matrix)

STBCs characterized by the following two definitory
properties: i | calculator of the
i) the size M of the employed OPPM format equates Decision Statistics

LN, that is, w___ | };\ . % :
Detector ' H

M = LNy (13) E Maximum E

! Selector !

ii) the N, columns of the-th matrix codeword®; are |
constituted by theV, unit-vectors ofR™ with index: | T bw

ranging fromi = [N, to i = (({+1)N;) — 1, that is

& 2 e(IN;) ... e((I+1)N; — 1)], 0<I<L-1. Figure 2. A block-scheme of the proposed Multi-Antenna noncoherent
(14) receiver .
Directly from the above definition, it follows some
interesting properties of the STOPPM codes we go tdegardlessrom the pdf adopted to model the channel co-
list (see [4] for additional details and formal proofs).  efficients{%,(j,7)}, the ML decision rule in (18) can be
First, STOPPM codes ar@rthogonal and unitary equivalently rewritten in terms of suitable real-valued
STBCs, thus meaning that decision statistics{z;, [ =0,...,(L — 1)}, according to
the following (general) expression:

By = : 19
&7®,, =0, for | £m, and ar, = arg max {2} (19)
& ®, =1y, foranyl. (15) A. The Decision Statistics for Nakagami-distributed mul-

_ . _ tipath fading
Second, STOPPM codes constitute a family of variable- Obviously, the form assumed by the decision statistics

rate STBCs, with spectral efficiency { : .
' . zi} in (19) depends, indeed, on the pdf adopted to
nsroppu (bit/sec/Hz) given by (see eq.(13)) model the channel-coefficienth,, (j,i)}. Specifically,

nsroppar = lga(M/Ny)/MNy,  (bit/sec/Hz). after indicating a2 = E {h2(j,i)} the average squared
(16) amplitude of then-th path, in the Appendix A it is

Finally, being STOPPM codes unitary and orthogonalProved that, when the channel coefficieiits, (j, )} are
the Bit-Error-ProbabiIityPg’) of a STOPPM code is Z2€ro-mean rgal-vglued uncorrelated Nakagami r.v.s, with
p-assigned fading figuren > 1/2 (see [26, pp.47-48] for
the general properties of the Nakagamidistribution)
the corresponding decision statistics in (19) assume the

directly related to the corresponding Word Error Pro
ability (WEP) Pp 2 P (<1> £ <1>ML) via the following

relationship: following expression:
®) L V N, N;
P, = ——) Pg. 17 — . T
E (2(L — 1>> E 17) 2= 7;); iz:;ln {cosh [w”(zi(n) gi(l))} }
V. THE PROPOSEONONCOHERENTML D ECODER FOR 1=0,..,L -1, (20)

NAKAGAMI , GAUSSIAN AND
LOG-NORMAL-DISTRIBUTED MULTIPATH FADING

Since the(M x N,(V + 1)) observation matrixy in 4g2
(11) is a sufficient statistic for the ML detection of the wy £ m, n=0,...,V. (20.1)

transmitted symbob and, in addition, each information
symbolb = [ is one-to-one mapped into the correspondingwhile e; (/) is thei-th column of thel-th (matrix) code-
matrix codeword®; of the employed STOPPM code word ®; of the employed STOPPM code (see eq.(14)).

where
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Furthermore, théM x 1) column vectoer(n) in (20) and products, so that the resulting numerical effort
is the n-th column of the previously introduced/ x  sustained by each PU of Fig.2 over a signalling period
(V 4 1)) observation matrixy; (see eq.(11) and related is limited up toO((V' + 1)N,.Ny).

text). So,y (n) is related to the transmitted space-time
codeword®; as in

y;(n) = f@h,(j)+w;(n), 0<n<V, 1<j<N,

(21)
whereh,, (7) denotes thex-th column of the(V; x N,.)
j-th channel matrixt; composingH £ [Hy..Hy] in

VI. PERFORMANCE ANALYSIS OF THE PROPOSED
TRANSCEIVER EQUIPPED WITH THESTOPPMCODES

Since the computation of the WEP, £ P(ti)ML #+
®) of the noncoherent ML decoder in (19) resists
to closed-form analytical evaluations, in the next sub-
. X ) Sections we resort to the Union-Chernoff approach to
(11), while w;(n) is the j-th column of the(M x N.)  |imit P, and then acquire insight about the ultimate diver-
Gau§5|an 20|se matrBN].- constituting the overall noise sity gains attained by the proposed transceiver equipped
matrix W= [Wo... Wyl in (11). with STOPPM codes [34].

o o _ o A. The Union-Chernoff bound for Nakagami-distributed
B. The Decision Statistics for Gaussian distributed mul-myitipath fading

tipath fading ' o _ Let the channel coefficientgh,, (4,7)} in (2) be zero-
_Let the channel amplitude,(j, ) in (2) be Gaussian mean uncorrelatedeal-valued Nakagami r.v.s. Thus, in
distributed and the corresponding phasg(j,i) be a the Appendix Bit is proved that the Union-Chernoff

binary r.v. with equally distributed outcomes. Thus, bypound on the corresponding WEP assumes the following
following the same steps reported in the Appendix A for(simple) fornf:

the Nakagami case, it can be proved that the decision

o : . 2 NNy (V+1)
statistics in (19) assume the following expression (see also Py < (L—1) (46 F(2m))
[33, Appendix A)): - I'(m)
o - mN¢N,
V. N, N v 14 Uiﬁz
2 = Z Z an(zj(n)Tgi(l))2, 1=0..L-1, (22) . (m)2 . (24)
n=0 j=1i=1 o (1 T 202;52)

wherey,, is defined as . .
whereT'(.) is the (usual) Gamma function [26, pp.47-48].

1\ Thus, since3? scales agy,, from (24) we conclude that
a2 1+ — =0,...,V, (221 ’ Ste: ’
Xn ( + o232 o ’ Vi (220) for large~y, andV > 1, the WEP scales a(swlﬁb)mVNtNr.

C. The Decision Statistics for Nakagami-distributed mul-B. The Union-Chernoff bound for Gaussian distributed
tipath fading multipath fading

Finally, let us assume the fading amplitude,(j,) By performing the same approach developed in the
be Log-Normal-distributed. Thus, by carrying out onceAppendix B for the Nakagami case, we arrive at the
a time the same basic developments detailed in the Afollowing expression for the Union-Chernoff bound when
pendix A for the Gaussian case, we arrive at the followinghe fading amplitudes are Gaussian distributed (see [33,
expression for the resulting decision statistics (see [33Appendix.B] for an explicit proof):
Appendix E] for the analytical details): v

(1 + 02,6’2)

AU Pp<(L-1 A ToPT)
2= ZZIH{COSh [@n(zj(n)Tﬁi(l))] } : b= )nl;[() (1+ 10282)°
n=0j=1 i=1 Since 3? in (25) scales ag, (see eq.(8)), from (25) we

conclude that, for lar andV > 1, the WEP falls off
1=0.. D=1, (23) AT O
Vb '

N¢N,./2
] , (25)

h » indicat . o
Whereen Indicates C. The Union-Chernoff bound for Log-normal-distributed

On 2 Bet n=0,...,V, (23.1) multipath fading
with ¢ 2 L 1n(10) andpu, 2 E{an(j,7)}. Finally, let us consider the fading amplitudgs, (j,4)}
20 ’ be Log-normal-distributed with fading-parameter >
Remark - On the implementation complexity of thel/2. Thus, for high+, the resulting Union-Chernoff
ML Decoder bound assumes the following form [33, Appendix D]
About actual implementation of the proposed 9 \ (VFYNN,. V.
noncoherent ML decoder, eq.(19) suggests a modular P <(L-1) <\f) H
architecture composed by. Processor Units (PUs) T n=0
working in parallel (see Fig.2). Specifically, egs.(22), 4According to eq.(17), the corresponding Union-Chernoff Bound on

(23)} (_20) pOim_OUt that t.he computation of each d.eCiSiorih Bit—Error—ProbabiIityPg’) may be obtained by scaling eq.(24) by
statistic essentially requirggV + 1) N;N,.) summations L/2(L — 1).
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VII. SIMULATION SETUP AND PERFORMANCE
NN, RESULTS

“+o0o
{/ exp {—t2 — Bpne exp {C\/iart}} dt} ) To test the performance of the proposed transceiver

e (26) equipped with STOPPM codes in actual application sce-
with the termy,, in (26) given by (23.1) and, = 3.4dB nar?os, we have carried out s:_averal n_ume_rical trials. The
(see [36, Table II). The integral in (26) is known as (Unit-energy) pulsep(t) used in all trials is the usual
"Log-normal Frustration Integral” and, unfortunately, it Sécond-time derivative of the Gaussian pulse [1], with
resists closed-form analytical evaluations [14]. HoweverShaping factor equal to 0.43ns. Thus, the (effective) du-
numerical evaluations we have carried out of this integrafation 7, of the employed pulse is of the order of 1ns

lead to the conclusion that, for largg and V > 1, the [1]. Furthermore, according to [5,6], in the sequel the
bound in (26) falls short agL )2V NeNr MIPs of the SISO impulse-responsé¢s;;(¢)} in Fig.1
R are assumed to fall exponentially off, e.g.,
D. Some considerations about the Union-Chernoff limits
. . . on =E{h (5,0} =

Since the real-valued channel coefficiefits,(j,7)} in
(2) are assumed to be uncorrelated obeth the delay- 0, for V =0,
iqdeXn and the spatial-indexe{s,z:), for V' > 1 the diver- { e~/ n=0 ... V-1 forvs>1,
sity degree offered by the considered (baseband) MIMO o8
UWB-IR channel is of the order df N; N,.. Hence, since h in (28) is th d fact ( ‘ ?[h
all the Chernoff bounds in (25), (26), (24) fall short asWN€r€ 7(ns) in (28) is the power-decay factor of the

—kNN.(V) simulated channel (see the 3-rd column of Table I).
T for V.= 1, we conclude that the proposed Finally, after assuming that the equivalent bandwidth
noncoherent transceiver equipped with STOPPM codes y: 9 q
able to achievdull-diversity in the considered multipath-

'Ee(Hz) of the radiated signals in (1) equategT,, [1],
affected communication scenarios. This property generafzllreCtIy from (1) it follows that the spectral efficiency
izes an analogous one previously reported in [4] for the

np of all simulated systems may be directly evaluated
(particular) case of MIMO channels affected Bpussian- according to
distributed flat-fading Such optimality property retained algl Tylgy L

V=T
Zk:() e’k

by the performance of the presented transceiver is also s BT, Ny(MT,+T,)

corroborated the numerical results reported in the next oo L

Sect.VIL. = 62 (bit/sec/Hz). (29)
Ny (M +T,/Tp)

E. On the performance-effects induced by Poisson- In the following sub-sections we evaluate, at first,
distributed path-arrivals the performance achieved by the proposed transceiver in

o o . terms of BER and coverage-range. Afterwards, we pass

In principle, the limits reported in (25), (26), (24) to test its performance robustness against the degrading
should be regarded as Chernoff-bourmimditionedon  effects induced by IPI, mistiming and spatially-correlated
the number” of paths received over a signalling period. fading. In all the carried out numerical tests, path-arrivals

Unfortunately, we have experienced that the expectationgave been generated according to the Poisson-statistic

of these limits over the Poisson-distribution of the r.v.anq, then, all the reported numerical results are averaged
V resists closed-form analytical evaluations, so that, iy er the Poisson-statistic of the arrival-times.

Sect.VIl we resort to numerical methods for evaluating

these expectations. However, since for largeall the

above reported Chernoff-bounds fall off ag*V V-, A. BER-vs-SNR performance

we may conclude that, at least for largg the behavior Main goal of the first set of humerical plots reported
of the corresponding Poisson-averaged Chernoff-limits i$n Figs.4,5,6 is to point out the effect of the fading

given by statistics on the BER-v.s.-SNR performance of the pro-

NN, posed transceiver equipped with STOPPM codes. To

E{fmv,,,zvtv} = exp {—TJ\ 1-— (1> ] } better appreciate the performance improvements arising
b ‘ Vb ’ from the transmit diversity (e.g., from the utilization of

(27) the STOPPM codes at the transmit side), we have (nu-
where the above expectation is over the Poissonmerically) implemented the Multiple-Input Single-Output
distribution of the r.v.V (see Note 2). About eq.(27), (MISO) versions of the proposed transceiver with = 1
it should be noted that, since the rW. exhibits a non- and N; = 1,2,3. The corresponding SISO impulse-
zero probability to assume the zero-outcome (see Noteesponsegh;;(t)} in (2) have been generated according
2), thus the resulting asymptotical behavior in (27) forto the CM6 UWB-IR channel model (see Fig.3 and Table
the averaged Chernoff-boundees not approach zefor 1), being fading uncorrelated over both time and spatial
large v, but it presents, indeed, a floor proportional todimensions. All the simulated systems work at the same
e~Ts, The numerical plots of Sect.VIl confirm, indeed, spectral efficiency ofl /200 (bit/sec/Hz).
this asymptotical behavior. An examination of the performance plots of Figs.4,5,6
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. . Figure 5. Performance plots of the proposed transceiver equipped with
Figure 3. MIP behavior for a CM6, SISO UWB-IR channel [S].  gToppM codes for Nakagami multipath fading with m=0.8. The number
of receive antennas &, = 1, while the number of frames &y = 8.
The plot marked as-BM— reports the corresponding Poisson-averaged
Union-Chernoff Bound (U.C.B) withV; = 3.

leads to three main conclusions. Firstly, at target BERs

of about10~3, we experience SNR gains of about 1.8dB " } { -
2.5dB, and 2.3dB by passing frod; = 1 to N, = 3 for me- N=1
Log-normal, Nakagami and Gaussian-distributed fadin S N I : A N |
respectively. o b el

R -4-N;=3 @

Figure 6. Performance plots of the proposed transceiver equipped with
9 10 1 STOPPM codes for Gaussian multipath fading. The number of receive
antennas isV, = 1, while the number of frames i&/; = 8. The plot

marked as—M— reports the corresponding Poisson-averaged Union-

8
¥,(dB)

Figure 4. Performance plots of the proposed transceiver equipped witﬁhemOﬁ Bound (U.C.B) alV; = 3.
STOPPM codes for Log-normal multipath fading. The number of receive

antennas isV,. = 1, while the number of frames i8/; = 8. The plot

marked as—HM— reports the corresponding Poisson-averaged Union-

Chernoff Bound (U.C.B) alV; = 3. B. Coverage Range extension

The spatio-temporal diversity and coding gain pointed

This confirms that the proposed transceiver equippedut by the performance plots of Figs.4,5,6 may be turned
with STOPPM codes is able to attain noticeable transmitinto corresponding range-extensions, when the transceiver
diversity gains. Second, as predicted by the developeid forced to operate at a target BER. Hence, to test
Chernoff-bounds, at SNRs ranging from 5-6dB to 15-the range-extension capability of the proposed MIMO
16dB, the performance plots of Fig.6 for Gaussian distransceiver, we have implemented several MIMO UWB-
tributed fading are the worst ones, while those of Fig.4IR channels withV;, N, ranging from 1 to 3 (see Table
for Log-normal distributed fading are the best ones. Thidl). The SISO impulse respons¢# ;(¢)} composing the
gives evidence to the conclusion that, in terms of BERsimulated MIMO channels have been generated according
performance, the Gaussian fading is the most penalizintp the CM5 UWB-IR channel model (see Table 1), while
one. Thirdly, the obtained numerical curves well matchthe path-loss has been generated according to the Petroff-
the corresponding ones dictated by the (Poisson-averageS)jwiak model withA,,; = 1 and A, = 10°-%8 (see eq.(2)
Chernoff-bounds, even at SNRs as low as 7-8dB. In turnof [27]). Furthermore, being focused on NLOS outdoor
this confirms the optimality (at least in terms of achievedpropagation scenarios, in the carried out tests the transmit
diversity) of the employed STOPPM codes. power has been set atsmW, while the fading has been
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[ N» | Coverage Ranges (in mt)) 10° : :
10 Ta-n-os
23 s : : —A—n=1

1
2
2 31
3
3

o

45
53
TABLE II.
COVERAGE-RANGES OFMIMO UWB-IR SYSTEMS EQUIPPED WITH
STOPPMCODES IN THE PRESENCE OINAKAGAMI MULTIPATH

FADING AND m = 1.8.

ol pof po| = =[] 2

BER

generated spatially uncorrelated. The throughput of tt
tested systems is of 136Mbit/sec at a target BER0T. 2L S S YA §
The obtained coverage ranges are reported in Tak ()

Il. This | [ WO main nclusions. Eirstl Figure 7. IPl-effects on the performance of the proposed transceiver
s last leads to wo main conclusions stly, by equipped with STOPPM codes for Gaussian-distributed multipath. The

passing fromN, = N; = 1 (e.g., a _S|SO system) t0 numbers of transmit and receive antennas Age= 2 and N, — 1
N, = N; = 2, the coverage-range increases of aboutespectively, while the number of frames/g; = 8.

2.6 times, while, when we pass frol, = N, = 1
to N, = N, = 3, the range-extension factor arises to
4.61. Secondly, the proposed transceiver WiNth= N, =

2 attains coverage-ranges beyond 30mt, thus doing it§aUates

utilization appealing even for outdoor medium/long-range N,V

4GWLAN-compliant applications. y;(t — ) = Z Z ha(, Z-)x(i) (t =70 — &) +w; (1),
i=1 n=0

C. SNR-loss due to IPI

As previously anticipated in Sect.ll-B, under IPI-
affected operating conditions, the orthogonality property

of the transmitted PPM-signals is lost at the receiver SideL’JVI\?BtIhR? %ar:r(]adl Oxft;;St_s’NWi 2h?rven ?:]T:/L:Iateg/ erl:/IO
so that the relationship in (4) is no longer met. This -IR channels ¢ =1Vr = 2 transmitireceive an-

means that, when the IPI effects are not negligible, thu ennas affected by spatially-uncorrelated Gaussian fading.

the {¢;(1)}-statistics in (9) are no longefo, 1}-valued, he corresponding SISO linkg;;(t)} have been gen-
and, indeed, they may assume any value over the intervfrgated according to the (strongly scattered).CMS UWB-
[0,1]. By numerical trials, we have tested the robustnes channel model (sge Ta_lble ). The numer_mal plots we
of the proposed transceiver against IP| effects for varioué’btalnecj are drawn in Fig.8. An examination 30f these
values of thep-parameter in (5). The tested MIMO links curves points out th.at', a.t ta'fge.‘ BERS of abirt*, the
are affected by Gaussian-distributed spatially-uncorrelate NR"(_)SS due tq mistiming 1 I|m_|te(_j up t5d3 when
multipath fading, and the corresponding SISO impuls the ratio| /T, | IS aroundé_;%_, while it falls below1d5
responseq h;;(t)} are generated according to the CM6 or values of ratio| /T, | limited up to3%.

UWB-IR channel model (see Table I). An examination

of the performance plots of Fig.7 shows that, at targe W'
BERs aroundl0—?, the IPl-induced SNR loss is limited
up to 0.3dB forn values of the order 00.8, while
arises tol.3dB for n values of the order 00.3%. These
results support the conclusion that, although the propose

1<j<N,.. (30)

transceiver is designed under the assumption of IPI w0
free operating conditions, nevertheless, its performanc  §
is quite robust against IPI-induced degrading effects. 0l
D. Performance Sensitivity to mistiming effects 107 [—y— i, = 14.0%
- e[, =80% “~a
To test performance sensitivity of the proposed i, =s0e
transceiver to mistiming effects, let us assume that thi Wil —T— 4 e
received analog signals in (3) are affected by a time-offse yee)

parametere unknown at the receiver-side, so that the

signal measured at the output of tjith receive antenna Figure 8. SNR-loss induced by mistiming effects for Gaussian dis-
tributed fading.

57 = 0.3 means that IPI-free operating conditions are guaranteed
(only) over 30% of the overall working-time of the transmission system.
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E. Performance Sensitivity to spatially-correlated fading application environments. Furthermore, the analysis of
Performance robustness of the proposed transceivdl€ coverage-ranges achieved by the proposed transceiver

against spatially-correlated fading has been numericallfUPPOrts its utilization even in medium/long-range out-

evaluated over MIMO UWB-IR channels with path-gains door 4GWLAN-compliant applications. The carried out
correlated according to the following model: numerical tests corroborate the analytical results and point

out performance robustness of the transceiver against the
degrading effects induced by IPI, spatially-correlated fad-

E{hn (4, 1)hg(l, m)} 0, forn # ¢ ‘ ‘ ing and mistiming. The optimized design of (noncoherent)
= = Lforn=gqandj=1andi=mgynchronizers for the proposed transceiver able to exploit
\/ 919 ¢, otherwise, the diversity offered by the MIMO UWB-IR multipath

. (31)_ channel is a companion topic currently under investigation
wherec € [—1, 1] plays the role of the spatial-correlation by the Authors [28, Chap.7].

coefficient [13]. In the carried out tests, we have simulated
MIMO UWB-IR channels equipped withV; = N, = 2
transmit/receive antennas and affected by Log-normal
distributed fading. The impulse-respondés;(t)} of the . ) . . ) )
underlying SISO UWB-IR links have been generated Th_e_ relationship (20) is attained by first evaluating the
according to the CM5 channel model (see Table f)conditional pdfp(Y | @;,H) of the MIMO channel
Overall, an examination of the resulting performance plotdn (11), and then by averaging it over the pgfH)

of Fig.9 leads to the conclusion that, at target BerLf the channel coefficients. Specifically, by consider-

around10-5, the SNR-loss induced by spatial-correlationind that all the scalar terms of the noise matiw
is within 1.4dB for values ofc as high as 0.6. This N (11) are mutually-uncorrelated real-valued zero-mean
unit-variance Gaussian r.v.s, after conditioning on the

10— ; . ‘ ; : ‘ transmitted codeword®; and channel matrixH, the

: resulting (N, x V) r.v.s in (21) are Gaussian-distributed
and mutually uncorrelated. Hence, we may develop the
conditional pdfp(Y | ®;, H) according to the following
steps:

APPENDIXA
DERIVATION OF THE RELATIONSHIP IN(20)

N, V
p(Y | @, H) = [T [T pw;(n) = y,(n) - %0, ()

j=1n=0
O [T n) ¥ exp {1y oy ) + 357 (w0
- L . p QX]' X]‘ X]‘ 1, \J
j=ln=
: : 1 . .
I N S —252hf(y)‘1>f<1>zhn(3)}

with STOPPM codes on spatially-correlated Nakagami distributed mul- 22
tipath fading. The number of antennash& = N, = 2, while the
number of frames isVy = 8.

N, V
Figure 9. Performance-sensitivity of the proposed transceiver equipped @(gﬁ)*w H H exp {_lyT(n)y (n)}
J J
j=1n=0

1 . . .
exp { 5P 1) + By T ()@ 1.1, |
supports the robustness of the proposed transceiver against ) L (A'l)_
spatial-correlation degrading effects. where (a)_ is du_e to the Gau53|ar_1|ty of the noise
terms, while (b) is given by the Unitary property of
the STOPPM codes (see eq.(15)) and by noting that
VIIl. CONCLUSION . . . . .
e contribu e develoned o BB, G) = Sy ag (), and y T (n) b, (j) =
n this contribution, we have developed a novel non--~;, _r (1 . ). Next. let th
coherent transceiver for MIMO UWB-IR applications af- lel..zj (n)e;( )a"(j’z)ﬁ"(]’?)' ex\, 'eL Us average e
: . . ) U conditional pdfp(Y | ®;,H) in (A.1) over the channel
fected by multipath-fading with Poisson-distributed path—df (H), according to the following developments:
arrivals. The transceiver architecture has been optimize PR 9 9 P '
for Nakagami, Gaussian and Log-normal fading, and p(Y | &) 2 E{p(Y | ®,H)}
the resulting performances have been analytically evalu- v NN
ated by developing suitable forms of the Union-Chernoffa) _ MNp(V4) omm \ (VHDNN: 1\
bound. The carried out analysis points out that, by equip-_( ) L'(m) H H E '
ping the proposed transceiver with the recently intro-
duced family of STOPPM codes, the resulting overall L 7 T me1
i) . resuttin " exp{ ———yT(n)y (n) a2,
communication system is able to attain maximum di- 2N =i J 0
versity gain, even in the considered multipath-affected

n=0j=1i=1
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2 2
oxp {_ (Wn) ai(m} . T(2(f +m) D71y (0) 0<lg<L—1.
202 (A.5)
- o o Let (A.4) be met. Since all the arguments into the brackets
~cosh <5Xj (n)e;(D)an (7, Z)> dan (5, 1) () do not depend on thg-index we have that
m~ (VF1)N,N, V N, N m 2f

(b) _ MN-(v+1) [ 2m 1 ) 1 402
=(2 2 _— — . i _n gyT .

e (G5 () o (|t oao)

1 =1 of 2
.exp{—myﬂn)yj(n)};m(ﬁyj (me.() - Z21]“( /ﬂ;@nﬂygn)exq),) NG

,/JroO ai(f+7”)_1exp{— (6203,+2m) ai(j,i)}dan(j,i), Now, if we take in (A.6) the summation ovef and
0 207, multiply both members by the not negative (scalar) prod-
. ) (A2)  yct L(2(f +m))D_s(+m)(0) we directly arrive at the

where, after averaging (A.1) over thg,(j,¢)-sign pdf inequality (A.5). -
of the channel coefficient,,(j,7), (a) arises from the  The derivation of (A.4) from the inequality (A.5) re-
Nakagami-assumption of the modules(j, i) (I'() is the  quires only few (easy) steps we do not report here (see
Gamma function), whilgb) is obtained after expressing [28, Appendix E] for further details).
in power series theosh(.) term (see eq.(1.411.1) of [35]).  The |ast step we do to arrive at the decision statistics
Now, to solve in closed form the integral we have applied, (20) is to neglect all terms in (A.3) that do not
the formula 3.462.1 of [35], so to attain the following depend from the source indexso to consider them

relationship not relevant for the ML detection on the radiated source
symbol. Furthermore, after considering tReopositionl
wnevany [ 2mm\ (VTDNeNy so to individuate only those terms inside the sum over
p(Y | @) =(2m)" 2 (F(m)) : £ in (A.3) that are relevant for the ML detection, from

(A.3) the corresponding the corresponding Log-likelihood

VN N 4 m oo . 2f function is expressed as:

- - — / (1 .
1L (Fezvm) 2oy (e i) In (p (Y | #)) =

2f
4 % 1 V. N, N —1
(,/M) exp { - gy, ()} ZZZ{% (+7) @& <n>ei<Z>)2}.
n=0j=1i=1 n
T (2(f +m)) D_a(f4m) (0). (A3) (A7)

Finally, the maximization of the expression (A.7) leads to
where,D,(z) is known as "Parabolic Cylinder Function” the relationships (19) and (20).
defined in eq.(9.241.2) of [35]. Now, before proceeding By performing similar developments, we obtain the
we need to prove the followin@ropositionl corresponding relationships in (23) and (20) of the de-
Proposition 11 et ®; and®,, two distinctive codeword cision statistics for Gaussian and Log-normal-distributed
matrices of the STOPPM coding, as defined in (14). Iffading, respectively. The interested reader may refer to

(and only if) the following inequality is met [33, Appendix A, Appendix C]. |
=1 402 Y
g,
Ziv #ﬁzf(n)gi(l) > APPENDIXB
= 2f! 0232 4+ 2m’ =i DERIVATION OF THE UNION-CHERNOFFBOUND IN
’ (25)
i" 1 402 ByT(n)e(q) (A.4) To derive the expression (24), we resort to
— 2f! o232 +2m Yy (el ’ ' the Union-Chernoff bound for upper limiting
= _ o _ the Pairwise Error Probabiliies (PEPS)P,, £
then we may write the following inequality: P(®y, = |®=®,),] # m. We will prove
oo 5 2f that the considered UWB-IR transceiver of Figs.1,2,
Z 1 LﬁyT(n)ei(l) ) equipped with the STOPPM codes, is able to attain the
o 2\ Y or? +2m maximum diversity gain. After indicating by > 0 the

Chernoff-parameter, from egs.(19), (20) we obtain
F(2(f + m)D—Q(f-‘rm) (0) >

IjlmEP{Zl_ZmZO|¢):¢m}

& P 7 (@ VYo N cosh(wnel (1)y, ()
> 21 < o2 4 2m Qmﬂyjf(n)ei(@) : <E {exp (s 2.2 > <Cosh(wnef(m)yj(n))>) }

f=0 n=0j=1 i=1
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v N, N, the last steps we follow to arrive at eq.(24) is to replace the
® I T s expression ofv, in (B.2) and (B.3). Specifically, under
= E {cosh(wne; (I)w.(n . . . . : '

1101:[11:[1< { (wnei (D, ))}) the assumption of high SNR (that is, higl), we may

n=0j5=1:= R
i Wn — 2
(E {sechw, Bhn(j,)})° (B.1) approximateexp (7) =exp | 7 o ) toexp (2), and
. . ﬁQwioi - 40%@2 to 4Uiﬁ
where (a) is the Chernoff bound orP,,, [26], while o m
o232

to arrive at(b) we have considered the following steps:
assumed®,,, the codeword matrix actually radiated, the
resulting scalar products akgf (I)y .(n) = e] (I)w;(n)

Finally, the dbtimal values,,; of the Chernoff-
parameter in (B.1) (e.g., the value efthat minimizes
T o (B.1))) may be directly evaluated by noting that under
and e; (m)y,(n) = Bhn(j,i) + & (m)w;(n). More-  high 'SNR values, the expressions (B.2) and (B.3) are
over, such scalar products composing the arguments @fss than unit. As a consequence,; = 1. Hence,
cosh(.) and sech) = - functions in (a), are Mu- after introducings = sept = 1 into (B.1) , and after
tually uncorrelated, due to the Orthogonality propertyconsidering the expressions (B.2) and (B.3), we finally
of the STOPPM codes (see eq.(15)). As a consequencgyrive at eq.(24).

we may separately take the expectations aweth®(.) -
and sech(.), (e.g., E{exp(sln(cosh(.)sech(.))} =
E{cosh®(.)} E{sech(.)}). Finally, if we confine the
Chernoff s-parameter into the real interval [0,1], the
resulting cosh®(.) and sech(.) are n-convex functions, [l M- Z. Win, R. A. Sholtz, "Ultra Wide Bandwidth Time-

. . Hopping Spread-Spectrum Impulse Radio for Wireless
so that we may apply the Jensen inequality [35, pp. MuFI)tippIeg-Acgess Co[r)nmunicatior?s TEEE Tr. on Comm,.
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