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This paper focuses on spectral lines suppression for non-coherent impulse-radio ultra-wideband (IR-UWB) sig-
nals in the presence of pulse attenuation and timing jitter. Particular attention is devoted to severely unbalanced (i.e.
non-uniform distributed) data sources where a unified spectral analysis is considered for both uncorrelated and cor-
related M-ary biorthogonal data-stream scenarios. Indeed, the specific novelty insights of this paper are as follows:
i) Proposal of a new spectral-efficient signal model as a modified version of transmitted-reference (TR) approach,
where each transmitted symbol is represented by a preamble Data-based Statistical Reference (DSR) followed by
a set of transmitted data pulses and within this context, the preamble signal is designed to eliminate spectral lines
via an adaptive monitoring of data-stream statistics as the optimal spectral policy; ii) Performance analysis in order
to derive optimal signal parameters; iii) Evaluation of the system capabilities over different predefined operational
modes.

Key words: Spectral-Efficient Green Wireless Communications, Optimal Spectral Policy, Cognitive UWB Signal
Model

Spektralno-efikasna zelena bežična komunikacija pomoću kognitivnog UWB signalnog modela. Ovaj rad
se fokusira na prigušenje spektralnih linija kod ne-koherentnih radio-impulsnih ultra-širokopojasnih (IR-UWB)
signala prilikom slabljenja pulsa i vremenskog podrhtavanja. Posebna pažnja je pridana značajno neuravnoteženim
(npr. ne-unifornmno distribuiranim) izvorima podataka gdje je jedinstvena spektralna analiza razmatrana za neko-
relirane i korelirane M-arne biortogonalne scenarije prijenosa podataka. Novine predstavljene u ovom radu su: i)
Novi spektralno-efikasni signalni model koji je modificirana verzija pristupa prijenosom-reference (TR), gdje se
svaki preneseni simbol prikazuje pomoću preambule definirane statistikom reference podataka (DSR) koju slijedi
skup prenesenih podatkovnih pulseva, te je u tom kontekstu preambula signala dizajnirana kako bi se eliminirale
spektralne linije pomoću optimalnog spektralnog kriterija definiranog adaptivnim praćenjem statistike poslanih po-
dataka; ii) Analiza performansi kako bi se dobili optimalni parametri signala i iii) Evaluacija sposobnosti sustava
prilikom rada u različitim predefiniranim stanjima.

Ključne riječi: Spektralno-efikasna zelena bežična komunikacija, Optimalni spektralni kriterij, Kognitivni UWB
signalni model

1 INTRODUCTION

In recent years, Ultra-Wideband (UWB) spectrum
shaping has attracted significant interest from researchers
and engineers in the communication field. Most spec-
trum shaping techniques used in many researches offer
strict-synchronization based solutions to overcome spec-
trum problems such as power spectral lines [1-5]. The
undesired power spectral lines not only can violate Fed-
eral Communications Commission (FCC) spectrum mask
and cause harmful interference to conventional radio ser-
vices, but they can also correlate with strong Narrow-Band
(NB) signals and cause interference to UWB signals [1-
4] (See Fig. 1). However, because of the innate proper-

ties of the nanosecond UWB transmitted pulses, time syn-
chronization is a major challenge and provides a rich area
to study in UWB communication systems. Moreover, the
strict power limitations and short pulse duration make the
performance of UWB systems highly sensitive to timing
errors such as jitter and drift [5]. So, considering the syn-
chronization problems, it is essential to introduce a reli-
able transmission method that offers simple and rapid sig-
nal synchronization and simultaneously, keeps undesired
power spectral lines in a reasonable Fluctuation Range
(FR).
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2 PROBLEM STATEMENT
So far, extensive research activities are concentrated on

the design of proper Time-Hopping (TH) codes to suppress
undesired spectral lines and to mitigate narrow-band inter-
ference (NBI) [6-9]. This aim is directed by introducing
pseudo-random TH (PR-TH) codes and floating TH codes
in [6] and [7], respectively. Note that, in the TH technique,
transceivers need accurate timing and precise synchroniza-
tion, which in multipath environments can lead to errors
and added complexity [9]. In many other contributions,
direct-sequence (DS) codes are also exploited to obtain ap-
propriate frequency specifications [9,10]. All these meth-
ods multiply data symbols or pulses by a pseudo-random
DS (PR-DS) code. Applying a perfect-random DS code
to UWB system clears undesired spectral lines from power
spectral density (PSD) of UWB signals completely. This
case can be modeled by the use of long-period PR-DS
codes. Similar investigations focus on spectral-efficient
systems based on convolutional codes [11,12]. How-
ever, in spite of anti-spectral lines properties of pseudo-
random codes described in the mentioned references, syn-
chronization problems can easily cease code tracking at
the receiver. Thus, the use of these codes for spectrum
shaping purposes cannot be justifiable. In other words,
long pseudo-random sequences make synchronization pro-
cess more difficult, and complicate the design of equal-
izer schemes [8]. Furthermore, when the spreading gain
is restricted and the interfering signals are very strong, the
spreading gain cannot provide a desired level of suppres-
sion over joint spectral-lines and interferences [10].

Moreover, many other contributions in the open techni-
cal literature are referred to design FCC optimized UWB
pulses [13-15], and therefore the undesired spectral lines
are not taken into account when figuring a stream of unbal-
anced (i.e. non-uniform distributed) data bits. This means
that the appearance of undesired spectral lines due to peri-
odicity or unbalanced data sources and or variation of the
PSD continuous part can easily violate the FCC spectrum
mask.

Transmitted-Reference (TR) modulation has been envi-
sioned since the 1920s for synchronizing spread-spectrum
communications systems [16]. This technique is reintro-
duced into UWB communications recently for its simplic-
ity [17], robust performance in multipath environments,
and avoidance of the stringent synchronization require-
ments of conventional pulse-detection techniques. Indeed,
TR-UWB technique uses an ultra-short reference pulse fol-
lowed by the actual information or the data pulse to trans-
mit data. These pairs of pulses are called doublets. The
reference pulse and the data pulse are distorted by the same
channel. At the receiver, the pulses are correlated and in-
tegrated, allowing the receiver to gather the whole channel
energy. But, as an important disadvantage, we can refer

to the innate periodicity of TR modulation that may in-
tensify undesired spectral lines and increase the spectral
fluctuation range. In this manuscript, the analysis, estima-
tion, and shaping of the PSD of UWB signals with spe-
cial view to system performance via a unified theoretical
framework is a topic of major interest for the design of
compliant UWB systems and although TR modulation may
intensify spectral-lines and increase the spectral roughness
due to its innate periodicity, but it is still recommended as
a smart choice to face the UWB major challenges particu-
larly for the synchronization process. Thus, in this paper
a reliable DSR-based scheme as a modified version of TR-
based signaling is presented in a way that optimized sym-
metric coefficients are applied to the consecutive reference
signals in order to suppress undesired spectral-lines while
self-synchronization properties of TR receiver are kept in-
tact. So, just like TR-UWB applications, the proposed
DSR-based UWB system (which is designated based on
TR-UWB system) can be used in multimedia applications
and in embedded devices to offer a low-power consuming
wireless connectivity. It should be noted, to create low-
power systems, standby mechanisms, energy effective de-
tection and decoding algorithms are essential. Thus, DSR-
based UWB systems can be exploited as low-power alter-
native in wireless personal area network systems (WPAN)
or in localization applications. The main criterion for such
systems is not an exceptionally high data rate, but low-
power design that allows robust transceiver structures at
a reasonable data rate.

Motivated by the above considerations and in order to
overcome the evidenced restrictions, the present contribu-
tion is intended to report on our research advances along
three major directions in the depicted context: i) Proposal
of a spectral-efficient and reliable signal model with key
factors for performance adjustment, and considering a uni-
fied and comprehensive theoretical framework for consis-
tent spectral analysis; ii) Exploitation of the proposed spec-
tral strategies to define an optimal spectral policy; iii) Eval-
uation of the system capabilities over different predefined
operational modes.

3 NOMENCLATURE

The acronyms used throughout this paper are listed in
Table 1 and the symbols are summarized in Table 2.

4 SIGNAL AND SYSTEM MODELS

This manuscript focuses on impulse radio (IR)-based
UWB systems; hence, it can be assumed that the informa-
tion is conveyed using very short time pulses with low duty
cycle [2,18]. In the proposed signal model, each transmit-
ted symbol is represented by a preamble DSR signal fol-
lowed by several consecutive data pulses, as shown in Fig.

794 AUTOMATIKA 57(2016) 3, 793–809



Spectral-Efficient Green Wireless Communications via Cognitive UWB Signal Model F. H. Panahi, P. Farhadi and Z. H. Panahi

Fig. 1. Power spectral lines not only can violate FCC mask
and cause harmful interference to conventional radio ser-
vices, but they can also correlate with strong NB signals (e.
g. IEEE 802.11a) and cause interference to UWB signals

Table 1. List of acronyms
AWGN additive white Gaussian noise

BER bit error rate
CF cost function

DSR data-based Statistical Reference
DSSS direct sequence spread spectrum

DS-UWB direct sequence ultra-wideband
ECC electronic communications committee

ECMA european computer manufacturers association
EIRP equivalent isotropic radiated power
ETSI european telecommunications standards institute
FCC federal communications commission
FHSS frequency-hopping spread spectrum

FR fluctuation range
FSSM moore finite-state sequential machine

MA multiple access
MBOM M-ary biorthogonal modulation

MC markov chain
NBI narrowband interference
PAM pulse-amplitude modulation
POE probability of error
PPM pulse-position modulation
PRDS pseudo random direct sequence
PRTH pseudo random time hopping
PSD power spectral density
SIR signal-to-interference ratio
SNR signal-to-noise ratio
TH time hopping
TR transmitted reference

UWB ultra-wideband
WLAN wireless local area network
WPAN wireless personal area network

(2), depending upon the modulation scheme employed.
Note that to perform data detection correctly, one way is
to design a traceable DSR sequence under the stationary

Table 2. List of Symbols
v(t) Transmitted signal at time t
g(t) Basic Gaussian pulse with duration Tp
E[.] Expectation operator
{Zn} DSR sequence over the set {−A,A}
Zd Coefficient of data-bits

(In, θn) n-th pair of MBOM data-bits
Nw Number of pulses used per data symbol
TB Nominal shift according to θn
D Time delay between DSR and data parts
Tc Nominal shift caused by the TH sequence
Tr Mean repetition time between pulses
{TS Data symbol time
{an,k} PR-DS sequence with period Xa
{cn,k} PR-TH sequence with period Xc
∆n,k Uniformly distributed random jitter
ξn,k Pulse attenuation
G(f) Fourier transform of g(t)

data-stream assumption. Generally, as in this paper, the
signal model is considered for both uncorrelated and corre-
lated M -ary biorthogonal data modulations. The preamble
DSR signal is designed to eliminate spectral lines appeared
mainly by existing unbalanced data sources. Once modu-
lation is performed, each pulse can be subjected to addi-
tional time shifting as ruled by a PR-TH sequence, which
is commonly used for multiple access (MA) purposes. Ad-
ditionally, each pulse can be multiplied by a PR-DS, which
can be used for MA or spreading purposes. Although each
data pulse is ideally transmitted with fixed amplitude and
at specific time intervals, imperfections such as jitter or at-
tenuation should be considered in the model.

So, a reliable signal model covering the parameters pre-
viously mentioned is proposed as Eq. (1), where v (t) is
the transmitted signal at time t, g(t) is the basic Gaussian
pulse with duration Tp, Zn is the n-th DSR bit (E[Zn] =
µz , E[ZnZ∗n] = σ2

z + µ2
z , where E[.] is the expectation op-

erator) over the set {−A,A} and extracts from a long peri-
odic set with period Xz , Zd is the coefficient of data-bits,
In and θn (E[In] = µi, E[InI∗n] =σ2

i +µ2
i ) are the n-th pair

of data bits in order to construct M -ary biorthogonal data
modulation. Also, Nw is the number of pulses used per
data symbol (Nw ≥ 2), TB is the nominal shift according
to θn, D is a constant value to make a time delay between
DSR and data parts, Tr is the mean repetition time between
pulses, Ts is the data symbol time (Ts = NwTr + D),
{an,k} is a PR-DS sequence with period Xa, {cn,k} is a
PR-TH sequence with period Xc, Tc is the nominal shift
caused by the TH sequence and ∆n,k, ξn,k (E[ξn] = µξ,
E[ξnξ∗n] = σ2

ξ + µ2
ξ) are the random jitter and attenuation,

respectively. Associated with each signaling pulse is a ran-
dom timing jitter, ∆, which is uniformly distributed in the
interval (−τd, τd). Without loss of generality, to avoid syn-
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chronization problems, we may assume Xz >> Xa = Xc

= T s. It is also assumed that Zn, In, θn, ξn,k, an,k, and
cn,k are mutually independent of each other.

Fig. 2. Signal models: a) Conventional TR-based model.
b) Spectral-efficient DSR-based model.

The spectral analysis presented in this paper for corre-
lated unbalanced or balanced data sources is based on the
state-transition diagram model, which can be interpreted
as a Moore finite-state sequential machine (FSSM) and its
corresponding Markov chain (MC) model as outlined in
[11,19,20]. In other words, signal generation process can
be represented by a Moore-Markov model which can be
straightforwardly used for the spectral analysis of systems
where the PAM and the PPM data streams, (In,θn), are
correlated. In this case, the transmitted signal is modeled
as (2), where, σn is the state process of the Moore-Markov
model with NM states, gσn,k(t − nTs − kTr) is the k-
th state-pulse used for the transmission of the n-th data
symbol, (In,θn), and generally may be different from DSR
pulse shape. For the other parameters, descriptions in the
previous subsection can be rewritten. As the purpose of
this paper is to evaluate the PSD average statistics, it is
assumed that the MC has reached steady state.

v (t) =

+∞∑

n=−∞

[
Znξnang (t− nTs −∆n) + Z

Nw−1∑

k=1

Inξn,kan,kg(t− nTs − kTr − cn,kTc − θnTB −∆n,k −D)

]

(1)

v (t) =

+∞∑

n=−∞

[
Znξnang (t− nTs −∆n) + Z

Nw−1∑

k=1

ξn,kan,kgσn,k(t− nTs − kTr − cn,kTc −∆n,k −D)

]
(2)

5 SPECTRAL ANALYSIS

The classical method to evaluate the power spectrum of
a random process modeled as a periodic repetition of a ran-
dom frame is to consider an observation of v (t) over the
symmetric interval (−T ,T ), compute the power spectrum
for this truncated observation (i.e. VT (f)), and then take
the limit as the observation interval goes to infinity. Now
let 2N + 1 denote the number of frames in the (−T ,T )-
second observation. So, we have:

Φv (f) = lim
N→∞

1

(2N + 1)Ts
E[|VN (f)|2] (3)

whereE[.] is the expectation operator, and since we are
dealing with an integer number of frames over the obser-
vation interval, we have replaced the T subscript on VT (f)
with N to reflect this fact. The PSD expressions for corre-
lated signals previously reported in the references cannot
be used for the spectral analysis of the signal models pro-
posed in Section (4). This is due to the introduction of
variables such as attenuation and jitter and the fact that the

effects of unbalanced data sources have not been investi-
gated. The analysis presented, in this paper also focuses on
M-ary biorthogonal data modulation for both independent
and correlated data stream which can indeed be treated in
a unified framework.

5.1 Independent Data Stream

According to the proposed signal model in Eq. (1), the
Fourier transform of the 2T -second observation of v(t) can
be expressed as (4), where G(f) is the Fourier transform
of the basic Gaussian pulse g(t). Taking the squared mag-
nitude of Eq. (4) and then performing the statistical expec-
tation gives

E
[
|VN (f)|2

]
= |G (f)|2. [WIBDM +WIIBDM ] (5)

where the factorWIBDM accounts for the statistical ex-
pectation of the same indexed expressions and is evaluated
as (6). Accordingly, the statistical expectation of the differ-
ent indexed expressions is derived as, (7). However, since
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timing jitter and attenuation are i.i.d., the following expec-
tations can be written as,

E
[
ξkξ
∗
k′
]

=

{
σ2
ξ + µ2

ξ , k = k
′
;

µ2
ξ , k 6= k

′
.

,

E
[
e−j2πf(∆k−∆

k
′ )
]

=

{
1, k = k

′
;

φ2
∆(f), k 6= k

′
.

(8)

whereφ∆ (f) = E
[
e−j2πf∆k

]
=

1
2τd

∫ +τd
−τd e

−j2πf∆kd∆k = sin2πfτd
2πfτd

. To continue,
let us define:

E
[
akak′ e

−j2πf(ck−c
k
′ )
]

= φss (n, k) ,

φθ (f) = E
[
ej2πfθnTB

]
(9)

VN (f) = G (f)

N∑

n=−N

[
Znξnane

−j2πf(nTs+∆n) + Z

Nw−1∑

k=1

Inξn,kan,ke
−j2πf(nTs+kTr+cn,kTc+θnTB+∆n,k+D)

]
(4)

WIBDM =

N∑

n=−N
E

[(
Znξnane

−j2πf(nTs+∆n) + ZIn

Nw−1∑

k=1

ξn,kan,ke
−j2πf(nTs+kTr+cn,kTc+θnTB+∆n,k+D)

)

.

(
Z∗n ξ

∗
n a
∗
ne
j2πf(nTs+∆n) + ZI∗n

Nw−1∑

k=1

ξ∗n,ka
∗
n,ke

j2πf(nTs+kTr+cn,kTc+θnTB+∆n,k+D)

)]
(6)

WIIBDM =

N∑

n = −N
m 6= n

N∑

m=−N
E

[(
Znξnane

−j2πf(nTs+∆n) + ZIn

Nw−1∑

k=1

ξn,kan,ke
−j2πf(nTs+kTr+cn,kTc+θnTB+∆n,k+D)

)

.

(
Z∗m ξ∗m a∗me

j2πf(mTs+∆m) + ZI∗m

Nw−1∑

k=1

ξ∗m,ka
∗
m,ke

j2πf(mTs+kTr+cm,kTc+θmTB+∆m,k+D)

)]

(7)

ΦvBDM (f) =
|G(f)|2
Ts

[(
σ2
ξ + µ2

ξ

) (
σ2
z + µ2

z

)
− µ2

ξµ
2
zφ

2
∆ (f) + Z2µ2

ξφ
2
∆ (f) Λ1 (f)

(
σ2
i + µ2

i − µ2
iφ

2
θ (f)

)

+
1

Ts
µ2
ξφ

2
∆ (f)

(
µ2
z + 2ZµzµiΛ2 (f)φθ (f) + Z2µ2

iΛ1 (f)φ2
θ (f)

) +∞∑

l=−∞
δ(f − l

Ts
)

]
(10)

Because of the periodicity of the PRDS and PRTH
codes and since Xz >> Xa = Xc = T s, it should be
noted that, φss (n, n−m+ k) = φss (n, n−m− k) =
φss (n, k) = φss (k). Substituting Eqs. (8) and (9)
into Eqs. (6) and (7) leads to a simplified relation for
the average autocorrelation ΦvBDM (f) as (10), where
Λ1 (f) =

∑Nw−1
k=1

∑Nw−1

k′=1
φss

(
k − k′

)
e−j2πf(k−k′ )Tr

and Λ2 (f) =
∑Nw−1
k=1 φss (k) cos (2πf (kTr +D)) .

Note that Eq. (10) indicates the coefficients of spectral
lines (i.e. the discrete part of ΦvBDM (f)) clearly may be
influenced by sinusoidal expressions Λ1 (f), Λ2 (f). This
makes spectral lines to appear in the form of spectral spikes
and spectral nulls, alternatively. However, the fact that
both of them act as limiting factors in maximization of the
transmitted power spectrum under the FCC mask is obvi-

ous. Therefore, in this paper unlike the other mentioned
references, we focus on the spectral-lines suppression in-
stead of spectral spikes removal.

5.2 Correlated Data Stream
Accordingly, taking the squared magnitude of the

Fourier transform of the 2T -second observation of v(t),
based on the proposed signal model written for correlated
data stream in (2), and then performing the statistical ex-
pectation gives

E
[
|VN (f)|2

]
= WICBDM +WIICBDM (11)

where the factor WICBDM accounts for the statis-
tical expectation of the same indexed expressions
and is evaluated as (12). To continue, let us de-
fine Q

(
n,m, k, k

′
, f
)

= E
[
Gσn,k (f)G∗σ

m,k
′ (f)

]
.
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Also, under the stationary steady state assump-
tion P (σn = qi) = P (gσn (t) = gqi (t)) =
P (Gσn (f) = Gqi (f)) = πistands for the signal se-
lection probability at state qi. In addition, P γij stands for
the γ’th-step transition probability (that is the probability
of being in state qi and after γ transitions get to state
qj). Furthermore, when only a single pulse shape is
used for both DSR and Data parts of UWB signals, we
have gσn,k (t) = Iσng

(
t− θσn,kTB

)
, where TB is the

PPM modulation index. Also, Iσn and θσn,k are the
kth correlated PAM and PPM variables used for the
transmission of the nth data symbol so that, their values
depend on the status of Moore-Markov model at time n.
In this case, Iσn is generated by the data block as the
input of Moore-Markov machine and θσn,k will be the
output of Moore-Markov machine. Therefore, we have

Gσn,k (f) = IσnG (f) e−j2πfθσn,kTB and consequently

E
[
Gσn,k (f)

]
= E

[
Gσ

m,k
′ (f)

]
= G (f)Rσ (f)

where Rσ (f) = E
[
Iσne

−j2πfθσn,kTB
]

=
∑NM−1
i=0 πiIσie

−j2πfθσi,kTB . Thus, after using sim-
plification, WICBDM is formulated mathematically as
(13).

Now, according to the property of a regular ergodic
MC, the γ’th-step transition probabilities P γij converges to
the steady-state probabilities πi [11,19,20], i.e. P γij ' πj ,
P γji ' πi. Thus, the statistical expectation of the differ-
ent indexed expressions, WIICBDM , can be written as Eq.
(14). Substituting Eqs. (13), (14) in Eq. (11) and then
substituting the result into Eq. (3), the average autocorre-
lation ΦvCBDM (f) is extracted after further mathematical
manipulations, as (15).

WICBDM =

N∑

n=−N

[
E [ZnZ

∗
n]
(
σ2
ξ + µ2

ξ

)
|G (f)|2

+ 2Z.Re

{
E[Z∗n]

Nw−1∑

k=1

µ2
ξφss (n, k)φ2

∆(f)e−j2πf(kTr+D)E
[
Gσn,k (f)

]
G∗(f)

}

+ Z2
Nw−1∑

k=1

Nw−1∑

k′=1

µ2
ξφss

(
n, k − k′

)
φ2

∆(f)e−j2πf(k−k′ )TrE
[
Gσn,k (f)G∗σ

n,k
′ (f)

]

 (12)

WICBDM = (2N + 1) .
[(
σ2
z + µ2

z

) (
σ2
ξ + µ2

ξ

)

+ 2Zµz

Nw−1∑

k=1

µ2
ξφss (k)φ2

∆ (f)

(
NM−1∑

i=1

πiIσicos2πf
(
kTr + θσi,kTB +D

)
)

+ Z2µ2
ξ

Nw−1∑

k=1

Nw−1∑

k′=1

φss

(
k − k′

)
φ2

∆(f)e−j2πf(k−k′ )Tr


 . |G (f)|2 (13)

WIICBDM =

N∑

n = −N
m 6= n

N∑

m=−N
µ2
ξφ

2
∆ (f)

[
µ2
z + 2Zµz

Nw−1∑

k=1

φss (k)

(
NM−1∑

i=1

πiIσicos2πf
(
kTr + θσi,kTB +D

)
)

+Z2
Nw−1∑

k=1

Nw−1∑

k′=1

φss

(
k − k′

)
Qγ 6=0 (f) e−j2πf(k−k′ )Tr


 .|G (f)|2.e−j2πf(n−m)Ts (14)

ΦvCBDM (f) =
|G(f)|2
Ts

[(
σ2
ξ + µ2

ξ

) (
σ2
z + µ2

z

)
− µ2

ξµ
2
zφ

2
∆ (f) + Z2µ2

ξφ
2
∆ (f) Π1 (f) (1−Qγ 6=0 (f))

+
1

Ts
µ2
ξφ

2
∆ (f)

(
µ2
z + 2ZµzΠ2 (f) + Z2Π1 (f)Qγ 6=0 (f)

) +∞∑

l=−∞
δ(f − l

Ts
)

]
(15)
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where Π1(f) =
∑Nw−1
k=1

∑Nw−1

k
′
=1

φss(k − k
′
)e−j2πf(k−k

′
)Tr

Π2 (f) =
∑Nw−1
k=1

φss (k)
∑NM−1
i=1

πiIσi
cos2πf

(
kTr + θσi,k

TB +D
) .

Comprehensive analysis of the average power spectral
density presented for DSR-based UWB signals, results in
clear investigations over other special cases. For example
to achieve the PSD of DSR-based UWB signals with PAM
(or PPM) as data modulation, simply drop the data param-
eter In (or θn). Clearly, ideal formulas can be obtained by
ignoring timing jitter and attenuation factors. Meanwhile,
Eq. (10) simply can be reduced to the PSD of conventional
UWB signals [21] without DSR factor by cutting down
the parameters associated to the DSR part and assuming
D = 0.

6 SPECTRAL DESIGN STRATEGY

So far, ideal balanced and uncorrelated data streams
have been assumed in many contributions and therefore
undesired effects of the discrete part of spectrum (i.e. spec-
tral lines) are not taken into account [13,14]. Furthermore,
as discussed before, because of the synchronization prob-
lems the use of pseudo-random codes for spectrum shaping
purposes cannot be justifiable. So, in this work, our idea is
to find a convex optimization based method that can pro-
duce DSR-based signals using random process characteris-
tics as the optimization variables. In fact, DSR signal gives
us a degree of freedom to control undesired spectral lines,
particularly in the case of non-symmetric data modulation
schemes or unbalanced data sources. The first key factor
that should be optimized is error function and is defined as,

e (f) = SD (f)− φv(f) (16)

where, SD (f) is FCC or other standard spectral mask.
Indeed, after the FCC definition, several emission limits
have been defined by other governmental agencies around
the world. In particular, the European standardization
bodies (the European Telecommunications Standards In-
stitute (ETSI), the European Committee for Electrotechni-
cal Standardization (CENELEC), the Electronic Commu-
nications Committee (ECC), and the European Computer
Manufacturers Association (ECMA)) are working jointly
with governmental agencies with the purpose to define a
new emission mask for UWB usage in Europe [5]. Any-
way, the goal of the optimization is to minimize the error
function so that the available power remains under a de-
sired mask. This means that, in order to ensure that the
power spectrum complies with the spectral standard, e(f)
must be positive for all frequencies. Another impressive
factor that should be taken into account is η(f) as the ab-
solute ratio of the discrete part to the continuous part of the
power spectrum φv(f) derived in section (5), over specific
frequencies consisting of m/Ts, m ∈ [L1, L2], where, L1

and L2 are lower and upper bounds of the desired range of
frequencies under the mask, respectively. Note that η(f)
is not optimized in the continuous domain, but rather in
the large enough number of discrete optimization points.
Optimization points are uniformly distributed between L1

and L2. Furthermore, minimization of η(f) is not done
directly, but rather by the minimization of the difference
between SD (f) and φv(f) i.e. e(f). In order to advance
the optimization problem, it is necessary to consider a set
of samples taken from η(f) and e(f) over the discrete op-
timization points distributed over the mentioned frequency
interval. To continue, let us define the following variables
as,

η =

L2∑

m=L1

η(f)|f= m
Ts
, ε =

L2∑

m=L1

em (17)

where em = e (f) |f= m
Ts

. Finally, in order to address all
effective parameters, the related Cost Function (CF), as
the spectral-lines strategy, based on nonlinear constraints
is defined as,

µz, σz : Min CF = {η + ε} (18)

s.t. : em ≥ 0, ∀m ∈ [L1, L2] (19)

Each nonlinear constraint in Eq. (19) can be represented
as a single constraint in the convex optimization toolbox.
However, the defined problem is non-convex and accord-
ingly cannot be regarded as a proper way for implemen-
tation in a convex program. Nevertheless, the appropriate
form for the problem is rewritten as:

µz, σz : Min CF =
{
w1η

′
+ w2ε

′}
(20)

subject to (19). where, η
′

=
∑L2

m=L1
η2(f)|f= m

Ts
and

ε
′

=
∑L2

m=L1
e2
m. Also, W = [w1 w2] is defined as

the normalized weighting vector. Note that, the optimal
point

(
µz, σ

2
z

)
cannot be acceptable unless it satisfies en-

ergy criterion over a transmitted symbol. This means that,
over a transmitted symbol, for a conventional TR system,
ECon, the obtained energy for DSR signal, EDSR, should
not violate a predefined threshold, δ. Obtaining an accept-
able optimal point

(
µz, σ

2
z

)
, a sequence generator is ex-

ploited to produce the sequence {Zn} as DSR signal (Fig.
3). Note that the pulse magnitude, |Zn| = A, offers a de-
gree of freedom to address the generated sequence {Zn}
in correspondence with optimal point

(
µz, σ

2
z

)
.
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7 PERFORMANCE EVALUATIONS

In this section, mathematical formulas for evaluation
and maximization of the performance of the proposed
DSR-based UWB system are derived. It is straightforward
to write the energy equation as:

A2 + (Nw − 1)Z2 = ηεNw (21)

where ηε = EDSR/ECon. and ηε < δ. Signal v (t) prop-
agates through a multipath channel with impulse response
hc (t) = γ

∑L
l=1 αlδ(t− τl) where δ(t) is the Dirac delta

function, L is the number of resolvable multipath compo-
nents, γ represents the shadowing, and αl and τl respec-
tively denote the amplitude and delay of the l’th multipath.
After passing the multipath channel and the ideal pre-filter
with impulse response hr (t), the

Fig. 3. Block diagram for the proposed DSR-based trans-
mitter

rf (t) = γ

[
Aξngr (t− nTs −∆n − τs) + Z

Nw−1∑

k=1

Inξn,kgr (t− nTs − kTr − θnTB −∆n,k −D − τs)
]

+ n (t)

(22)

Hss
pq =

∫ Tw

0

s (t) s (t+ pTr + θqTB +D) dt

= γ2
Nw−1∑

k=1

∫ Tw

0

ξnξn,kAZIngr (t−∆n) gr(t+ (p− k)Tr + (θq − θn)TB −∆n,k)dt (25)

Hsn
pq =

∫ Tw

0

s (t)n (t+ pTr + θqTB +D) dt = γ

∫ Tw

0

ξnAgr (t−∆n)n(t+ pTr + θqTB +D)dt (26)

Hns
pq =

∫ Tw

0

n (t) s (t+ pTr + θqTB +D) dt

= γ

Nw−1∑

k=1

∫ Tw

0

ξn,kZInn(t)gr(t+ (p− k)Tr + (θq − θn)TB −∆n,k)dt (27)

Hnn
pq =

∫ Tw

0

n (t)n (t+ pTr + θqTB +D) dt (28)

received signal can be written as (22), where γgr (t) =
g (t) ∗ hc (t) ∗ hr (t), τs represents the time delay between
the transmitter and the receiver, and n(t) is the zero-mean
Gaussian noise with a flat spectral density N0/2 over the
system bandwidth. Now, consider rf (t) as rf (t) = s (t)+
n (t), where s(t) is the received noise-free signal. Without
loss of generality, we can assume that τs = 0 to simplify
the notations.

Assuming perfect timing and perfect estimates of chan-
nel coefficients and multipath delays, the correlator output
of the p’th pulse according to the q’th possible pulse posi-
tion is expressed as

Hpq =

∫ Tw

0

rf (t) rf (t+ pTr + θqTB +D)dt (23)

where the length of the integration interval is assumed to
be Tw'TB in order to optimize the performance. We also
assume that the product of noise bandwidth by integration
interval WTw � 1. Substituting Eq. (22) into Eq. (23)
yields

Hpq = Hss
pq +Hsn

pq +Hns
pq +Hnn

pq (24)

where, the parameters are defined as Eqs. (25-28).
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According to (24), noise terms of the decision variable
Hpq is defined as Npq = Hpq −Hss

pq . The variance of Npq
can be approximated, as (29).

σ2
N = E

[
N2
pq

]
' E

[(
Hsn
pq

)2]
+E

[(
Hns
pq

)2]
+E

[(
Hnn
pq

)2]

(29)
Substituting Eqs. (31), (33) and (34) (See Appendix I) in
Eq. (29) yield the following result

σ2
N = γ2

(
σ2
ξ + µ2

ξ

)(N0

2

)[
A2EI

+Z2
(
σ2
i + µ2

i

)Nw−1∑

k=1

EII

]
+

1

2
N2

0TwB (35)

In continue, based on Eq. (25), the Inter-Symbol Interfer-
ence (ISI) term can be expressed as

HISI
pq = γ2

Nw−1∑

k = 1
p 6= k

∫ Tw

0

ξnξn,kAZIngr (t−∆n) gr(t+

(p− k)Tr + (θq − θn)TB −∆n,k)dt (36)

where M
q
p =

∫Tw
0 E

[
gr (t −∆n) gr(t + pTr + (θq − θn)TB −∆n,k)

]
dt,

the mean and variance of the ISI term are respectively, de-
rived as

µISI = E
[
HISI
pq

]
= γ2µ2

εAZµi

Nw−1∑

k = 1
p 6= k

Mq
p−k (37)

σ2
ISI = var

(
HISI
pq

)
= E

[(
HISI
pq

)2]− µ2
ISI (38)

= γ4A2Z2
(
σ2
ξ + 2µ2

ξ

)
σ2
ξσ

2
i

Nw−1∑

k = 1
p 6= k

(
Mq
p−k

)2

Considering Gaussian distribution for both ISI (∼
N (µISI ,σ2

ISI )) and noise (∼ N (0,σ2
N )), an upper bound

for the probability of error for the p’th pulse in the DSR-
based UWB system is then derived for a given channel re-
alization, as follows:

Pe = Eγ

[(
M − 2

2

)
erfc

(
γ2µ2

ξAZM
n
0 + µISI

2
√
σ2
N + σ2

ISI

)

+
1

2
erfc

(
γ2µ2

ξAZM
n
0 + µISI√

σ2
N + σ2

ISI

)]
(39)

Now, the mean probability of error is then obtained by av-
eraging over all pulses in the n’th symbol as

PDSRe =
1

Nw − 1

Nw−1∑

p=1

Pe =
1

Nw − 1

Nw−1∑

p=1

Eγ

[(
M − 2

2

)
erfc

(
γ2µ2

ξAZM
n
0 + µISI

2
√
σ2
N + σ2

ISI

)

+
1

2
erfc

(
γ2µ2

ξAZM
n
0 + µISI√

σ2
N + σ2

ISI

)]
(40)

Eventually, in order to achieve the optimal DSR-based
UWB system, the optimum power allocation is determined
according to the defined threshold, δ, which is designed for
the energy criterion. To simplify the notation, we consider
the probability of error of the first data pulse and minimize
it over |Zn| = A. Thus,

PDSRe ' 1

Nw − 1

Nw−1∑

p=1

Eγ

[(
M − 2

2

)

erfc

(
γ2µ2

ξAZM
n
0 + µISI

2
√
σ2
N + σ2

ISI

)

p=1

+
1

2
erfc

(
γ2µ2

ξAZM
n
0 + µISI√

σ2
N + σ2

ISI

)

p=1


 (41)

Substituting Eqs. (35), (37) and (38), the final form of Eq.
(41) can be obtained. The above minimization is equiv-
alent to maximizing Eq. (42) over |Zn| = A. The last
term in the both numerator and denominator of F can be
neglected in high SNRs, as Eq. (43).

SubstitutingA2 from the energy equation (21) with respect
to Z2 into Eq. (43) and setting its derivative with respect
to Z2, the optimal Z∗ is simplified as
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F =
(γ2µ2

ξAZM
n
0 + γ2µ2

ξAZµi
∑Nw−1
k=2 Mq

1−k)
2

γ2
(
σ2
ξ + µ2

ξ

) (
N0

2

) [
A2EI + Z2 (σ2

i + µ2
i )
∑Nw−1
k=1 EII

]
+ 1

2N
2
0TwB + γ4A2Z2(σ2

ξ + 2µ2
ξ)σ

2
ξσ

2
i

∑Nw−1
k=2 (Mq

1−k)
2

(42)

F '

(
γ2µ2

ξAZM
n
0

)2

γ2
(
σ2
ξ + µ2

ξ

) (
N0

2

) [
A2EI + Z2 (σ2

i + µ2
i )
∑Nw−1
k=1 EII

]
+ 1

2N
2
0TwB

(43)

Z∗ =

√√√√√ηεNw

[
(Nw − 1)EI −

√
(Nw − 1) (σ2

i + µ2
i )EI

∑Nw−1
k=1 EII

]

(Nw − 1)
2
EI − (Nw − 1) (σ2

i + µ2
i )
∑Nw−1
k=1 EII

(44)

8 OPTIMAL SPECTRAL POLICY

Here, an algorithmic approach is adopted in which the
value of Nw is iteratively increased to reach an acceptable
near-optimal point. The proposed optimization procedure
can then be described in the following steps:

1. Set the initial value of Nw to two.

2. Estimate σ2
i and µi over the initial data frames for

transmission.

3. Find Z∗ to reach a reliable system over fading chan-
nels, based on Section (7).

4. Solve the optimization problem (20) to obtain σ2
z and

µz . Here, we can design DSR-based system with
DSR bits Zn over the set {−A,+A} according to
optimal performance. This means that, when the opti-
mization problem detects its acceptable optimal point(
µz, σ

2
z

)
, output symbol probabilities p(Zn=+A) and

p(Zn=−A) = 1 − p(Zn=+A) must be estimated to
produce DSR signal. Clearly, a same process can be
performed over non-optimal values for |Zn | = A
according to some predefined operational modes.
However, in the case of performance-optimized signal
model over fading channels, DSR generator should
assign the optimal probability as: p(Zn=+A∗) :

Min

{
(E [Z∗n]− µz)2

+
(
E
[
(Z∗n − µz)2

]
− σ2

z

)2
}

.

5. Test the energy criterion: if ηε < δ, go to step 8.

6. Nw ← Nw + 1.

7. Go to step 3.

8. End.

9 SIMULATION RESULTS
The objective of this section is twofold. Firstly, we

investigate the spectral characteristics for the proposed
spectral-efficient signal model and evaluate the system ca-
pability of spectral-lines suppression over different prede-
fined operational modes; then, we take benefit of the accu-
racy of the analytical framework developed in this contri-
bution to estimate the performance of DSR-based systems
in multipath channels.

In the first set of results (Figs.5–7) here presented,
the PSD plots and their corresponding spectral fluctua-
tion ranges are obtained from Monte Carlo simulation for
an independent or correlated unbalanced data stream that
employs quaternary biorthogonal data modulation. Later,
(Fig. 8), to illustrate the application of DSR-based trans-
mission scheme, system performances are evaluated over
IEEE CM1-2 802.15.3a channel models. All simulation re-
sults have been derived according to the same data source
characteristics, enabling a straightforward comparison of
the PSDs in the presence of a single narrow-band inter-
ferer with fc = 5.2GHz and SIR=−15dB. An unbal-
anced binary data source is assumed for all examples pre-
sented in this section. This source generates a sequence
of independent or correlated binary symbols {0,1}, with
respective probabilities 0 < p0 < 1 and p1 = 1 − p0. In-
deed, alike practical systems, all the PSD plots presented
in this section assume the following general signal param-
eters: Nw = 5; Tr = 50ns; Tc = 3ns; Tp = 0.5ns;
TB = 1.5ns; D = 10ns. It is also assumed that there is
no pulse attenuation, and τd = 0.05ns. Furthermore, we
consider Tg = 40ns as a “guard time” at the end of each
data symbol.

Here, four scenarios are defined to evaluate the system
performance as;

• Conventional TR system: Mode I

• Proposed DSR-based systems:
Mode II:[ηε = 1, |Zn | = A = 1, Z = 1],
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Mode III:[ηε = 1, |Zn | = A = 1.18, Z ' 0.89],
Mode IV:[ηε = 1.2, |Zn | = A = 1.13, Z ' 1].

Since the optimization process is carried out over the
initial data frames, a traceable DSR sequence under the sta-
tionary data-stream assumption is rapidly computed. This
means that the system complexity is not reflected as a ma-
jor drawback. Here, we solve the optimization problem
in (20) using gradient-based interior-point algorithm (See
Fig. 4) whereW = [0.908, 0.419].

Fig. 4. The Cost Function (CF) minimization using the
gradient-based interior-point algorithm

Figs. 5 and 6 represent PSD plots obtained for a sta-
tionary unbalanced binary data source with p0 = 0.35 over
the four different scenarios, respectively for uncorrelated
and correlated data stream. Each figure compares the PSDs
of both conventional and DSR-based systems. In order to
run the optimization procedure, we assume δ = 1.3. The
sequences {0,1,3,2} [prime code over GF (5)] and {+1,-
1,-1,+1,-1} are used for PR-TH and PR-DS as MA codes,
respectively. In Fig. 5, the main spectral lines can be
expected at intervals of 1/Ts for Mode I. Although this
range for DSR-based UWB system turns out to be the
same value, considerable spectral-lines suppression can
be observed due to the deliberately inserted DSR signal.
This means that the spectral lines vanish when DSR sig-
nal is employed, even when the data source produces non-
uniform distributed symbols, i.e., when p0 6= 0.5. This
is because of the balancing properties of the DSR sig-
nal as well-designed by Eq. (20). According to the re-
sults, the average fluctuation range (FR) of spectral lines
for DSR-based system (Mode II) is 11.12dBmwhich indi-
cates 17.14dBm decrement relative to the average FR for
conventional TR system (Mode I). The results also show
18.70dBm and 20.10dBm decrements for Modes III and
IV, respectively.

As expected before, because of the periodicity or un-
balancing properties of the MC-modal considered in the
case of correlated data stream as shown in Fig. 6, the

process of spectral-line suppression becomes more com-
plicated than the other independent data source. However,
the obtained results are satisfactory and the value of av-
erage FR decreases from 36.17dBm in Conventional TR
system (Mode I) to 26.36dBm in DSR-based UWB sys-
tem (Mode III). Clearly, the penalty paid for spectral-lines
suppression using DSR signal may be an excess power (i.e.
when ηε > 1) which is spread throughout the power spec-
trum. However, a reasonable performance is achieved us-
ing a suitable predefined energy threshold, δ. Therefore the
additional power spectrum (APS) is another essential fac-
tor in order to evaluate the DSR-based UWB system and
is defined as can be observed in Fig. 7a. Next, to investi-
gate the effect of the number of pulses used per transmitted
symbol, Nw on the average FR and APS, Fig. 7b plots av-
erage FR and APS versus Nw for A = 1, 2 and PAM as
data modulation. Indeed, a mixed case FR and APS anal-
ysis has been also considered in Fig. 7b, which reveals
that the DSR-based spectral suppression still operates suc-
cessfully even when there exists a power loss for the DSR
pulses, as long as the number of pulses used per transmit-
ted symbol, Nw, is well-assigned according to the energy
criterion.

The spectrograms drown in Fig. 8, clearly indicate
how the red color regions (i.e. high power frequencies due
to undesired spectral lines) are strongly suppressed over
the bandwidth in the case of DSR-based system. Simula-
tion results also show that the average magnitude of η(f),
e(f) respectively decreases from 25.7, 51.4dBm in con-
ventional system to 3.1, 35.8dBm in DSR-based system
for Mode IV (See Figs. 9 ,10).

The average probability of error (POE) for DSR-based
system and conventional TR-modulated system over the
two slow-faded CM1-2 channels is evaluated as Fig. 11.
As shown by both analytical and simulation results, since
the proposed scheme dedicates more power to the refer-
ence signal, a considerable performance improvement can
be achieved. Fig. 11a shows that the DSR-based scheme
represents about 1.8dB, 3.1dB and 5.3dB performance
improvement respectively for Modes II, III where (ηε = 1,
i.e. no excess power needs to be injected into the sys-
tem) and Mode IV, over the conventional TR-modulated
scheme (Mode I) at BER = 10−2. Clearly, slight per-
formance degradation is expected in the case of correlated
data stream (C. D. S.), as shown in Fig. 11b.

10 CONCLUSION

The presented framework is simple enough to enable
a tractable analysis and can serve as a guideline for the
design of rapid, efficient and reliable communication sys-
tems where coexistence between UWB and narrowband
signals is of importance. Particular attention is devoted
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to severely unbalanced (i.e. non-uniform distributed) data
sources where a unified spectral analysis is considered for
both uncorrelated and correlated M-ary biorthogonal data-
stream scenarios. Indeed, the proposed DSR-based scheme
as a modified version of TR-based signaling is presented
in a way that optimized symmetric coefficients are applied
to the consecutive reference signals in order to suppress
undesired spectral-lines while self-synchronization proper-
ties of TR receiver are kept intact. Next, in order to achieve
an optimal DSR-based UWB system, optimum power allo-
cation is determined according to the defined threshold, δ,
which is designed for the energy criterion. Both analytical
and simulation results show that our system significantly
outperforms the conventional TR-modulated system over
the channel models CM1 and CM2.
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Fig. 5. PSD plot for quaternary biorthogonal data modulation over the defined modes I and IV.

Fig. 6. PSD plot for correlated quaternary biorthogonal data modulation over the defined modes I and III.
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Fig. 7. (left) Essential factors in evaluation of DSR-based UWB system. (right) FR and APS versus Nw for A = 1, 2 and
Z = 1.

Fig. 8. Spectrograms for the PSD [dBm] of (left) Conventional TR system (right) DSR-based system

Fig. 9. The average magnitude of η(f) for (left) Conventional TR system (right) DSR-based system
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Fig. 10. The average magnitude of e(f) for (left) Conventional TR system (right) DSR-based system

Fig. 11. POE versus SNR; Conventional TR system (Mode I) versus DSR-based systems (Mode II-IV) over the channel
models CM1 (left) and CM2 (right)
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APPENDIX I

E
[(
Hsn
pq

)2]
= E

[
γ2

∫ Tw

0

∫ Tw

0

ξ2nA
2gr (t−∆n) gr (τ −∆n)n (t+ pTr + θqTB +D)n (τ + pTr + θqTB +D) dtdτ

]

= γ2A2 (σ2
ξ + µ2

ξ

) ∫ Tw

0

∫ Tw

0

gr (t−∆n) gr (τ −∆n)ϕn (t− τ) dtdτ

= γ2A2 (σ2
ξ + µ2

ξ

) ∫ Tw

0

gr (t−∆n)

∫ +∞

−∞
gr (τ −∆n)U (Tw − τ)U(τ)ϕn (t− τ) dτdt (30)

where ϕn (τ), represents the autocorrelation function of n(t) which is defined as ϕn (τ) = E[n(t+ τ)n(t)] with Fourier transform as
Sn (f). It is also defined guI (τ) as guI (τ) = gr(τ −∆n) U (Tw − τ)U(τ), where U(τ) symbolizes the Unit Step Function. Hence

E
[(
Hsn
pq

)2]
= γ2A2 (σ2

ξ + µ2
ξ

) ∫ Tw

0

gr (t−∆n)

∫ +∞

−∞
GuI (f)Sn (f) ej2πftdfdt

' γ2A2 (σ2
ξ + µ2

ξ

)(N0

2

)∫ Tw

0

gr (t−∆n) guI (t) dt = γ2A2 (σ2
ξ + µ2

ξ

)(N0

2

)∫ +∞

−∞
g2uI (t) dt

= γ2A2 (σ2
ξ + µ2

ξ

)(N0

2

)
EI (31)

in which EI =
∫ +∞
−∞ g2uI (t) dt denotes the energy of guI (t) with Fourier transform as GuI (f), and

E
[(
Hns
pq

)2]
= γ2 (σ2

ξ + µ2
ξ

)
Z2 (σ2

i + µ2
i

)
.

.

∫ Tw

0

Nw−1∑

k=1

E[gr(t+ (p− k)Tr + (θq − θn)TB −∆n,k)

∫ +∞

−∞
guII )I( (τ)ϕn (t− τ) dτ ] dt (32)

where guII (t) is defined as guII (t) = gr
(
t+ (p− k)Tr + (θq − θn)TB −∆n,k

)
U (Tw − t)U (t). Therefore Eq. (32) can be

rewritten as

E
[(
Hns
pq

)2]
= γ2 (σ2

ξ + µ2
ξ

)
Z2 (σ2

i + µ2
i

)
.

.

∫ Tw

0

Nw−1∑
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i + µ2
i

)(N0

2
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k=1

∫ +∞

−∞
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[
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= γ2 (σ2
ξ + µ2
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i

)(N0

2

)Nw−1∑
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EII (33)

where EII =
∫ +∞
−∞ E

[
g2uII (t)

]
dt denotes the energy of guII (t). Accordingly, the last term of Eq. (24) is simplified, as follows:

E
[(
Hnn
pq

)2]
=

∫ Tw

0

∫ Tw

0

ϕ2
n(t− τ)dtdτ ≤

∫ Tw

0

∫ +∞
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|Sn(f)|2dfdτ =

1

2
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0TwB (34)
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