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Abstract

In this article, we investigate a promising transmission approach for green communication networks. By combining
the appealing single-cycle modulation technique with traditional pulse modulation found on the underlay
communication philosophy, the presented ultra-spectra communication system can improve the energy efficiency
significantly. In transceiver, the emission signal contains two parts, the information-bearing baseband waveform
with an extremely short duration and the information-synchronized carrier component. Alternatively, without carrier
signaling the intermittent emission can be adopted to further reduce its operational power. By optimally allocating
the power in different bands, a water-filling emission spectrum inspired by a novel conception of radius basis
function neural-network is proposed for maximizing transmission energy efficiency in the presence of external
interference. In receiver, the carrier-synchronized signal greatly alleviates the power-consumed timing acquisition,
and provides extremely precise synchronization for information detection in intensive multipath environments. In
addition, from a pattern classification perspective, a low-complexity noncoherent detection scheme is suggested to
enhance receiving performance and minimize energy consumption. Performance analysis demonstrated that the

advantages to traditional strategies.

whole transmission scheme can indeed be realized within an ultra-low-power framework, which shows great

Keywords: energy efficient, ultra-spectra communication system, single-cycle modulation, ultra-wideband, carrier
synchronization, water-filling transmission, noncoherent detection

1. Introduction

The prevailing global warming and climate change have
been a growing worldwide concern, which is mainly
contributed to the unfettered emission of greenhouse
gases, i.e., CO, [1]. Mobile vehicles are generally consid-
ered as one potential enabler to reduce greenhouse
gases provided that appropriate measures are implemen-
ted. The mobile industry itself also contributes to CO,
emission through communication links, mobile equip-
ments, etc. Some analysts have reported that informa-
tion and communication technology (ICT) accounts for
2-2.5% of all harmful emissions [2]. Meanwhile, as the
large-scale distributed systems, such as smart grids,
clouds, and P2P networks, gather and share more and
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more computing nodes and storage resources, the
energy consumption keeps exponentially increasing,
which has become significantly responsible for green-
house gases emission. To keep in line with the low-car-
bon economy/industry development, it is necessary to
reduce the operation expenditure or energy consump-
tion of communication networks, while maintaining the
acceptable quality of service (QoS) [3]. Many efforts are
nowadays put into hardware specific solution as well as
protocol designing, aiming at making contributions to
the currently advocated energy-efficient green
communications.

As a qualified potential candidate for short-range and
high-speed transmissions, ultra-wideband (UWB) tech-
nology has been attached extensive investigations in
recent years [4,5]. Usually, UWB refers to communica-
tion systems with the spectral occupancy larger than
500 MHz, or the fractional bandwidth more than 20%
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[6]. The fractional bandwidth is defined as W/f,, where
W = fy-f1 denotes the -10 dB bandwidth and the center
frequency is f. = (fu+/1)/2 x (fu-f1). To generate such
signals, data symbols are usually carried by a set of base-
band short pulses with the duration less than 1 ns [7].
According to the classical Shannon channel capacity
theory and by virtue of its huge transmission bandwidth,
the data rate of UWB system may easily surpass 1 Gbps
within 10 m, which is much attractive for real-time mul-
timedia services [8]. What’s more, the remarkable low-
duty-cycle (LDC) operation of UWB can be promised,
in which information bits are carried by short-duration
pulses and emitted through antenna only in very limited
spans of time, as suggested by the popular schemes such
as pulse position modulation (PPM) [5,6]. Attributed to
this unique intermittent emission manner, which is idle
most of the time and only active for a transitory period,
UWB may conduct data transmissions at an extremely
low power (< -41.3 dBm/MHz) by elegantly addressing
spectrum efficiency and energy efficiency through an
underlay communication philosophy [5,7]. In considera-
tion of its high potential in various short-range applica-
tions in large-scale distributed networks, such as
environment pollution sensing, intelligent traffic guiding
and remote health monitoring [9], UWB based low-
radiation techniques are of great promise to future
energy-efficient green communications.

Due to its enormous emission bandwidth, neverthe-
less, UWB still faces great challenges in system designs
and implementations. First, the typical UWB propaga-
tions are highly dispersive into hundreds of resolvable
multipath trajectories [10,11]. As the detection perfor-
mance is noticeably sensitive to timing deviation, the
analog to digital convertor (ADC) with a sampling fre-
quency of 20 GHz is indispensable in timing acquisition
[12], which is hence essentially contrary to the spirit of
low-power and low-complexity receiver structure. Sec-
ond, given the strictly regulated spectra limits remaining
plat in most frequency band [13], the nonflatly distribu-
ted interference spectra call for judicious baseband
waveforms designing to enhance the transmission
energy efficiency. Lastly, for traditional UWB receiver
architecture, a large number of Rake fingers should be
integrated, which arouses hardware implementation
challenges and simultaneously consumes considerable
power [14]. Also, the complicated channel impulse
response (CIR) estimation needs much energy. Even for
the transmitted-reference (T-R) scheme, the energy effi-
ciency (e.g., typically about 50%) may be greatly satisfied
as a compromise of simple realizations [15]. Apparently,
these practical difficulties either complicate system
design or greatly deteriorate the appealing low-power
characteristics, making UWB based green communica-
tions not available.
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Motivated by the considerations above, in this
research we suggest an attractive energy efficient com-
munication scheme. The systematic transmission strate-
gies, including the modulation scheme and optimal
waveform shaper design in transmitter and the low-
complexity low-power synchronization as well as detec-
tion technique in receiver, are thoroughly addressed
under realistic operational scenarios, i.e., in the presence
of external interference and intensive multipath. During
this new transmission approach, the single-cycle modu-
lation (SCM) technique is organically combined with
classical pulse modulation [16]. The derived emission
technique can be regarded as a carrier-synchronized
UWB [17]. As the emission signal exhibits an extremely
broad continuous spectrum (i.e., an idea of UWB)
accompanying an ultra-narrow single-carrier spectra in
the center (i.e., a conception of ultra-narrow band
according to power bandwidth definition), from a uni-
fied perspective it can be referred to as ultra-spectra
communication system (USCS). The underlay spectrum
conveys information in an ultra-low-power fashion,
while the carrier signaling may facilitate precise syn-
chronization in detection. The main contributions of
our investigation on USCS can be summarized into the
following aspects:

(1) In USCS transceiver, we firstly suggest a versatile
waveform shaper which is inspired by the novel concep-
tion of radius basis function neural network (RBFNN).
Starting from the Shannon channel capacity theory, a
water-filling (WF) emission spectrum is suggested and
then realized by the appealing RBENN. Relying on the
function approximation ability and fast convergence of
RBENN, the transmission energy efficiency can be maxi-
mized given arbitrary external interferences in working
band. By integrating intermittent emission (i.e., UWB-
IR) and carrier synchronized mode, furthermore, the
suggested reconfigurable hybrid USCS transceiver may
make ultra-low-power transmission into practice.

(2) After propagated from the intensive multipath
channel, in received USCS signal the strong carrier com-
ponent can be conveniently extracted by a phase locked
loop (PLL), which provides accurate synchronization/
timing to subsequent signal detection, leading to a
much low ADC sampling rate accompanying low-power
structure. Meanwhile, compared with existing UWB sys-
tem, the precise synchronization may also significantly
alleviate the requirements on signal-to-noise ratio (SNR)
in receiver, and hence can minimize emission power in
transmitter given the expected QoS and operation con-
dition. Beside, by incorporated with wireless charging
techniques [18], the strong energy in synchronized car-
rier signaling may be used for remote powering, which
may provide a feasible energy maintenance solution to
super large-scale sensor networks.
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(3) In USCS receiver, remarkably different from the
power-consumed coherence receivers (e.g. Rake receiver
or T-R structure), from a pattern classification point of
view we developed a low-complexity noncoherent recei-
ver architecture based on the fuzzy c-means clustering
algorithm (FCM) [19]. This blind detection can consid-
erably reduce energy consumption and also enhance
receiving performance, which is hence extremely attrac-
tive for the use in low-complexity wireless sensors and
body area networks.

The reminder of this article is outlined as follows. In
Section 2, after a brief introduction to UWB technique,
we depict the new systematic communication frame-
work, i.e., USCS. The systematic strategies in transceiver
are investigated in Section 3, including the emission
schemes and optimal waveform design for energy-effi-
cient transmissions. In receiver, the simple synchroniza-
tion scheme is discussed, and then a low-complexity
noncoherent detection is proposed to further reduce
energy consumption. Subsequently, in Section 4 the per-
formance of our USCS is thoroughly analyzed from an
architecture aspect of energy efficiency. Finally, we con-
clude the whole work in Section 5.

2. Ultra-spectra modulation

Currently, many different physical technologies have
been suggested for UWB systems, including the multi-
band orthogonal frequency division multiplexing (MB-
OFDM) based UWB [8], the continuous pulse UWB
[20] and classical impulse UWB [5,8]. It is gradually
recognized that, even though with the higher spectra
efficiency and more preferable transmission speed,
usually the complex signal processing for continuous
modulations (e.g., power amplifier or up/down conver-
sion) consuming considerable power may significantly
degrade their energy efficiency [21], and also complicate
the practical realization. The appealing low-power radia-
tion property of impulse UWB is essentially attributed
to the accommodation of a compromise between spec-
trum and energy efficiency. And in sharp contrast, the
intermittent impulse transmission and the resulting
LDC property, as well as feasibly simple noncoherent
detection, may greatly reduce its energy consumption.
In this section, by incorporating the LDC impulse radio
(IR) technique with SCM, we present a promising emis-
sion technique for green communications, which may
lay the foundation of energy efficient transmissions.
Before further elaboration, it is necessary to briefly
describe the underlay philosophy based UWB-IR system.

2.1. UWB system

Without the adoption of local oscillators or mixers, the
typical UWB signal can be generated by driving an RF
antenna with extremely short pulses, whose duration is
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on the order of a few nanoseconds to fractions of a
nanosecond [5,8]. Accordingly, the modulated UWB sig-
nal is an impulse-like waveform. Therefore, UWB is
often referred to as a short-pulse or IR system. In our
analysis, we employ the classical time-hopping PPM
(TH-PPM) [7], and the signal format is described by

M—-1
x() = /B, Y2 (= iy — Ty — dyy A1) ()
i=0

where E, is the bit energy, N is the number of pulses
used to represent one bit, T}, is the bit period of a single
bit, d(i) (i = 0,1,2,...,M - 1) are the transmitted informa-
tion data taking values of {0,1}, Ty is the time period of
a frame, ¢; is the time hopping code and At is the bit
separation time interval for one PPM symbol. Particu-
larly, Ty = T} for N, = 1. g(¢) is the adopted pulse shaper,
which is usually the second derivative Gaussian pulse
with a parameter o [5,6]:

8(t) = (1 — 4nt* /8%) x exp(—27* /§7) )

A typical second-derivative Gaussian pulse and the
corresponding emission spectra of TH-PPM scheme
have been plotted by Figure 1. From the illustration in
Figure 1b, we may note that the emission spectrum is
basically determined by the baseband waveform g(¢),
while the information-bearing TH coding does not sig-
nificantly alter the spectra shape [22].

2.2. USCS
Originally, the SCM technique is also derived for low-
power applications in which each information bit is
exactly modulated within one single carrier period
[23,24]. Unfortunately, for the currently existing SCM
schemes, the front-end filter design still remains compli-
cated and even confusing [25], which is supposed to
removing the useless high-harmonics accompanying the
underlay broad spectra, while also preserving the discon-
tinuous points in time domain and hence retaining
acceptable detection performance. Moreover, the energy
efficiency of such a technique can not be validated by
classical theoretical analysis [26]. To response the practi-
cal and theoretical challenges, we design a new modula-
tion scheme by introducing the random pulse position
keying technique into SCM [16].

As a consequence, the corresponding baseband modu-
lated signal s(¢) can be written as:

oo
s(t)=A Y ang(t—nTy —B,Ty = T,) + D 3)
n=—00

The emission signals can be generated after a carrier
modulation, such as phase shift keying (PSK), has been
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Figure 1 UWB-IR signal. (a) Waveform of pulse shaper; and (b) emission spectra of TH-PPM. Here, we set d = 3 X 100 s,

performed on this baseband signal. It is worth noting
that the main difference of (3) is the additional direct-
current (DC) component denoted by D, which corre-
sponds to an ultra-narrow carrier spectrum in frequency
domain. Therefore, such a system can be also viewed as
a kind of carrier-synchronized UWB (CS-UWB) [17].
Based on SCM conception, it should be emphasized that
the carrier period T, and the duration of g(¢) (i.e., T})
should meet the specific constraint, i.e., T, = T, [16,23].
The schematic diagram of USCS is illustrated in Fig-
ure 2. First, an periodical impulse sequence ¥,q(t-nT)) is
generated. After this sequence passed a delayed modula-
tor, the pulse position is accurately controlled by a

prescribed user code B, and a random delay 7). That is,
the time delay of current impulse is measured by B, T}
+ T, [16]. Then, the position modulated signal is fed
into a pulse shaper, and multiplied by information bits

€ {-1, 1}. The USCS baseband signal can be obtained
after superimposing DC component. Finally, the signal
is emitted to wireless channels after single carrier modu-
lation has been performed on baseband signal, as shown
by Figure 3a. It should be noted that, instead of simple
superposition, the information-bearing pulse is exactly
synchronized with the carrier signaling during one single
period. That is, the information pulses happen to occupy
the single carrier period, with their start and cut points
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precisely aligned (or synchronized) with one carrier
period.

For this special CS-UWB, the underlay continuous
spectrum is much similar to that of Figure 1b when
adopting a same pulse shaper. While an obvious single-
frequency carrier component appears above the continu-
ous spectrum, as is illustrated by Figure 3b, which is
located at about 2.5 GHz. The amplitude of the single-
carrier is related to D and the designed LDC value. For
simplicity, in simulation we set A = 3 and D = 1 and
the resulting LDC value is 30%. The amplitude differ-
ence between the single-carrier spectra and continuous
spectra is about 40 dB. Notice that, a practical LDC of
1% may produce an even higher narrow carrier spec-
trum. According to the U.S. FCC recommend on band-
width definition, there should be the total 99% signal
power hold in band. Such a power reservation criterion
is practically equivalent to the -20 dB attenuation band-
width, indicating that spectral attenuation from the peak
power to the cutoff frequency point is no less than 20
dB. In some other literatures, from a power bandwidth
rather than information bandwidth [23,27], such a sys-
tem can be referred to as ultra-narrow band system
(UNB), whose -40 dB attenuation bandwidth is only sev-
eral Hertz [16]. On the other hand, based on the con-
ception of SCM in which signal bandwidth (i.e.,
continuous spectrum) is roughly the quadruple of car-
rier frequency, that is, the fractional bandwidth is about
50% (i.e., larger than 20%). Hence, it is actually a special
UWB system from Figure 3b, from a relative bandwidth
perspective [5]. This is the main reason, in this study,
why we mentioned this transmission strategy as USCS.

The main philosophy behind USCS is to disperse a
small portion of energy into a flat continuous-sideband
spectrum, and simultaneously, to minimize bandwidth
of the single-carrier spectra. Accordingly, the emission
spectrum can be then divided into two separate parts, i.
e., the narrow carrier spectra and the remaining side-
band spectrum, which can be shuffled by resorting to a
PLL device [28]. Following the Fourier transform, the
useful information of USCS signal is involved in contin-
uous spectrum, while the single-carrier component may
greatly facilitates timing process.

3. Transmissions by USCS

3.1. Emissions in transceiver

3.1.1. Intermittent emission or continuous emission?

For conventional communication schemes, the informa-
tion bearing waveform always occupies the whole sym-
bol duration, as is for the classical binary PSK (BPSK)
[28]. In contrast, in an intermittent impulse system the
transceiver conducts emission only in a much small por-
tion of symbol duration. And the resulting LDC only
approaches 1% [5,29]. As a consequence, the overall
transceiver power consumption can be expected to keep
below 1 mW, while providing a data rate of 10 Mbps
with an acceptable QoS [30]. Although this incompar-
able energy-efficient transmission of UWB-IR, as indi-
cated by most investigations [11,12,14], the receiver
synchronization process as well as sophisticated correla-
tion-based detection is generally energy-consumed in
the presence of highly dispersive propagations, which
may significantly offset the advantages of UWB based
green transmissions.
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On the other hand, in USCS the signal is continuously
emitted attributed to the carrier-synchronized waveform.
The information is carried by a spreading continuous
spectrum, and the synchronized-carrier reference can

directly provide accurate timing for receivers. Further-
more, by employing the low-complexity noncoherent
detection techniques, such a transmission scheme can
be realized within a low-power framework. Nevertheless,
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it is noted that the carrier component only serves as the
timing reference, and hence, a directly raised question is
that is it necessary to use such an energy redundant
synchronization signaling?

First, it has to be emphasized that precise synchroni-
zation is of immense significance to the detection of
short-duration information waveform as in USCS. Speci-
fically, a practical 1% timing error with respect to pulse
duration may degrade the detection performance by 20
dB (or even much) for impulse UWB [5,29]. So, it is
indeed of promise to integrate a precise synchronization
reference in emission signal to reinforce receiver perfor-
mance (see Section 3.2). A comprehensive energy effi-
ciency analysis in this situation will also be found in
Section 4.1. Moreover, other than facilitating accurate
timing, this highly strong single-frequency component
can be easily extracted from received signals by using a
simple PLL, so that the recovered energy can be further
collected to compensate energy consumption in recei-
vers [18]. If we assume the emission power in intermit-
tent mode is 0.5 mW, then taking a LDC value of 1%
for example, for continuous USCS the total carrier
energy may reach 49.5 mW. Assuming a conservative
energy conversion ratio of 70%, then the receiver can
basically collect an additional energy of 3.1 mW from
the information-bearing signals, when operating in a
typically short-range scene with a propagation attenua-
tion of -10 dB [11,28]. This accumulated energy may
even entirely cover the energy consumption for a long
detection period. Thus, such a carrier-synchronized sig-
nal can be fully explored to provide an attractive remote
powering approach to large-scale wireless sensor net-
works (WSNs). Notice that, however, energy efficiency
of this remote powering solution may be degraded in
long-range applications.

Furthermore, a much more preferable way is to com-
bine the above two transmission strategies together. For
such a reconfigurable USCS transceiver, when the local
clock deviation has exceeded the tolerable error thresh-
old according to the synchronization drifting property,
we may use the continuous transmission (i.e., the car-
rier-synchronized modulation) to correct timing devia-
tions, and simultaneously, conduct energy reservation
from received signals for the purpose of prolonging life-
time of low-cost battery-powered sensor nodes. Once
the timing calibration has been completed, or sufficient
energy has been accumulated, we may immediately
switch to an intermittent mode. In such a hybrid case,
the operational power of USCS receiver can be mini-
mized, while ensuring a substantial transmission perfor-
mance with the assistance of simple and accurate timing
technique accompanying low-complexity noncoherent
detection.
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3.1.2. Water-filling emission spectrum

Motivated by the current trends of high-speed transmis-
sions, the appealing techniques such as OFDM and
direct-sequence spread spectrum are widely used in
wireless services [31]. As a consequence, for USCS occu-
pying fz = [0 12.5] GHz, the external interference power
spectrum I(f) from other systems can be reasonably
viewed as Gaussian noise. Assuming the in-band inter-
ference power is o>, we have

éﬂﬂ#=oz @

On the other hand, for the purpose of elegant spectral
coexistence, the underlay spreading spectrum (SS) of
USCS should also be strictly restricted by regulatory
emission mask [13]. The total USCS power during
authorized band is limited by P.

ldm#sadmst (5)

where M(f) denotes the emission mask regulated by
radio management [13], and P = [M(f)df. According to
the Shannon channel capacity theory [28], the capacity
can be expressed into

Cuscs = Ig(%(/fg log[1 +G(f)/1(f)] df (6)

under spectral constraint:

G*(f) < M(f)

Consequently, in order to maximize channel capa-
city of USCS and simultaneously improve transmis-
sion energy efficiency, the information-bearing
waveform (i.e., g(£)) should be carefully designed. By
resorting to the well known Lagrange multiplier tech-
nique [28], the optimal emission spectra can be easily
derived [32]:

G(f) = VM(f) = I(f) )

The above obtained emission spectrum is known as
the water-filling (WF) spectrum. Given the total emis-
sion power P and the nearby networks interference, the
objective is to generate baseband pulse entirely match-
ing the target spectrum G(f). At the same time, the
designed spectrum should keep below M(f) for coexis-
tence when I(f) = 0.

In the sense of energy-efficient transmission, it is
obvious that the high-order derivatives of Gaussian
pulse may be not a good choice any more [32]. Relying
on a novel conception of RBENN, in this part, we
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Figure 4 Implementation structure of RBFNN based waveform shaper.

suggest an optimal WF waveform design technique.
Owing to the excellent ability of function interpretation
and network adaptation of this generalized shaper [33],
the designed signal is highly reconfigurable which may
also entirely match the target spectral shape G(f) after a
short switching time.

The implementation architecture has been shown in
Figure 4. Based on environment sensing results, the tar-
get output t can be firstly determined with a objective
of fully matching G(f) while still respecting emission
restrict M(f). Based on the novel RBF framework, the
frequency-domain waveform can be derived from S(f) =
Yowipl(f-f)/ui] (i = 1,2,...,n), where the vector w = [wy,
WoyeoW,] T is referred to as metwork weight. The function
p(f) denotes the adopted basis function, whose position
and shape may be adjusted by both f; and y,. Then, the
parameters of RBF network, including network weight
w, the position and shape of basis functions (i.e., f; and
u:), are modified iteratively until the error signal
between the network output S(f) and expected output G
(f) reaches the minimum value. Practically, based on the
error G(f)-S(f), the popular gradient decent rule can be
used during RBF parameters adaptation [33]. This
adjusting process is shown by the solid line in Figure 4.
By introducing a promising spectrum pruning techni-
que, furthermore, slight adjustments will be performed
on partial network weigh w after convergence, so as to
obtain satisfactory spectrum efficiency and simulta-
neously meet specific spectrum constraints. The process
corresponding to this feedback process is depicted by
the dotted line in Figure 4.

The convergence performance of mean square error
(MSE), between the designed emission spectra and the
target energy-efficient spectra, has been shown in Figure
5a. It is clearly seen that, the convergence of RBFNN

can be basically achieved after 50 iterations. Thus, the
short switching time is practically applicable when the
interference power I(f) changes dynamically. Also, the
adopted computationally efficient algorithm may only
consume limited energy.

Notice that, when I(f) is much larger than M(f), the G
(f) in specified bands should be set to 0, which corre-
sponds to the interference mitigation issue in the con-
text of cognitive radios (CRs) [17,33]. The designed WF
waveform has been illustrated in frequency domain by
Figure 5b, in which the regulated FCC emission mask is
used [13]. From the perspective of spectral matching,
the designed waveform can indeed efficiently realize the
optimal power allocation under arbitrary interference
distribution. Thus, the optimal channel capacity can be
achieved given the total emission power P. By optimally
allocating emission power, the energy efficiency of
USCS transmission can be maximized by RBFNN based
WEFE waveform. At the same time, we may easily see that
the numerically derived spectra efficiency of this RBF
inspired waveform generator can even approach 97.6%.
This is much superior to the Hermit Gaussian func-
tions-based method, whose achieved spectrum efficiency
is only about 65% [34], and also significantly surpasses
the second-order cone programming-based technique
with a resulting efficiency of 78.8% [35]. Accordingly,
from a whole system design perspective, the transmis-
sion performance can be improved by 1.7 and 0.9 dB,
respectively. Except for this practical advantage in per-
formance, the required equivalent filter orders are also
remarkable reduced, leading to a much simpler hard-
ware implementation.

It should also be noted from Figure 5b that, during
the narrow notch located at 0.9-1.67 GHz in FCC spec-
tra mask [13], the generated waveform may surpass
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emission constraint, which may arouse undesirable
interference to some systems. This case can be alleviated
either by using more basis functions or by introducing
more complex remedy strategy, but at the expense of

complicating hardware implementations. We also
observed that, for the other regulated masks without
such narrow spectra notches, the designed waveform
may basically respect the predefined emission mask.
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3.2. Detections in receiver

3.2.1. Synchronization

Similar to the typical UWB propagations, the high frac-
tional bandwidth of USCS may also produce numerous
resolvable multipath components in short-range applica-
tions. During recent channel measurement campaign
directed at the working band ranging from 6 to 9 GHz,
which seems to be the mostly overlapped band of var-
ious masks around the world, the vector network analy-
zer of Agilent N5242A-PNA is adopted [36]. The
frequency sweeping interval between two measurement
points is set to 1.5 MHz. From the extracted CIRs, it is
easily observed that the received signal r(£) is highly dis-
persive. Generally, the 85% channel energy is distributed
into about 100 resolvable multipath components.

Hence, it is remaining a challenging work for accurate
timing in receivers. In order to guarantee detection per-
formance, the maximum timing error is generally about
1% of pulse duration (e.g., about 5 ps). For the most
popular timing technique based on dirty-templates
(TDT), integrate-and-dump operation is performed on
the products of multiple symbol-long successive seg-
ments signal [5,29]. Various analog delays on received
signal are required to estimate the practical delay 7
which can maximize the integrate-and-dump output.
For one thing, the analog delays can be hardly realized
with sufficient precision, resulting in considerable per-
formance degradation. Moreover, exhaustive search of
practical delays ranging in [0, T}] is not only time-con-
sumed but also power demanding.

K
Tp = arg max

2T, 2
Z / r+t)r(t+t—Tp)dt
el0Ty) oy \J (k=D

In sharp contrast to the above timing technique, the
precise synchronization in USCS can be basically guar-
anteed by one single PLL device, without any hardware
difficulty as well as power-consumed search process. In
practice, the timing error variance of PLL can be
expressed into [28]:

1

e= 2pNoBea (8)
where Nj is the background noise power, B.q is the
equivalent bandwidth of PLL with a conservative value
of 50 Hz in this USCS. « represents the attenuation
index of free space with a typical value of 2 for single
frequency [28]. Specifically, if Ny is assumed to be 3 x
107 W/Hz (e.g., GPS frequency band) and D is 1.5 x
1072, the resulting timing error variance ¢ is about 2 x
10" which is only 0.04% of a typical impulse duration
(e.g., 0.5 ns). That is, a nearly perfect timing can be basi-
cally achieved. In practice, this achieved accurate
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synchronization may greatly facilitate the subsequent
signal detections of USCS. Compared to the existing
popular timing schemes, e.g., TDT technique, the corre-
sponding detection performance can be improved by 20
dB even in the absence of pilot data [29]. Specifically,
when the BER drops below 10 and the segments num-
ber K is assumed to be 4, the required SNR (per sym-
bol) for TDT method may even approach 37 dB [29].
Under a comparable BER performance, however, the
required SNR (per symbol) is only about 16 dB in this
highly synchronized system. That is, the transmit power
of USCS can be further decreased by 20 dB given an
approaching QoS. Meanwhile, by avoiding exhaustive
search process in the TDT scheme, the energy con-
sumption during timing acquisition can also be signifi-
cantly reduced in receiver, with the aid of the embedded
synchronized-carrier signaling. Notice that, however, the
well-designed PLL with high-precision acquisition ability
is expected in order to achieve the above benefits.

3.2.2. Low-complexity detection

Except for the aroused challenges in synchronization,
the intensive multipath propagations also greatly com-
plicate signal detection of USCS, which makes the low-
power architecture not available to realistic application
[11,12,14]. As a low-complexity and suboptimal alterna-
tive, energy detection (ED) has drawn great interests
recently in low-power scenarios [37]. In ED, the demo-
dulation of received signal is simply to probe whether
there is sufficient signal power available in specific time
bins [38]. For elaboration simplicity, we may assume: (1)
The synchronization has been accurately achieved; (2)
the sampling rate is the Nyquist rate [28], which means
each resolvable multipath is represented by one sample.
Consequently, the detection problem in ED can be for-
mulated as the following two hypotheses [38].

h(n) + w(n) Hy
y(n) = {W(Tl) Ho )

where h(n) is the received signal, and w(n) represented
addition white Gaussian noise with a variance of o,2.

Although with the merit of low-complexity and low-
power implementation, the detection performance of ED
is hardly optimistic in practice, as no channel character-
istic information can be exploited. Moreover, the perfor-
mance of ED totally relies on the optimal decision
threshold, which is closed related to o2. Therefore, the
evitable noisy estimation uncertainty in wireless environ-
ments may further paralyze receiving performance [39].

In this section, we suggest a low-complexity nonco-
herent detection algorithm from an appealing pattern
classification point of view. Our scheme firstly estab-
lishes a characteristic representation of multipath
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signals. Different features that fully reflect the received
signal are extracted to form a feature hyperspace [40].
This high-dimensional feature space is further mapped
to 2D plane, and signal detection is then transformed to
a data clustering problem [41]. Finally, fuzzy c-means
clustering algorithm is adopted to perform blind signal
detection. Under low-power conditions, our scheme is
robust to channel noisy uncertainty and much superior
to traditional noncoherent methods (e.g., ED). Starting
from the received waveform y(n), our method deals with
USCS detection as a two-groups data clustering by the
following steps. (1) Construct the features; (2) Extract
the features; (3) Combine the features; and (4) detect
feature-based signals.

Features construction Given the observation consisting
of N discrete samples, denoted by y(n), n = 0,1,2,...,N -
1, we firstly construct a covariance matrix A = yTy.
Obviously, in ED the decision variable Ygp can be also
derived from the diagonal elements, i.e., Yzp = Sdiag(A),
where diag(.) denotes the diagonal elements. In order to
enhance dissimilarity between received multipath signal
(i.e., H;) and channel noise (i.e., H), we further derive a
symmetrical matrix by B = A”A. Then, we denote the
principal diagonal elements of By , n with ay , 1, and
the elements immediately below diagonal with b1y « 1.

anxi = diag(B) =B(i, i), i=0,2,--- ,N—1 (10)

b(Nfl)X1=B(l’+1,l’),i=1,2,---,N—1 (11)

Linear correlation between a and b? can be then
applied, which may comprehensively capture the charac-
teristics of multipath channels [40,41].

Con-2)x1 =a® b? (12)
where ® denotes the correlation operation. Before
further proceeding, we smooth the derived sequence, ¢
(k), k = -N + 1,..,0,1,....N, through a moving average fil-
ter, which can be realized by an equivalent matrix
H [42]. Finally, we obtain dn.2) x 1 = He. This devel-
oped representative waveform, d(k), has been shown in
Figure 6.

Feature extraction From Figure 6a, b, it is apparent
that certain distinguished features exist in the two repre-
sentative waveforms, corresponding to the channel
states “H;“ and “Hy", respectively. Hence, we may rea-
sonably regard d(k) as a characteristic spectrum. The
quantitative features can be extracted according to the
following process [40,41].

First, we observe that the equivalent energy, which
corresponds to the area below the waveform d(k), is
quite concentrated at the center of the waveform when
the multipath signal has been received. Otherwise, the
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equivalent energy is relatively dispersed. Thus, we define
the first feature as the energy concentration.

N—1+K 2N-1
Fr=" Y &k [ > dk (13)
k=N—1-K k=1

where the interested range is limited by K. In practice,
K can be determined by the imbalance property of d(k).
That is, K can be obtained once the left value d(N - 1 +
K) surpasses the right value d(N - 1-K) by { In the sim-
plest case, we may directly set { to 0.

K=minarg{d(N—1+k)—d(N—1—-k) > ¢} (14)
I

Second, it should be noted that the slop of d(k) in Fig-
ure 6a is much more obvious than that in Figure 6b
during the middle range. And consequently, the wave-
form variance in this range is supposed to be much dis-
tinctive. So, we define the second feature as the middle
standard deviation:

2

N—-1+K 1 N—-1+K
Fy= Y |d(k) - K1 > d(k) (15)
k=N—1-K k=N—-1-K

Third, the energy item presents remarkable imbalance
during the outside range in Figure 6a, while keeping
comparable in Figure 6b. Therefore, we may reasonably
employ the energy imbalance as the third feature:

2N-1 N-1-K
Fs= )0 dil)y— > d() (16)
k=N—1+K k=1

At last, the total received energy can also differentiate
the multipath signals from the channel noise as is in ED
scheme:

N
Fy= y’(k) (17)
k=1

Feature combination Based on above elaborations, we
have taken full advantage of USCS channel and estab-
lished a quantitative feature set F = [F; F, F3 F,], which
is dedicated to separate two channel states, i.e., H; and
H,. Then, the detection of received signal can be formu-
lated to determining a separating hyper-plane which
divides the two-group pattern objects in a multidimen-
sional features space, under the minimum classification
errors [42]. Nevertheless, the solution for such a high-
dimensional pattern classification problem is either
computationally complex or has an intolerable conver-
gence, by consuming a mass of energy [43]. Alterna-
tively, we may further project (or compress) feature
space into the 2D plane by feature combinations:
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v =h (18)
vy = n1Fy + naFy + n3F3

where the combining coefficients, i.e. n; (i = 1,2,3), can
be chosen according to the equal-ratio combing rule,
where 7; is simply proportional to mean(F;) [40,42].
FCM blind signal detection As the multipath signal
detection is now equivalent to a data clustering
problem given the v; - v, feature plane, we may
blindly divide the received data into two groups (clus-
ters) and hence realize noncoherent signal detection.
Thus, the numerous energy-consuming training data
as well as the computational training algorithm can be
avoided, leading to a competitive low-power USCS
receiver.

Generally, clustering algorithms divide up a data set
into clusters (or groups), where similar pattern objects
are assigned to the same cluster whereas dissimilar pat-
tern objects should belong to different clusters. In real
applications, however, there is very often no sharp
boundary between clusters, so that fuzzy clustering is
often more suitable.

In fuzzy clustering, membership degrees between zero
and one are used instead of crisp assignments of the
data during clustering. The most prominent fuzzy clus-
tering algorithm is the fuzzy c-means clustering [43]. In
FCM, a feature vector [v; v,] belongs to one cluster to
some degree that is specified by the membership matrix
U [19]. FCM analyzes the feature data and produces
outputs: (1) the membership matrix U, (2) the cluster
centers {center_i, i = 1,2}. Four steps in FCM are
depicted below.

Step 1: Initialize the membership matrix U with ran-
dom values between 0 and 1. The size of Uis Q x P,
where Q is the number of clusters, and P is the number
of input feature vectors. The element of membership
matrix U, i.e., u;, is the probability that the jth feature
vector belongs to the ith cluster (1 <i<Qand 0 <j <
P - 1). It is noted that, for a given feature vector, the
summation of degrees of belongness equals unity.
Therefore, elements of U must satisfy the constraint
below:

Z,Qlui]:l, 0<j<P-1 (19)
i=

Step 2: Calculate fuzzy cluster centers for all Q possi-
ble clusters according to

. p-1 p-1 ,
Center i = Z}_:l Uf”if/zj_l uj, 0<i<Q  (20)

where v; is the feature vector derived from spectrum
harmonics coefficients defined in (18). Here, Q = 2 for
our analysis.

Step 3: Compute the cost function defined below:

Q —P-1
J (U, center 1, center 2) = E L E L ui"Dy?  (21)
i= j=

and

Dy = ||center i—v; H (22)

where (22) calculates the Euclidean distance between
the ith cluster center and the jth feature vector. In (21),
the weighting exponent is assumed to be m = 2 [19,43].



Li et al. EURASIP Journal on Wireless Communications and Networking 2012, 2012:47

http://jwcn.eurasipjournals.com/content/2012/1/47

The iteration criterion requires the cost function J to be
as small as possible. The iteration terminates if improve-
ment of ] over previous iteration is below a pre-specified
threshold. Otherwise, the algorithm proceeds with next
step to update the membership matrix U.

Step 4: Compute a new membership matrix U whose
element u; is adjusted by

2
w =Y (Dy/Dy) N m1i<Qo<j=p—1(3)

According to the above equation, u; is inversely pro-
portional to the squared distance from v; to the cluster
center center i.

The above iteration process, from Steps 2 to 4, con-
tinues on the input patterns, until either the predefined
maximum iteration has been reached or the objective
function J has been sufficiently converged.

We first show the convergence performance of the
objective function J of FCM in Figure 7a. In this experi-
ment, we set channel E,/N, to 14 dB, the maximum
iteration is 150 and the stop criterion on the relative
minimum improvement is 107, It is clearly observed
that this clustering algorithm can reach its convergence
after ten iterations. Therefore, the detection algorithm is
relatively computationally efficient, which is suitable to
real-time applications. The derived 2D feature plane is
then obtained through the proposed algorithm above, as
illustrated in Figure 7b. We note from the simulation
result that our scheme can essentially cluster the
received USCS signals into the right groups in a totally
blind fashion, without any assistance of energy-ineffi-
cient training patterns (e.g., pilot sequence). Based on
numerical derivations, the detection bit error rate (BER)
of the FCM-based noncoherent algorithm is about 1.3 x
10°°. By comparison, even the noise variance has been
accurately estimated, the BER still remains about 4.7 x
10 for noncoherent ED. So, within a low-power frame-
work the proposed noncoherent scheme may consider-
ably enhance receiving performance.

Based on the Monte Carlo experiment, the detection
BER curves obtained from numerical derivations have
also been plotted in Figure 8. In the simulations, the
modified S-V channel modeling regulated by the IEEE
802.15.3a task group is adopted [10,11], with the resol-
vable multipath components of N = 150. By exploring
the strong carrier singling, the accurate timing is
assumed by using PLL (i.e., the timing error variance is
0.04% of the impulse duration 7). It should also be
noted that, for the presented noncoherent scheme, high-
order modulation schemes with high-data rate may
become valid as the phase information has been totally
lost. Thus, the simple and popular PPM is adopted.

When the channel noise variance o2

o 1s estimated
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accurately, our pattern classification-based noncoherent
algorithm can obtain a gain about 1.4 dB compared
with classical ED. Furthermore, when channel noise
uncertainty is taken into consideration, a receiving gain
about 4-5 dB can be achieved when employing our pre-
sented noncoherent detector, given no channel noise
information is used in our blind algorithm. Hence, our
method is superior to ED and also robust to practical
noise uncertainty. Although it is relatively cumbersome
to evaluate the reduction of energy consumption in this
noncoherent receiver, with a computation complexity
order of O(N*) (2 <L < 3) and a simplified hardware
structure, our suggested method is much more competi-
tive compared to the exponential complexity order of
classical CIR estimators and the power-demanding mul-
tiple correlation fingers (i.e., Rake structure).

4. Energy-efficient green communications

In this section, we will give a budgetary analysis for
energy efficiency of both USCS and traditional
approaches (i.e,, BPSK and UWB-IR). First, we investi-
gate the traditional intermittent UWB-IR technique.
Given that the information-bearing waveforms with a
typical short duration of 0.5 ns and a LDC value of 1%,
the occupying bandwidth of UWB is about 2 GHz.
Nevertheless, the achieved symbol rate is only about 20
MHz. Consequently, as indicated by Win and Scholtz
[6], this impulse modulation based underlay transmis-
sion belongs to a special SS system, with a spreading
factor u of 100 (i.e., 20 dB), which is strikingly different
from the pseudorandom code based SS mechanisms (e.
g., CDMA). For UWB-IR, this introduced SS gain allows
UWB transceiver to operate at a rather low emission
power. Usually, the expected operational power spec-
trum density may keep below -41.3 dBm/MHz [5], while
transmission performance of UWB devices can be basi-
cally guaranteed due to this spreading gain (e.g., 20 dB).
Practically, such a gain can be achieved by using a
highly synchronized gating operation on received signals,
which considerably excludes noise outside information
durations. Hence, the high energy efficiency of single
UWSB link is essentially attributed to the reduced spectra
efficiency and the resulting tremendous spreading gain.
Fortunately, TH-PPM scheme can be employed to pro-
vide multiple accesses and hence improve the capacity
of UWB network.

4.1. UWB versus BPSK

For conventional BPSK systems, the information bit is
modulated into carrier waveform that lasts for the
whole symbol duration. Thereby, the signal bandwidth
is exactly equivalent to data rate, that is, the spreading
gain p is 1 (i.e., 0 dB). Given the total emission bit
power Ej, and the channel noise power Ny, the receiver
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SNR of BPSK is E,/Njy [28]. On the other hand, for
UWB-IR systems, the emission power in the intermit-
tent mode is only about 0.01 x E;,, and the original SNR
is reduced to 0.01 x E,/Ny. While the emission power in
UWB transceiver is only 1% of BPSK system under the
comparable detection performance, by taking fully
advantages of spreading gain y” which is rightly 20 dB,
the detection performance is actually equal to BPSK, i.e.

u’ x 0.01 x E,/Ny [28]. Therefore, the energy efficiency
of UWB is rather obvious compared to the BPSK
scheme. As an expense of this transmission advantage,
nevertheless, the detection performance of UWB recei-
vers is remarkably sensitive to synchronization deviation
[5], while the precise timing always increases UWB
receiver energy consumptions greatly. For example, a 1%
synchronization deviation is about 5 x 10™'° s for BPSK,
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while is even about 5 x 10'? s for UWB impulse
system.

4.2. USCS versus UWB
Compared to UWB-IR system having a receiving SNR of
E,/Ny, e.g., still given the total emission bit power E,
and the channel noise power Ny, a comparable receiver
SNR may increase the transceiver power even to 100 x
E, for the suggested carrier-synchronized USCS. On the
other hand, this strong carrier-synchronized compo-
nents in USCS can be extracted by PLL to facilitate the
low-complexity and precise synchronization/timing.
Moreover, this precise timing information may produce
an additional SNR saving of 20 dB (or even much) in
USCS receiver. Therefore, given an expected QoS and
the same channel conditions, the emission power of
USCS can be further reduced to Ej, (i.e., 100 x E,/10%%
10), which is basically equivalent to UWB transceiver
power. More importantly, the power-consumed synchro-
nization-aiding data in transmitter and the complicated
synchronization operations in receiver can be avoided,
resulting in a remarkable energy saving for USCS. For
example, other than the analog processes (i.e., low-noise
amplifier and ADC), the digital synchronization opera-
tion may even accounts for 30-40% energy consumption
of receivers [37].

Consequently, from a systematic perspective, the
energy efficiency of USCS is much superior to both
BPSK and UWB-IR even in continuous carrier-

synchronized mode, which essentially provides one com-
petitive approach to green communications. If reconfi-
gurable emission in transceiver is considered,
furthermore, the USCS energy efficiency may become
much more conspicuous with the significantly reduced
energy consumption in transmitter. Assuming an opera-
tional time ratio between the two hybrid modes (i.e.,
continuous emission and intermittent emission) is 10%,
then a schematic ultra-low-power communication archi-
tecture with energy consumption far less than 400 p\W,
ie, 1 mW x [10%/2 + (1-30%)/2], can be basically pro-
mised without taking the potential advantages of WF
waveform design and low-complexity detection. Notice
that, in our above rough evaluation, the first term (i.e.,
10%) accounts for the combined benefits from both the
precise synchronization and reconfigurable emission,
while the second (i.e., 30%) represents the energy saving
introduced by the simplified timing process.

4.3. Other application of USCS

The significance of large-scale WSNs has been empha-
sized by the emerging internet of things. Usually, the
great numbers of sensor nodes are battery-powered due
to the considerations of low-cost and ease of deploy-
ment. In the super large-scale networks, unfortunately,
energy management issues may tend to beyond control
in practice. For a sensor network containing tens of
thousands of distributed nodes, the network lifetime
may even be shortened to several hours because of the
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tremendous and frequent information exchange among
sensors, which quickly consumes most of battery energy.
As another potential application, the presented USCS
can be properly applied to provide a feasible remote
powering scheme for the distributed large-scale sensor
nodes. As indicated, the single-frequency component
can be conveniently recovered by a PLL. Other than
providing precise timing for sensor nodes, the receiver
can also reserve this carrier energy for subsequent
operations by resorting to wireless charging technique.
Hence, in large-scale WSNss, the lifetime of low-cost and
battery-powered sensors can be significantly prolonged.
In fact, the device prototype has recently been developed
by CEA-Leti and Nokia Researchers [18], which is much
similar to our presented USCS philosophy that inte-
grates UWB together with the ultra-narrow band ultra-
high-frequency (UHF) signaling.

5. Discussions and conclusions

In this article, we suggest a promising transmission
scheme for energy-efficient green communications. The
presented USCS is mainly inspired by the underlay com-
munication and LDC mechanic, in which information
data is modulated into baseband waveforms with an
extremely short duration. Simultaneously, a SCM tech-
nique is constructively integrated into emission signals.
The resulting carrier-synchronized signal can greatly
facilitate the precise timing acquisition and enhance
receiving performance of this synchronization-sensitive
system. Also, the suggested hybrid emission strategy
allows transceiver operating at a low-power radiation
condition. Relying on RBENN, the optimal water-filling
emission waveform is designed to maximize the trans-
mission energy efficiency in the presence of external
interference. In order to minimize energy consumption
in receiver, a low-complexity noncoherent detection
scheme is further proposed based on a blind FCM tech-
nique. The comparative performance evaluation with
either traditional BPSK or UWB-IR indicates that the
presented systematic USCS can be realized within an
ultra-low-power framework (e.g., less than 400 pW),
which shows great potential in future short-range green
communication networks. This framework also suggests
a feasible energy management solution to battery-pow-
ered sensor networks, greatly facilitating widespread
applications of the large-scale distributed WSNs.
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