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Abstract— In this contribution, we develop a (novel) fam-
ily of Multiple-Input Multiple-Output (MIMO) UWB
Impulse-Radio (UWB-IR) transceivers for Orthogonal PPM-
modulated (OPPM) coded transmissions over (baseband)
multipath-faded MIMO channels. To by-pass expensive
channel-estimation procedures, the MIMO channel path-
gains are assumed to befully unknown at the receiver.
Thus, according to the UWB-IR statistical channel-models
currently reported in the literature for both indoor/outdoor
application scenarios, we develop and analyze three versions
of the resulting noncoherent transceiver, that are optimal for
Nakagami, Gaussian, and Log-normal distributed channel-
gains, respectively. As dictated by the Saleh-Valenzuela
(SV) UWB model, the resulting noncoherent Maximum-
Likelihood (ML) Decoder explicitly accounts for the Poisson-
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-
tain full-diversity in the considered multipath-affected appli-
cation scenario. To corroborate the carried out performance
analysis, we report several numerical results supportingboth
the medium/long coverage ranges attained by the proposed
STOPPM-coded noncoherent transceiver, and its perfor-
mance robustness against the degrading effects induced by
Inter-Pulse-Interference (IPI), spatially-correlated multipath
fading and mistiming.

Index Terms— Dense-Multipath, UWB-IR MIMO chan-
nels, Space-Time Blocks Codes (STBCs), STOPPM codes,
Poisson-distributed arrivals, noncoherent Space-Time decod-
ing, IPI.

I. I NTRODUCTION

Ultra-Wide-Band-Impulse Radio (UWB-IR) is an
emerging wireless technology proposed for low-power
high-speed data communication over unlicensed band-
width spanning several GHz [1,13]. Up to date, due to
hard limits on the radiated power levels, this technology
is devisedmainly for short-range indoor applications in
WPAN environments (see the proposals of IEEE 802.15.3
and IEEE 802.15.4 Working Groups, [29]). As a con-
sequence, the UWB-IR Physical Layer is designed to
provide data rates of about 110 Mbps, 200 Mbps and (op-
tionally) 480 Mbps at 20mt, 10mt and 2-3mt, respectively
( [13, Chap.10], [36]). So, till now, UWB-IR is essentially
considered as a competitor of the Bluetooth one. However,
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due to the (very) large bandwidth and angular spread
spanned by the UWB-IR signals, several measurement
campaigns on the UWB-IR channels unveiled the high
spatio-temporaldiversity that the UWB-IR channels are,
in principle, able to offer, ([15,20,21], [13, Chap.3]). This
has motivated some recent works [28,29] in trying to
extend UWB-IR technology toward 4G-WLAN-compliant
operating scenarios. To meet this goal and (fully) ex-
ploit both spatial and temporal diversity, new simple-
to-implement radio transceiver architectures, combining
the MIMO paradigm with the UWB-IR one, should be
envisioned for low-power medium/long-range (possibly)
outdoor applications.

A. Previous Contributions

Current research on MIMO UWB-IR systemsmainly
focuses on flat-faded (e.g., frequency-nonselective) appli-
cation environments. Specifically, in [7] the performance
of MIMO UWB-IR systems over Gaussian flat-faded
channels is analyzed by simulations, while in [11,12]
Alamouti-like STBCs codes are proposed for Gaussian
and Nakagami flat-faded channels under the (somewhat
optimistic) assumption of Perfect Channel State Informa-
tion (PCSI) at the receiver. The recent contribution in [31]
presents lower bounds on the SNRs required by multi-rate
UWB-IR systems 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
the analysis and design of the proposed transceiver more
tractable, several (somewhat unrealistic) simplifications
have been introduced. Most of them are mainly related
to the fact that the arrival-times of the channel-paths are
considered to be evenly time-spaced [19] while, according
to several measurement campaigns (see [6], [13] and
references therein), path arrivals are, indeed, clusterized,
as captured by the Saleh-Valenzuela (SV) model [9].
Moreover, path-gains of (indoor) UWB channels typically
follow a Log-normal distribution, that is quite difficult
to analytically tackle [5,26]. As a consequence, the Log-
normal distribution is often (coarsely) approximated by
the Gaussian one. This is done, for example, in [2], where
an analog version of the Alamouti-code is developed
for UWB-IR systems affected by multipath Gaussian
fading with evenly-spaced arrival-times. Under the same
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assumptions, in [18] a comparative performance analysis
of Time-Hopping-vs- Direct Sequence Spread Spectrum
MIMO UWB-IR transceivers is carried out, foruncoded
BPSK modulated data transmissions. In [30], the Inter-
Symbol-Interference (ISI) effects induced by the evenly-
spaced multipath-spread is accounted for by proposing
and comparing some equalization procedures. The main
drawbacks of such approach are the high cost requested
to implement the equalizers [26, Chap.11], and the large
processing times needed to update the estimations of
the high number of channel paths composing the MIMO
UWB-IR links.

Overall, up to date, an analytical approach to deal
with Log-normal distributed multipath fading seems to
be developed (only) in [3]. However, the analysis in
[3] focuses on MIMO UWB-IR transceiver foruncoded
BPSK-modulated communications and it limits to con-
sider a (somewhat sub-optimal) receiving architecture
composed by a Zero Forcing equalizer cascaded to a
Rake-combiner equipped with equally-spaced taps. The
assumption of evenly spaced arrival-times is still retained
in [12], where several sub-optimal transceiver architec-
tures for UWB-IR propagation environments affected by
Nakagami-distributed fading are proposed and tested.
Overall, to the best of Authors’ knowledge, the clustering
effect of the SV model is accounted for in [24], where
a MIMO UWB system is proposed foruncodedPPM.
However, the transceiver in [24] is not able to fully exploit
the spatial-diversity offered by the underlying MIMO
UWB channel, as pointed out in [13, Chap.3].

B. Proposed Contributions and Organization of the Work

Motivated by the above overview, in this contribu-
tion we develop, analyze and test a novel noncoherent
transceiver which is able tofully-exploit the spatio-
temporal diversity offered by the underlying MIMO
UWB-IR multipath channels,without requiring any
channel-estimation procedure. To attain full-diversity gain
in multipath-affected application scenarios with Poisson-
distributed path-arrivals, the proposed transceiver capital-
izes the performance improvements offered by the family
of OPPM-based variable-rate unitary STBCs (namely, the
STOPPM codes) recently proposed in [4]. Specifically,
main contributions on this work may be so summarized.
• First, we develop a (novel) family of MIMO UWB-

IR transceiver for the noncoherent ML detection
of OPPM-data transmitted over multipath-channels
with Poisson-distributed path arrivals. As dictated by
the current statistical channel-models [13], the cases
of Nakagami-distributed path gains is considered.
Due to many (differently-scattered) environments on
which UWB-IR solutions are currently proposed [5],
the optimal versions of the MIMO transceiver for
Gaussian and Log-normal-distributed path-gains are
reported too.

• Second, after deriving the corresponding Union-
Chernoff bounds on the performance of the resulting
ML noncoherent transceivers, we show that, under

(quite mild) assumptions about the system operating
conditions, the STOPPM codes recently proposed
in [4] are able to attain maximum spatio-temporal
diversity.

• Third, we prove that, due to the Poisson-distribution
of the path-arrivals, the average BER performances
of the optimized transceiversdo not vanishat high
SNRs. They approach, indeed, a BER floor, whose
value exponentially decays with the average number
of channel-paths received over a signalling period.

• Fourth, we report several numerical results support-
ing the medium/long coverage range achieved by the
proposed transceivers in typical UWB-IR multipath-
faded application environments.

• Finally, we test the performance robustness of the
proposed transceivers against channel-impairments
induced by Inter-Pulse-Interference (IPI), spatially-
correlated fading, and mistiming.

The rest of this contribution is organized as follows. Af-
ter introducing in Sect.II the considered system model, in
Sect.III we derive the overall architecture of the proposed
transceiver. Thus, after (shortly) re-visiting in Sect.IV the
main properties of the STOPPM codes, in Sect.V we
develop the corresponding noncoherent ML decoders for
Nakagami, Gaussian and Log-normal-distributed channel-
gains. Numerical results testing actual performance of
the proposed transceiver are presented in Sect.VII, both
in terms of BER-v.s.-SNR and attained coverage-ranges.
Finally, some conclusions and hints for future research are
drawn in Sect.VIII. Proofs of the main results are reported
in the final Appendices.

Before proceeding, let us spend few words about the
adopted notation. Specifically, in the sequel, bold capital
letters denote matrices, bold and underlined symbols
indicate vectors, while non-bold characters are used for
scalar quantities. Furthermore, (.)T means transposition,
ln(.) indicates natural logarithm,cosh(.) and sech(.) stand
for hyperbolic cosine and secant, det[A] is the determinant
of the matrixA, IL is the (L×L) identity matrix, 1m is
the (m×1) column vector with all one-entries,0m is the
(m×1) null vector, while0L is the (L×L) null matrix.

II. THE CONSIDERED SYSTEM MODEL

The baseband point-to-point link we consider in Fig.1
is composed byNt-transmit andNr-receive antennas
working on an UWB-IR MIMO channel. At the sig-
nalling period Ts(sec.), the (memoryless) source of
Fig.1 generates anL-ary (L ≥ 2) information symbol
b ∈ {0, 1, ..., L− 1}. The Multi-Antenna transmitter
mapsb onto Nt OPPM M -ary baseband analog signals{
x(i)(t), 1 ≤ i ≤ Nt

}
of time-duration limited up toTs,

according to the following relationship:

x(i)(t) ,
Nf−1∑
m=0

√
Ef

Nt
p(t−mTf − diTp),

0 ≤ i ≤ Nt , 0 ≤ t ≤ Ts, (1)
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Figure 1. The considered MIMO point-to-point UWB-IR system
with Nt-transmit andNr-receive antennas. The Multi-Antenna trans-
mitter is employed for the ST coding of the L-ary symbolb.
The MIMO UWB-IR channel is affected by multipath fading and
it is described by(Nt × Nr) baseband impulse channel-responses
{hji(t), 0 ≤ i ≤ Nt, 0 ≤ j ≤ Nr}.

wheredi ∈ {0, ..., M − 1} is the M -ary (M ≥ 2) PPM
symbol radiated by thei-th transmit antenna over the
signalling periodTs. The (unit-energy) UWB baseband
pulse p(t) in (1) is limited up to Tp(sec.), and it is
repeatedNf times over each signalling periodTs [1].
Hence, since each signalling period is partitioned into
Nf no overlapped frames of durationTf (sec.), thenTs

must be set as the productNfTf . Furthermore, to avoid
Inter-Frame Interference (IFI),Tf must exceed the UWB
channel delay-spreadTµ, whose typical values are given
in Table I for outdoor application scenarios [5, Table III],
[6, Table II]. Hence, in the sequel we setTf asMTp+Tµ.

UWB Channel Models λ γ Tµ

(CM) [1/ns] [ns] [ns]
CM5 2.41 3.7 5.5
CM6 1.13 9.3 15.9

TABLE I.
SINGLE-INPUT SINGLE-OUTPUT (SISO) UWB-IRCHANNEL

MODELS RECOMMENDED BY IEEE 802.15.4A WG (SEETABLE III

OF [5]).

Finally, Ef (Joule) in (1) denotes the energy globally
spent by theNt transmit antennas over each frame-period.

A. MIMO UWB-IR Channel Modeling and Fading Statis-
tics

Due to the very low time-duration of the adopted
pulse p(.) in (1), UWB communications are typically
affected by frequency-selective fading phenomena that
scatter the energy of the received signal over a (very
large) number of (resolvable) paths. Thus, after indicat-
ing by hji(t) the baseband real-valued analog impulse-
response of the SISO link from thei-th transmit antenna
to the j-th receive one, as in eq.(1) of [8] we may
collect these impulse-responses into the corresponding
(Nt×Nr) matrixH(t), thereinafter referred as the MIMO
channel impulse-response matrix [8]. The IEEE 802.15.3a
and IEEE 802.15.4a Workgroups recommend that, at
least for highly-scattered (indoor) applications, each SISO

impulse-responsehji(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
composing the first cluster are the strongest ones [13,
Chap.3], [17], so that a ”Single-Cluster Poisson Model”
suffices for capturing the behavior of eachhji(t). Thus,
according to this model,hji(t) may be expressed as [13,
Chap.3]1

hji(t) ,
V∑

n=0

hn(j, i)δ (t− τn)

≡
V∑

n=0

βn(j, i)αn(j, i)δ (t− τn) ,

1 ≤ i ≤ Nt, 1 ≤ j ≤ Nr. (2)

In (2), the (integer-valued) numberV of received paths
over a signalling periodTs is a Poisson-distributed ran-
dom variable (r.v.) with mean value E{V } ≡ λTs (see
Table I), whileτn(ns) is the (non-negative) arrival-time of
then-th path2. Furthermore, the (real-valued) r.v.hn(j, i)
in (2) is then-th path gain of (SISO) link going from the
i-th transmit antenna to thej-th receive one (see Fig.1),
while the binary r.v.βn(j, i) ∈ {−1, 1} and the (non-
negative) r.v.αn(j, i) in (2) are the corresponding phase
(e.g., the sign ofhn(j, i)) and amplitude, respectively.

About the statistic (e.g., the probability density function
(pdf)) of the channel coefficients{hn(j, i)}, it is, in-
deed, application depending [13, Chaps.1,3], [2,3,11,12].
Some (recent) measurement campaigns point out that the
statistic of the fading affecting rich-scattered medium-
range quasi-LOS UWB-IR links may be well modeled
by resorting to the (more versatile) Nakagami pdf [12],
[13, Chap.3], while Log-normal distributed channel am-
plitudes{αn(j, i)}may be more suitable for less scattered
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
WPAN and sensor applications [5,13]. Finally, argumenta-
tions based on the Central Limit Theorem [2,5,10,16] sup-
port the conclusion that zero-meanGaussian distributed
channel-coefficients well model highly-scattered outdoor
NLOS propagation environments, where each received
path in (2) is, indeed, the superposition of several equal-
strength scattered components. Hence, since, in principle,
the transceiver we develop should be able to operate in
short/medium/long-range indoor/outdor LOS/NLOS envi-
ronments, in this contribution we considerall the above

1The generalization of the architecture of the proposed transceiver
to the more general ”Multiple-Cluster Poisson Model” is quite direct
and, by fact, it only requires the adoption of somewhat more complex
analytical notations.

2In the sequel, we assume thatτn > τn−1, so that, according to
[9], the n-th inter-arrival time∆n , (τn− τn−1) is an exponentially-
distributed non-negative r.v. Furthermore, since the r.v.V is assumed

to be Poisson-distributed, we have:P (V = k) = e−λTs (λTs)k

k!
, k =

0, 1, 2... This means that the probabilityP (V = 0) to receive no paths
over a signalling perioddoes not vanish, but it equatese−λTs .
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mentioned pdfs, and then we derive and analyze the
optimal versions of the proposed noncoherent MIMO
UWB-IR transceiver for Nakagami, Gaussian and Log-
normal-distributed fading. In doing so, we are also able
to evaluate the effects induced by the fading statistics on
the ultimate performance (e.g., diversity and coding gain)
of the proposed transceiver.

B. Received Signals and Inter-Pulse-Interference (IPI)

Under the assumption of perfect time-alignment at the
receiver (e.g., the arrival times{τn} in (2) are perfectly es-
timated at the receiver), the (analog real-valued baseband)
signal yj(t) measured at the output of thej-th receive
antenna may be expressed via the following convolution:

yj(t) =
Nt∑

i=1

x(i)(t) ~ hji(t) + wj(t)

(a)≡
Nt∑

i=1

V∑
n=0

hn(j, i)x(i)(t− τn) + wj(t),

≡
Nt∑

i=1

V∑
n=0

Nf∑

j=1

hn(j, i)
√

Ef

Nt
p(t−mTf − diTp − τn) + wj(t),

1 ≤ j ≤ Nr, (3)

wherewj(t) is the real-valued zero-mean white Gaussian
noise with unit two-side power-spectral density impairing
the signal received by thej-th antenna,~ is the convo-
lution operator and(a) stems from the channel model in
(2). Before proceeding, let us spend few words about the
IPI effects (possibly) induced by the multipath-spread of
the UWB channel. After denoting byρ(t) , p(t)~p(−t)
the autocorrelation function of the pulse in (1), in order
to retain the orthogonality property of the employed PPM
format also at the receiver side, we are forced to assume
that the following relationship holds (see the last row of
eq.(3) ):

ρ
(
(l −m)Tp + (τf − τq)

)
,

∫ +∞

−∞
p(t−mTp − τf )p(t− lTp − τq) ≡ δl,mδf,q, (4)

whereδl,m andδf,q are the Kronecker’s deltas. However,
the adopted Poisson channel model dictates that the
inter-arrival times

{
∆n , τn − τn−1

}
are exponentially

distributed r.v.s, so that, in principle, each∆n may assume
very large (even unbounded) values. In turn, this means
that the IPI-free operating condition in (4) may be guaran-
teedonly in a statistical sense, for example, over a fraction
(e.g., percentage)η ∈ (0, 1) of the overall working (e.g.,
service) time of the system. Thus, motivated by the above
consideration, in the sequel we assume that the time-
durationTp of the pulsep(t) in (1) meets the following
bound:

Tp ≤ − ln (η) /λM, (5)

that, in turn, guarantees that the IPI-free operating condi-
tion in (4) is met at least over a fractionη of the overall

working time of the system. We anticipate that the as-
sumption of IPI-free operating conditions will be relaxed
in Sect.VII, where we numerically test the performance
loss induced by small values ofη.

C. Some refinements and additional considerations about
the adopted MIMO UWB-IR channel model

Before proceeding, we want to detail some refinements
and explicative comments about the here considered com-
munication model.

To begin with, let us remark that the channel coeffi-
cients{hn(j, i)} in (2), (3) do not dependon the time-
index t, thus meaning that{hn(j, i)} are assumed to
be time-invariant over (at least) a signalling periodTs.
By fact, the assumption of quasi-static fading may be
considered well met when the coherence timeTcoh(ns) of
the MIMO channel in (3) equates (at least) the signalling
periodTs, e.g.,

Tcoh ≥ Ts = NfTf ≡ Nf (MTp + Tµ). (6)

Since typical systems work atNf ≤ 10 andTf ≤ 30(ns),
the above inequality may be considered met whenTcoh

exceeds250 − 300(ns). Coherence times of this order
are quite typical for 4GWLAN systems serving nomadic
users [6,13,22].

Next, in order to by-pass expensive channel-estimation
procedures, the receiver of Fig.1 isfully unawareabout
the actual values retained by the channel-coefficients
{hn(j, i)} over each signalling period (e.g., No Channel
State Information (NCSI) is available at the receiver),
so that it must perform noncoherent detection of the
transmitted (coded) data.
Furthermore, in the sequel we also assume that the
channel coefficients{hn(j, i)} areuncorrelatedover both
delay-indexn and spatial-indexes(j, i), thus meaning that
the scattering induced by fading is assumed to be uncor-
related overboth time and spatial dimensions. Although
it is experienced that time-uncorrelated scattering is a
quite typical operating condition in NLOS medium/long-
range outdoor applications [13, Chap.3], the assumption
of spatially uncorrelated fading may be, in principle, more
questionable. In this regard, we point out that several
measurements of indoor/outdoor MIMO UWB-IR links
[13, Sect.3.5] lead to the conclusion that the spatial-
correlation exhibited by MIMO UWB-IR channels is
typically low and, indeed, may be neglected at all when
the transmit/receive antennas are spaced apart ofλ/2,
where λ is the wavelength of the radiated signals in
(1) evaluated at the peak-frequency of the corresponding
spectra [13, Chap.3]. However, since, in principle, high
spatial-correlations may induce no negligible performance
loss, we anticipate that the assumption of spatially uncor-
related fading is relaxed in Sect.VII, where we test the
performance of the proposed transceiver in the presence
of (highly) spatially-correlated channel-gains.

According to the MIMO channel models for wideband
applications developed in [8], the path-delays{τn} in
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(2) are assumed to be independent from the spatial-
indexes(j, i) of the transmit/receive antennas. As pointed
out in [8], this assumption is well met especially
in medium/long-range 4GWLAN application scenarios,
where the delays induced by the spatial-dimensions of the
transmit/receive antenna arrays are negligible with respect
to those induced by the multipath propagation across the
physical channel. For the same reason, in the sequel we
assume that the Multipath Intensity Profiles (MIPs) of the
SISO links in (2) do not depend on the spatial-indexes
(j, i), but only on the delay-indexτn, so that we pose:
σ2

n ≡ E
{
h2

n(j, i)
}

.
About the (quite critical) assumption of perfect syn-

chronization (e.g., perfect information at the receiver
about the path-delays{τn}) previously introduced at the
beginning of Sect.II-B, we anticipate that it is relaxed
in Sect.VII, where we test the performance robustness
of the proposed transceiver against mistiming effects.
The overall topic of time-acquisition and tracking is
afforded in [25] and in [28, Chap.7] for MIMO UWB-IR
channels affected by flat and frequency-selective fading,
respectively.

Lastly, we remark that, since the numberV of received
paths in (2), (3) is modelled as Poisson-distributed r.v.,
thus V may assume very large (in principle, even un-
bounded) values. However, we point out that, in practice,
the maximum numberNmax of paths resolved by the
receiver is finite and limited up toNmax = bTµ

Tp
c, with

b.c denoting the floor operator.

III. F RONT-END PROCESSING ANDDECISION

STATISTICS

The ultimate task of the receiver depicted in Fig.1 is
to compute the ML decision̂bML on the information
symbolb by exploiting the analog signals in (3) observed
at the outputs of the receive antennas over the current
signalling period. For this purpose, let us note that the
following outputs of filters matched to the (multipath-
delayed) versions of the M-ary OPPM pulses

yj(l, n) , 1√
Nf

∫ Ts

0

yj(t)




Nf−1∑

k=0

p(t− kTf − lTp − τn)


 dt,

0 ≤ l ≤ M − 1, (7)

constitute a discrete set of(M × (V + 1)×Nr) statistics
that aresufficientfor the ML detection of the transmitted
information symbol (see [23] for additional details on this
topic). Thus, after replacingyj(t) in (7) by its definitory
relationship in (3), an exploitation of the orthogonality
property in (4) allows us to develop (7) as follows:

yj(l, n) =
√

γbNf lg2 L

Nt

Nt∑

i=1

hn(j, i)φi(l) + wj(l, n)

≡ β

Nt∑

i=1

hn(j, i)φi(l) + wj(l, n), (8)

whereγb , 2Ef

N0 lg2 L ≡ Ef

lg2 L , is the SNR per transmitted
information bit. Furthermore, the terms{φi(l)} in (8)
depend on the transmitted information symbolb = l
according to3

φi(l) , 1
Nf

Nf−1∑

k=0

·

·
∫ Ts

0

p(t− kTf − diTp − τn)p(t− kTf − lTp − τn)dt

≡
{

1, for di = l
0, for di 6= l

(9)

while the noise terms

wj(l, n) , 1√
Nf

Nf−1∑

k=0

∫ Ts

0

wj(t)p(t−kTf−lTp−τn)dt,

(10)
in (8) are real-valued mutually-uncorrelated zero-mean
unit-variance r.v.s. Therefore, after indicating byYj , 1 ≤
j ≤ Nr, the (M × V ) matrix collecting the statistics
{yj(l, n), 0 ≤ l ≤ M − 1, 0 ≤ n ≤ V } in (8), we may
recast the relationships in (8) in the following (compact)
matrix form:

Y , [Y1 ... YNr ] ≡ βΦH + W, (11)

where the (M × Nr(V + 1)) matrix Y collects the
observation statistics in (8), while the(M ×Nr(V + 1))
matrix W is for all the noise terms in (10). Furthermore,
H , [H0 . . . HV ] in (11) is the (Nt × Nr(V + 1))
channel matrix obtained by the ordered stacking of
the matrices{Hn, 0 ≤ n ≤ V }, where, in turn,Hn is
the (Nt × Nr) matrix built up by the channel-gains
{hn(j, i), 1 ≤ i ≤ Nt, 1 ≤ j ≤ Nr} of then-th path. Fi-
nally,Φ in (11) denotes the(M×Nt) matrix composed by
the binary-valued{φi(l)} coefficients in (9). Specifically,
Φ represents the space-time matrix codeword associated
to the (ordered)Nt−ple {d1, ..., dNt} of M-ary OPPM
data radiated by the transmit antennas over the current
signalling period (see eq.(1)).

IV. A BRIEF REVIEW ON THESTOPPMCODES AND

THEIR MAIN PROPERTIES

Since the Multi-Antenna transmitter of Fig.1 maps each
valuel assumed by the information symbolb into the cor-
responding (matrix) valueΦl assumed by the transmitted
space-time codewordΦ, thus, from a statistical point of
view, Φ in (11) is anL-ary r.v. whose (matrix) outcomes
{Φl, 0 ≤ l ≤ L− 1} are equiprobable and constitute the
codewords of the adopted STBC. Furthermore, the rela-
tionship in (9) forces theNt column of Φl to be unit-
vectorsof RM , that is,

Φl ≡
[
e(l)
1 . . .e(l)

Nt

]
↔ b = l, 0 ≤ l ≤ L− 1, (12)

where the ordered sequence ofNt unit-vectors ofRM

in Φl depends on the valuel actually assumed by the

3After recalling thatdi in (9) is the M-ary OPPM data radiated by
the i-th transmit antenna, from (4) it arises that the integral in (9) is
unit for di = l, while it vanishes whendi 6= l.
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transmitted information symbolb. Furthermore, since in
[32] it is proved thatunitary STBCs optimize the trans-
mission performance of fading-affected MIMO channel
whennon-coherentdetection is carried out at the receiver
side, thus, without loss of optimality, in the next Sections
we directly assumes thatΦ in (11) is the matrix codeword
of an unitary STBC.

A. STOPPM codes

In this respect, STOPPM codes introduced in [4] are
a (particular) class of variable-rate OPPM-based unitary
STBCs characterized by the following two definitory
properties:

i) the size M of the employed OPPM format equates
LNt, that is,

M = LNt; (13)

ii) the Nt columns of thel-th matrix codewordΦl are
constituted by theNt unit-vectors ofRM with index i
ranging fromi = lNt to i =

(
(l + 1)Nt

)− 1, that is

Φl ,
[
e(lNt) . . . e((l + 1)Nt − 1)

]
, 0 ≤ l ≤ L− 1.

(14)
Directly from the above definition, it follows some

interesting properties of the STOPPM codes we go to
list (see [4] for additional details and formal proofs).

First, STOPPM codes areorthogonal and unitary
STBCs, thus meaning that

ΦT
l Φm = 0, for l 6= m, and

ΦT
l Φl = INt

, for any l. (15)

Second, STOPPM codes constitute a family of variable-
rate STBCs, with spectral efficiency
ηSTOPPM (bit/sec/Hz) given by (see eq.(13))

ηSTOPPM = lg2(M/Nt)/MNf , (bit/sec/Hz).
(16)

Finally, being STOPPM codes unitary and orthogonal,
the Bit-Error-ProbabilityP

(b)
E of a STOPPM code is

directly related to the corresponding Word Error Prob-
ability (WEP) PE , P

(
Φ 6= Φ̂ML

)
via the following

relationship:

P
(b)
E =

(
L

2(L− 1)

)
PE . (17)

V. THE PROPOSEDNONCOHERENTML D ECODER FOR

NAKAGAMI , GAUSSIAN AND

LOG-NORMAL-DISTRIBUTED MULTIPATH FADING

Since the(M ×Nr(V + 1)) observation matrixY in
(11) is a sufficient statistic for the ML detection of the
transmitted symbolb and, in addition, each information
symbolb = l is one-to-one mapped into the corresponding
matrix codewordΦl of the employed STOPPM code

(see eq.(12)), the decision rule implemented by the ML
detector of Fig.2 may be directly expressed as

Φ̂ML = arg max
0≤l≤L−1

{p (Y | Φl)} , (18)

where p(. | .) in (18) is the pdf ofY conditioned on
the l-th codewordΦl. In the Appendix A is proved that,

(observation

matrix)

.

.

.
Bank of Matched Filters 

1y (t)

rNy (t)

Calculator of the
Decision Statistics

Y

MLb
�

1z

Maximum 
Selector 

1Lz −...ML

Detector

Figure 2. A block-scheme of the proposed Multi-Antenna noncoherent
receiver .

regardlessfrom the pdf adopted to model the channel co-
efficients{hn(j, i)}, the ML decision rule in (18) can be
equivalently rewritten in terms ofL suitable real-valued
decision statistics{zl, l = 0, ..., (L− 1)}, according to
the following (general) expression:

Φ̂ML = arg max
0≤l≤L−1

{zl} . (19)

A. The Decision Statistics for Nakagami-distributed mul-
tipath fading

Obviously, the form assumed by the decision statistics
{zl} in (19) depends, indeed, on the pdf adopted to
model the channel-coefficients{hn(j, i)} . Specifically,
after indicating asσ2

n , E
{
h2

n(j, i)
}

the average squared
amplitude of then-th path, in the Appendix A it is
proved that, when the channel coefficients{hn(j, i)} are
zero-mean real-valued uncorrelated Nakagami r.v.s, with
assigned fading figurem ≥ 1/2 (see [26, pp.47-48] for
the general properties of the Nakagamim-distribution)
the corresponding decision statistics in (19) assume the
following expression:

zl =
V∑

n=0

Nr∑

j=1

Nt∑

i=1

ln
{

cosh
[
ωn(y

j
(n)T ei(l))

]}

, l = 0, ..., L− 1, (20)

where

ωn , β

√
4σ2

n

σ2
nβ2 + 2m

, n = 0 , . . . , V. (20.1)

while ei(l) is the i-th column of thel-th (matrix) code-
word Φl of the employed STOPPM code (see eq.(14)).
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Furthermore, the(M × 1) column vectory
j
(n) in (20)

is the n-th column of the previously introduced(M ×
(V + 1)) observation matrixYj (see eq.(11) and related
text). So,y

j
(n) is related to the transmitted space-time

codewordΦl as in

y
j
(n) = βΦlhn(j)+wj(n), 0 ≤ n ≤ V, 1 ≤ j ≤ Nr,

(21)
wherehn(j) denotes then-th column of the(Nt ×Nr)
j-th channel matrixHj composingH , [H0...HV ] in
(11), while wj(n) is the j-th column of the(M × Nr)
Gaussian noise matrixWj constituting the overall noise
matrix W , [W0...WV ] in (11).

B. The Decision Statistics for Gaussian distributed mul-
tipath fading

Let the channel amplitudeαn(j, i) in (2) be Gaussian
distributed and the corresponding phaseβn(j, i) be a
binary r.v. with equally distributed outcomes. Thus, by
following the same steps reported in the Appendix A for
the Nakagami case, it can be proved that the decision
statistics in (19) assume the following expression (see also
[33, Appendix A]):

zl =
V∑

n=0

Nr∑

j=1

Nt∑

i=1

χn(y
j
(n)T ei(l))

2, l = 0...L−1, (22)

whereχn is defined as

χn ,
(

1 +
1

σ2
nβ2

)−1

, n = 0 , . . . , V, (22.1)

C. The Decision Statistics for Nakagami-distributed mul-
tipath fading

Finally, let us assume the fading amplitudeαn(j, i)
be Log-Normal-distributed. Thus, by carrying out once
a time the same basic developments detailed in the Ap-
pendix A for the Gaussian case, we arrive at the following
expression for the resulting decision statistics (see [33,
Appendix E] for the analytical details):

zl =
V∑

n=0

Nr∑

j=1

Nt∑

i=1

ln
{

cosh
[
ϕn(y

j
(n)T ei(l))

]}
,

l = 0, ..., L− 1, (23)

whereϕn indicates

ϕn , βecµn , n = 0 , . . . , V, (23.1)

with c , 1
20 ln(10) andµn , E{αn(j, i)} .

Remark - On the implementation complexity of the
ML Decoder

About actual implementation of the proposed
noncoherent ML decoder, eq.(19) suggests a modular
architecture composed byL Processor Units (PUs)
working in parallel (see Fig.2). Specifically, eqs.(22),
(23), (20) point out that the computation of each decision
statistic essentially requires((V + 1)NtNr) summations

and products, so that the resulting numerical effort
sustained by each PU of Fig.2 over a signalling period
is limited up toO((V + 1)NrNt).

VI. PERFORMANCE ANALYSIS OF THE PROPOSED

TRANSCEIVER EQUIPPED WITH THESTOPPMCODES

Since the computation of the WEPPE , P (Φ̂ML 6=
Φ) of the noncoherent ML decoder in (19) resists
to closed-form analytical evaluations, in the next sub-
Sections we resort to the Union-Chernoff approach to
limit PE and then acquire insight about the ultimate diver-
sity gains attained by the proposed transceiver equipped
with STOPPM codes [34].
A. The Union-Chernoff bound for Nakagami-distributed
multipath fading

Let the channel coefficients{hn(j, i)} in (2) be zero-
mean uncorrelatedreal-valuedNakagami r.v.s. Thus, in
the Appendix B it is proved that the Union-Chernoff
bound on the corresponding WEP assumes the following
(simple) form4:

PE ≤ (L− 1)
(

4e2Γ(2m)
Γ(m)

)NtNr(V +1)

·
V∏

n=0




(
1 + σ2

nβ2

m

)

(
1 + 2σ2

nβ2

m

)2




mNtNr

, (24)

whereΓ(.) is the (usual) Gamma function [26, pp.47-48].
Thus, sinceβ2 scales asγb, from (24) we conclude that,
for largeγb andV ≥ 1, the WEP scales as( 1

γb
)mV NtNr .

B. The Union-Chernoff bound for Gaussian distributed
multipath fading

By performing the same approach developed in the
Appendix B for the Nakagami case, we arrive at the
following expression for the Union-Chernoff bound when
the fading amplitudes are Gaussian distributed (see [33,
Appendix.B] for an explicit proof):

PE ≤ (L− 1)
V∏

n=0

[ (
1 + σ2

nβ2
)

(
1 + 1

2σ2
nβ2

)2

]NtNr/2

, (25)

Sinceβ2 in (25) scales asγb (see eq.(8)), from (25) we
conclude that, for largeγb andV ≥ 1, the WEP falls off
as ( 1

γb
)V NtNr/2.

C. The Union-Chernoff bound for Log-normal-distributed
multipath fading

Finally, let us consider the fading amplitudes{αn(j, i)}
be Log-normal-distributed with fading-parameterm ≥
1/2. Thus, for high γb the resulting Union-Chernoff
bound assumes the following form [33, Appendix D]

PE ≤ (L− 1)
(

2√
π

)(V +1)NtNr V∏
n=0

·

4According to eq.(17), the corresponding Union-Chernoff Bound on
th Bit-Error-ProbabilityP

(b)
E may be obtained by scaling eq.(24) by

L/2(L− 1).
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[∫ +∞

−∞
exp

{
−t2 − βϕnecµn exp

{
c
√

2σrt
}}

dt

]NtNr

,

(26)
with the termϕn in (26) given by (23.1) andσr ≡ 3.4dB
(see [36, Table II]). The integral in (26) is known as
”Log-normal Frustration Integral” and, unfortunately, it
resists closed-form analytical evaluations [14]. However,
numerical evaluations we have carried out of this integral
lead to the conclusion that, for largeγb and V ≥ 1, the
bound in (26) falls short as( 1

γb
)2V NtNr .

D. Some considerations about the Union-Chernoff limits

Since the real-valued channel coefficients{hn(j, i)} in
(2) are assumed to be uncorrelated overboth the delay-
indexn and the spatial-indexes(j, i), for V ≥ 1 the diver-
sity degree offered by the considered (baseband) MIMO
UWB-IR channel is of the order ofV NtNr. Hence, since
all the Chernoff bounds in (25), (26), (24) fall short as
γ
−kNtNr(V )
b for V ≥ 1, we conclude that the proposed

noncoherent transceiver equipped with STOPPM codes is
able to achievefull-diversity in the considered multipath-
affected communication scenarios. This property general-
izes an analogous one previously reported in [4] for the
(particular) case of MIMO channels affected byGaussian-
distributed flat-fading. Such optimality property retained
by the performance of the presented transceiver is also
corroborated the numerical results reported in the next
Sect.VII.

E. On the performance-effects induced by Poisson-
distributed path-arrivals

In principle, the limits reported in (25), (26), (24)
should be regarded as Chernoff-boundsconditionedon
the numberV of paths received over a signalling period.
Unfortunately, we have experienced that the expectations
of these limits over the Poisson-distribution of the r.v.
V resists closed-form analytical evaluations, so that, in
Sect.VII we resort to numerical methods for evaluating
these expectations. However, since for largeγb all the
above reported Chernoff-bounds fall off asγ−kV NtNr

b ,
we may conclude that, at least for largeγb, the behavior
of the corresponding Poisson-averaged Chernoff-limits is
given by

E
{

γ−kNrNtV
b

}
= exp

{
−Tsλ

[
1−

(
1
γb

)kNrNt
]}

,

(27)
where the above expectation is over the Poisson-
distribution of the r.v.V (see Note 2). About eq.(27),
it should be noted that, since the r.v.V exhibits a non-
zero probability to assume the zero-outcome (see Note
2), thus the resulting asymptotical behavior in (27) for
the averaged Chernoff-boundsdoes not approach zerofor
large γb, but it presents, indeed, a floor proportional to
e−λTs . The numerical plots of Sect.VII confirm, indeed,
this asymptotical behavior.

VII. S IMULATION SETUP AND PERFORMANCE

RESULTS

To test the performance of the proposed transceiver
equipped with STOPPM codes in actual application sce-
narios, we have carried out several numerical trials. The
(unit-energy) pulsep(t) used in all trials is the usual
second-time derivative of the Gaussian pulse [1], with
shaping factor equal to 0.43ns. Thus, the (effective) du-
ration Tp of the employed pulse is of the order of 1ns
[1]. Furthermore, according to [5,6], in the sequel the
MIPs of the SISO impulse-responses{hji(t)} in Fig.1
are assumed to fall exponentially off, e.g.,

σ2
n , E

{
h2

n(j, i)
} ≡

{
0, for V = 0,

e−τn/γPV−1
k=0 eτk/γ , n = 0, . . . , V − 1, for V ≥ 1,

(28)
where γ(ns) in (28) is the power-decay factor of the
simulated channel (see the 3-rd column of Table I).
Finally, after assuming that the equivalent bandwidth
Be(Hz) of the radiated signals in (1) equates1/Tp [1],
directly from (1) it follows that the spectral efficiency
ηB of all simulated systems may be directly evaluated
according to

ηB , lg2 L

BeTs
=

Tp lg2 L

Nf (MTp + Tµ)

≡ lg2 L

Nf (M + Tµ/Tp)
(bit/sec/Hz). (29)

In the following sub-sections we evaluate, at first,
the performance achieved by the proposed transceiver in
terms of BER and coverage-range. Afterwards, we pass
to test its performance robustness against the degrading
effects induced by IPI, mistiming and spatially-correlated
fading. In all the carried out numerical tests, path-arrivals
have been generated according to the Poisson-statistic
and, then, all the reported numerical results are averaged
over the Poisson-statistic of the arrival-times.

A. BER-vs-SNR performance

Main goal of the first set of numerical plots reported
in Figs.4,5,6 is to point out the effect of the fading
statistics on the BER-v.s.-SNR performance of the pro-
posed transceiver equipped with STOPPM codes. To
better appreciate the performance improvements arising
from the transmit diversity (e.g., from the utilization of
the STOPPM codes at the transmit side), we have (nu-
merically) implemented the Multiple-Input Single-Output
(MISO) versions of the proposed transceiver withNr = 1
and Nt = 1, 2, 3. The corresponding SISO impulse-
responses{hji(t)} in (2) have been generated according
to the CM6 UWB-IR channel model (see Fig.3 and Table
I), being fading uncorrelated over both time and spatial
dimensions. All the simulated systems work at the same
spectral efficiency of1/200 (bit/sec/Hz).

An examination of the performance plots of Figs.4,5,6
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Figure 3. MIP behavior for a CM6, SISO UWB-IR channel [5].

leads to three main conclusions. Firstly, at target BERs
of about10−5, we experience SNR gains of about 1.8dB,
2.5dB, and 2.3dB by passing fromNt = 1 to Nt = 3 for
Log-normal, Nakagami and Gaussian-distributed fading,
respectively.
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Figure 4. Performance plots of the proposed transceiver equipped with
STOPPM codes for Log-normal multipath fading. The number of receive
antennas isNr = 1, while the number of frames isNf = 8. The plot
marked as−�− reports the corresponding Poisson-averaged Union-
Chernoff Bound (U.C.B) atNt = 3.

This confirms that the proposed transceiver equipped
with STOPPM codes is able to attain noticeable transmit-
diversity gains. Second, as predicted by the developed
Chernoff-bounds, at SNRs ranging from 5-6dB to 15-
16dB, the performance plots of Fig.6 for Gaussian dis-
tributed fading are the worst ones, while those of Fig.4
for Log-normal distributed fading are the best ones. This
gives evidence to the conclusion that, in terms of BER
performance, the Gaussian fading is the most penalizing
one. Thirdly, the obtained numerical curves well match
the corresponding ones dictated by the (Poisson-averaged)
Chernoff-bounds, even at SNRs as low as 7-8dB. In turn,
this confirms the optimality (at least in terms of achieved
diversity) of the employed STOPPM codes.
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Figure 5. Performance plots of the proposed transceiver equipped with
STOPPM codes for Nakagami multipath fading with m=0.8. The number
of receive antennas isNr = 1, while the number of frames isNf = 8.
The plot marked as−�− reports the corresponding Poisson-averaged
Union-Chernoff Bound (U.C.B) withNt = 3.
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Figure 6. Performance plots of the proposed transceiver equipped with
STOPPM codes for Gaussian multipath fading. The number of receive
antennas isNr = 1, while the number of frames isNf = 8. The plot
marked as−�− reports the corresponding Poisson-averaged Union-
Chernoff Bound (U.C.B) atNt = 3.

B. Coverage Range extension

The spatio-temporal diversity and coding gain pointed
out by the performance plots of Figs.4,5,6 may be turned
into corresponding range-extensions, when the transceiver
is forced to operate at a target BER. Hence, to test
the range-extension capability of the proposed MIMO
transceiver, we have implemented several MIMO UWB-
IR channels withNt, Nr ranging from 1 to 3 (see Table
II). The SISO impulse responses{hji(t)} composing the
simulated MIMO channels have been generated according
to the CM5 UWB-IR channel model (see Table I), while
the path-loss has been generated according to the Petroff-
Siwiak model withAsys = 1 andAb = 100.68 (see eq.(2)
of [27]). Furthermore, being focused on NLOS outdoor
propagation scenarios, in the carried out tests the transmit
power has been set at2.5mW , while the fading has been
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Nt Nr Coverage Ranges (in mt.)

1 1 10
1 2 23
2 2 31
2 3 45
3 3 53

TABLE II.
COVERAGE-RANGES OFMIMO UWB-IR SYSTEMS EQUIPPED WITH

STOPPMCODES IN THE PRESENCE OFNAKAGAMI MULTIPATH

FADING AND m = 1.8.

generated spatially uncorrelated. The throughput of the
tested systems is of 136Mbit/sec at a target BER of10−6.

The obtained coverage ranges are reported in Table
II. This last leads to two main conclusions. Firstly, by
passing fromNr = Nt = 1 (e.g., a SISO system) to
Nr = Nt = 2, the coverage-range increases of about
2.6 times, while, when we pass fromNr = Nt = 1
to Nr = Nt = 3, the range-extension factor arises to
4.61. Secondly, the proposed transceiver withNt = Nr =
2 attains coverage-ranges beyond 30mt, thus doing its
utilization appealing even for outdoor medium/long-range
4GWLAN-compliant applications.

C. SNR-loss due to IPI

As previously anticipated in Sect.II-B, under IPI-
affected operating conditions, the orthogonality property
of the transmitted PPM-signals is lost at the receiver side,
so that the relationship in (4) is no longer met. This
means that, when the IPI effects are not negligible, thus
the {φi(l)}-statistics in (9) are no longer{0, 1}-valued,
and, indeed, they may assume any value over the interval
[0,1]. By numerical trials, we have tested the robustness
of the proposed transceiver against IPI effects for various
values of theη-parameter in (5). The tested MIMO links
are affected by Gaussian-distributed spatially-uncorrelated
multipath fading, and the corresponding SISO impulse
responses{hji(t)} are generated according to the CM6
UWB-IR channel model (see Table I). An examination
of the performance plots of Fig.7 shows that, at target
BERs around10−5, the IPI-induced SNR loss is limited
up to 0.3dB for η values of the order of0.8, while
arises to1.3dB for η values of the order of0.35. These
results support the conclusion that, although the proposed
transceiver is designed under the assumption of IPI-
free operating conditions, nevertheless, its performance
is quite robust against IPI-induced degrading effects.

D. Performance Sensitivity to mistiming effects

To test performance sensitivity of the proposed
transceiver to mistiming effects, let us assume that the
received analog signals in (3) are affected by a time-offset
parameterε unknown at the receiver-side, so that the
signal measured at the output of thej-th receive antenna

5η = 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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Figure 7. IPI-effects on the performance of the proposed transceiver
equipped with STOPPM codes for Gaussian-distributed multipath. The
numbers of transmit and receive antennas areNt = 2 and Nr = 1
respectively, while the number of frames isNf = 8.

equates

yj(t− ε) =
Nt∑

i=1

V∑
n=0

hn(j, i)x(i)(t− τn − ε) + wj(t),

1 ≤ j ≤ Nr. (30)

In the carried out tests, we have simulated MIMO
UWB-IR channels withNt =Nr =2 transmit/receive an-
tennas affected by spatially-uncorrelated Gaussian fading.
The corresponding SISO links{hji(t)} have been gen-
erated according to the (strongly scattered) CM5 UWB-
IR channel model (see Table I). The numerical plots we
obtained are drawn in Fig.8. An examination of these
curves points out that, at target BERs of about10−3, the
SNR-loss due to mistiming is limited up to4.5dB when
the ratio| ε/Tp | is around8%, while it falls below1dB
for values of ratio| ε/Tp | limited up to3%.
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Figure 8. SNR-loss induced by mistiming effects for Gaussian dis-
tributed fading.
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E. Performance Sensitivity to spatially-correlated fading

Performance robustness of the proposed transceiver
against spatially-correlated fading has been numerically
evaluated over MIMO UWB-IR channels with path-gains
correlated according to the following model:

E
{

hn(j, i)hq(l, m)
}

√
σ2

nσ2
q

≡




0, for n 6= q
1, for n = q and j = l and i = m,
c, otherwise,

(31)
wherec ∈ [−1, 1] plays the role of the spatial-correlation
coefficient [13]. In the carried out tests, we have simulated
MIMO UWB-IR channels equipped withNt = Nr = 2
transmit/receive antennas and affected by Log-normal
distributed fading. The impulse-responses{hji(t)} of the
underlying SISO UWB-IR links have been generated
according to the CM5 channel model (see Table I).
Overall, an examination of the resulting performance plots
of Fig.9 leads to the conclusion that, at target BERs
around10−5, the SNR-loss induced by spatial-correlation
is within 1.4dB for values of c as high as 0.6. This
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Figure 9. Performance-sensitivity of the proposed transceiver equipped
with STOPPM codes on spatially-correlated Nakagami distributed mul-
tipath fading. The number of antennas isNt = Nr = 2, while the
number of frames isNf = 8.

supports the robustness of the proposed transceiver against
spatial-correlation degrading effects.

VIII. C ONCLUSION

In this contribution, we have developed a novel non-
coherent transceiver for MIMO UWB-IR applications af-
fected by multipath-fading with Poisson-distributed path-
arrivals. The transceiver architecture has been optimized
for Nakagami, Gaussian and Log-normal fading, and
the resulting performances have been analytically evalu-
ated by developing suitable forms of the Union-Chernoff
bound. The carried out analysis points out that, by equip-
ping the proposed transceiver with the recently intro-
duced family of STOPPM codes, the resulting overall
communication system is able to attain maximum di-
versity gain, even in the considered multipath-affected

application environments. Furthermore, the analysis of
the coverage-ranges achieved by the proposed transceiver
supports its utilization even in medium/long-range out-
door 4GWLAN-compliant applications. The carried out
numerical tests corroborate the analytical results and point
out performance robustness of the transceiver against the
degrading effects induced by IPI, spatially-correlated fad-
ing and mistiming. The optimized design of (noncoherent)
synchronizers for the proposed transceiver able to exploit
the diversity offered by the MIMO UWB-IR multipath
channel is a companion topic currently under investigation
by the Authors [28, Chap.7].

APPENDIX A
DERIVATION OF THE RELATIONSHIP IN (20)

The relationship (20) is attained by first evaluating the
conditional pdf p(Y | Φl,H) of the MIMO channel
in (11), and then by averaging it over the pdfp(H)
of the channel coefficients. Specifically, by consider-
ing that all the scalar terms of the noise matrixW
in (11) are mutually-uncorrelated real-valued zero-mean
unit-variance Gaussian r.v.s, after conditioning on the
transmitted codewordΦl and channel matrixH, the
resulting(Nr × V ) r.v.s in (21) are Gaussian-distributed
and mutually uncorrelated. Hence, we may develop the
conditional pdfp(Y | Φl,H) according to the following
steps:

p(Y | Φl,H) =
Nr∏

j=1

V∏
n=0

p(wj(n) = y
j
(n)− βΦlhn(j))

(a)
=

Nr∏

j=1

V∏
n=0

(2π)−
M
2 exp

{
−1

2
yT

j
(n)y

j
(n) + βyT

j
(n)Φlhn(j)

−1
2
β2hT

n (j)ΦT
l Φlhn(j)

}

(b)
=(2π)−

MNr(V +1)
2

Nr∏

j=1

V∏
n=0

exp
{
−1

2
yT

j
(n)y

j
(n)

}

exp
{
−1

2
β2α2

n(j, i) + βyT
j
(n)Φlαn(j, i)βn(j, i)

}
,

(A.1)
where (a) is due to the Gaussianity of the noise
terms, while (b) is given by the Unitary property of
the STOPPM codes (see eq.(15)) and by noting that
hT

n (j)hn(j) =
∑Nt

i=1 α2
n(j, i), and yT

j
(n)Φlhn(j) =∑Nt

i=1 yT
j
(n)ei(l)αn(j, i)βn(j, i). Next, let us average the

conditional pdfp(Y | Φl,H) in (A.1) over the channel
pdf p(H), according to the following developments:

p(Y | Φl) , E{p(Y | Φl,H)}

(a)
=(2π)−

MNr(V +1)
2

(
2mm

Γ(m)

)(V +1)NtNr V∏
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(
1
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)m

·

· exp
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2Nt
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α2m−1
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· exp
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2σ2
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n(j, i)
}
·
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n exp
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dαn(j, i),

(A.2)
where, after averaging (A.1) over theβn(j, i)-sign pdf
of the channel coefficientshn(j, i), (a) arises from the
Nakagami-assumption of the modulesαn(j, i) (Γ() is the
Gamma function), while(b) is obtained after expressing
in power series thecosh(.) term (see eq.(1.411.1) of [35]).
Now, to solve in closed form the integral we have applied
the formula 3.462.1 of [35], so to attain the following
relationship

p(Y | Φl) = (2π)−
MNr(V +1)

2

(
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·

Γ (2(f + m))D−2(f+m)(0). (A.3)

where,Dp(z) is known as ”Parabolic Cylinder Function”
defined in eq.(9.241.2) of [35]. Now, before proceeding
we need to prove the followingProposition1

Proposition 1-Let Φl andΦq, two distinctive codeword
matrices of the STOPPM coding, as defined in (14). If
(and only if) the following inequality is met

+∞∑
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, (A.4)

then we may write the following inequality:
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·Γ(2(f + m)D−2(f+m)(0) 0 ≤ l, q ≤ L− 1.
(A.5)

Let (A.4) be met. Since all the arguments into the brackets
() do not depend on thef -index we have that

1
2f !

(√
4σ2

n

σ2
nβ2 + 2m

βyT
j
(n)ei(l)

)2f

≥ 1
2f !

(√
4σ2

n
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nβ2 + 2m

βyT
j
(n)ei(q),

)2f

. (A.6)

Now, if we take in (A.6) the summation overf and
multiply both members by the not negative (scalar) prod-
uct Γ(2(f + m))D−2(f+m)(0) we directly arrive at the
inequality (A.5).

The derivation of (A.4) from the inequality (A.5) re-
quires only few (easy) steps we do not report here (see
[28, Appendix E] for further details).

The last step we do to arrive at the decision statistics
in (20) is to neglect all terms in (A.3) that do not
depend from the source indexl so to consider them
not relevant for the ML detection on the radiated source
symbol. Furthermore, after considering theProposition1
so to individuate only those terms inside the sum over
f in (A.3) that are relevant for the ML detection, from
(A.3) the corresponding the corresponding Log-likelihood
function is expressed as:

ln (p (Y | Φl)) =

V∑
n=0

Nr∑

j=1

Nt∑

i=1

{
+

1
2

(
1 +

1
σ2

nβ2

)−1 (
yT

j
(n)ei(l)

)2
}

.

(A.7)
Finally, the maximization of the expression (A.7) leads to
the relationships (19) and (20).

By performing similar developments, we obtain the
corresponding relationships in (23) and (20) of the de-
cision statistics for Gaussian and Log-normal-distributed
fading, respectively. The interested reader may refer to
[33, Appendix A, Appendix C].

APPENDIX B
DERIVATION OF THE UNION-CHERNOFFBOUND IN

(25)

To derive the expression (24), we resort to
the Union-Chernoff bound for upper limiting
the Pairwise Error Probabilities (PEPs):Plm ,
P

(
Φ̂ML = Φl | Φ = Φm

)
, l 6= m. We will prove

that the considered UWB-IR transceiver of Figs.1,2,
equipped with the STOPPM codes, is able to attain the
maximum diversity gain. After indicating bys ≥ 0 the
Chernoff-parameter, from eqs.(19), (20) we obtain

Plm ≡ P {zl − zm ≥ 0 | Φ = Φm}

(a)

≤ E
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(b)
=

V∏
n=0

Nr∏

j=1

Nt∏

i=1

(
E

{
cosh(ωneT

i (l)wj(n))
})s ·

(E{sech(ωnβhn(j, i)})s (B.1)

where (a) is the Chernoff bound onPlm [26], while
to arrive at(b) we have considered the following steps:
assumedΦm the codeword matrix actually radiated, the
resulting scalar products areeT

i (l)y
j
(n) = eT

i (l)wj(n)
and eT

i (m)y
j
(n) = βhn(j, i) + eT

i (m)wj(n). More-
over, such scalar products composing the arguments of
cosh(.) and sech(.) ≡ 1

cosh(.) functions in (a), are mu-
tually uncorrelated, due to the Orthogonality property
of the STOPPM codes (see eq.(15)). As a consequence,
we may separately take the expectations overcoshs(.)
and sechs(.), (e.g., E{exp (s ln(cosh(.)sech(.)))} =
E{coshs(.)}E{sechs(.)}). Finally, if we confine the
Chernoff s-parameter into the real interval [0,1], the
resulting coshs(.) and sechs(.) are ∩-convex functions,
so that we may apply the Jensen inequality [35, pp.
1056] and arrive at(b). Now, let us solve the above two
expectations in (B.1), and in this regard let us assume to
work under high SNR (e.g., highβ) so to approximate
the arguments inside the sech(.) to βhn(j, i). In doing
so, after considering the Gaussianity assumption of the
noise termswj(n), we resort formula (3.546.2) of [35]
so to attain this following (closed-form) expression
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(B.2)
and after considering the Nakagami assumption of the
channel pathsαn(j, i), we attain

E{sech(ωnβhn(j, i)} ≡ E{sech(ωnβαn(j, i)}
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(B.3)

After expanding in power seriesexp(.) and sech(.)
functions, we have applied the formula (1.232.2) of [35]
to solve in closed form the integral in(a) and arrive at(b),
while after considering only the terms withf = k = 0 we
have attained the approximated expression in(c). Now,

the last steps we follow to arrive at eq.(24) is to replace the
expression ofωn in (B.2) and (B.3). Specifically, under
the assumption of high SNR (that is, highβ), we may

approximateexp
(

ω2
n

2

)
= exp

(
2

1+ 2m
σ2

nβ2

)
to exp (2), and

β2ω2
nσ2

n

m = 4σ2
nβ2

m

�
1+ 2m

σ2
nβ2

� to 4σ2
nβ2

m .

Finally, the optimal valuesopt of the Chernoff-
parameter in (B.1) (e.g., the value ofs that minimizes
(B.1))) may be directly evaluated by noting that under
high SNR values, the expressions (B.2) and (B.3) are
less than unit. As a consequence,sopt = 1. Hence,
after introducings = sopt = 1 into (B.1) , and after
considering the expressions (B.2) and (B.3), we finally
arrive at eq.(24).
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