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ABSTRACT

Unlicensed ultra-wideband (UWB) technology has received significant research in-
terest for communication, localization and mapping due to its large bandwidth, low
power and low complexity Therefore, UWB technology can be considered for short
range based applications for next generation wireless networks especially in inter-
net of things and wireless sensor networks. One of the main challenges it faces is
the interference from impulsive noise and narrowband communications, since it has
low power and huge bandwidth. Further, the Nyquist sampling rate of the UWB
signals is very high, which results in costly and complex system design for practical
applications.

In this thesis, the impact of impulsive noise in UWB wireless communication chan-
nels and a novel robust UWB receiver design is investigated that utilizes the received
UWB signal cluster sparsity characteristics to mitigate impulsive noise. Further,
multiple UWB signal clusters (due to hundreds of multipath) work as a diversity
scheme in the proposed receiver design to reduce UWB signal blanking in the pres-
ence of impulsive noise.

Then the effect of narrowband interferences (NBIs) on the UWB system is con-
sidered, since wideband width UWB signals overlap with high power narrowband
wireless communication devices. The sparsity-based NBI mitigation method is pro-
posed that exploits distinct characteristics of UWB signals and NBI. The proposed
NBI mitigation method does not require a non-linear operator such as a limiter or
a blanker. Improved performance of the proposed UWB receiver has been validated
UWB signal transmission in multipath fading channels.

A sub-Nyquist rate UWB receiver is designed by exploiting the sparsity of UWB
signals to reduce the sampling rate and power consumption of a UWB system. A
deterministic (partial) UWB waveform-matched measurement matrix is proposed.
The proposed measurement matrix has circulant structure and is sparse in nature.
The proposed matrix is easy to implement in hardware and is operationally time
efficient as needed in a practical system. Further, bit error rate performance of the
corresponding UWB system and the operational time complexity with the proposed
measurement matrix are analyzed and compared to the existing measurement ma-
trices for a sub-Nyquist rate receiver design.

Next, UWB system for wireless sensor network (WSN) using massive antenna arrays
(MAAa) at fusion center (FC) for distributed detection is proposed and analyzed.
The coherent and energy based fusion rules are analyzed for the proposed WSN
over multiple access channels. The trade-off between performance and implementa-
tion complexity of the coherent and energy based fusion is studied. Further, it is
shown that MAAs at FC and various level of channel knowledge can enhance the
performance of energy-based detector in UWB sensor network with simple system
implementation and signal processing requirement. Performance of the proposed
UWB sensor network with reference to probability of detection, false alarm, and
error are analyzed over standard IEEE 802.15.4a multipath channels and results are
validated using simulations. The impact of various design parameters such as the
number of sensors, receiver antennas, sensor quality, and integration interval on the



system performance is also analyzed.

Lastly, the impact of various system parameters on the performance metrics such
as bit error rate, time of arrival is highlighted and demonstrated. Semi-analytical
results are compared with Monte’ Carlo simulations to verify the correctness of de-
rived expressions for UWB systems.

The robust transmitter and receiver designs proposed in the thesis have been com-
pared with the existing designs are proved to be better than the existing designs,
techniques, and algorithms, both analytically and empirically.

ii
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Chapter 1

Introduction

1.1 Overview

Wireless communication is one of the most vibrant and fast growing area in commu-

nication technology today. There is an emergence of newer technologies for various

communication and computing applications ranging from 3G/4G/5G cellular com-

munication, indoor and outdoor Wi-Fi, satellite television, imaging and localization,

radio frequency identification (RFID) applications and many more.

The internet of things (IoT) is the next step in the evolution of the Internet due

to big innovations in wireless technology and is one of the main focus of the next

generation smart environments. It is expected that mobile data traffic will experi-

ence 8-10 fold growth by 2021 and the number of wireless mobile connected devices

will reach around 50 billion by 2020 [1]. Main factors of this exponential growth

and wider acceptance are the integration of several technologies and communications

solutions such as wired and wireless sensor and actuator networks, next generation

communication protocols, identification technologies, and artificial intelligence for

smart objects. For IoT-based applications, ultra-wideband (UWB) technology offers

attractive solutions to a broad class of problems in imaging, localization, identifica-

tion, and communication due to its large bandwidth, low power consumption and

device cost.
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1.2 UWB technology

The UWB technology utilizes very large bandwidth for information exchange. The

Federal Communications Commission (FCC) has defined the signal bandwidth of at

least 500 MHz or a fractional bandwidth (FBW) exceeding 20% for UWB commu-

nication [2]. The FBW of a signal is defined as

FBW =
2(FH − FL)

FH + FL

, (1.1)

where FH and FL are the 10 dB higher and lower frequencies of the transmitted UWB

signal respectively. Therefore, bandwidth of the UWB signal is huge and very large

as compared to the conventional narrowband communication signals [2–5]. The FCC

authorized the unlicensed use of UWB in the frequency range from 3.1 GHz to 10.6

GHz that results in UWB signal overlapping with narrowband communication sig-

nals. The maximum power spectral density emission is limited by the FCC to −41.3

dBm/MHz for UWB transmitters. The FCC UWB emission mask is depicted in Fig-

ure 1.1. The very large signaling bandwidth and low power of UWB signals reveal

several potential and attractive features, including the high-data-rate communica-

tions, very accurate ranging and localization, and the possibility of low-complexity

devices. Due to these merits, UWB communications have wide interest as an en-

abling technique that provides low-power and low-complexity UWB transmissions

especially to connect various devices in IoT applications in unlicensed spectrum.

Impulse radio (IR) and multi-band orthogonal frequency-division multiplexing

(MB-OFDM) are two UWB transmission techniques. In IR technique very short

pulses (of very large bandwidth) with relatively low energy are used for the trans-

mission. On the other hand, MB-OFDM technique divides the UWB frequency

spectrum to multiple orthogonal bands for communications. In this thesis, IR-UWB

technique is used for communication due to its low complexity and precise localiza-

tion and ranging capability [2, 3, 5–8]. Thus, henceforth IR-UWB communication
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is referred as UWB communication in the thesis.

Further, the availability of unlicensed millimeter wave (mmWave) spectrum from

30 GHz to 300 GHz has brought renewed interest in UWB technology. Hence,

more signal bandwidth and high allowable power are available at these frequencies

specially around 60 GHz as compared to conventional 0− 10 GHz frequency range

[7, 9]. The FCC regulations for UWB communication in the unlicensed mmWave

spectrum do not have stringent emission norms due to the higher oxygen absorption

which limits the long-distance interference to the other devices. For example, FCC

allows the devices to transmit power up to 10 W in the 57 − 64 GHz band [8].

Furthermore, moving to higher frequencies the small size of antennas also allow

compact device implementations and multiple antennas.
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Figure 1.1: UWB emission limits (in dBm) restricted by the FCC.

1.3 UWB signal propagation characteristics

Performance of a communication systems to a large extend is determined by the

channel conditions. Thus, accurate modeling of channel characteristics is essen-

tial for wireless communication systems. For channel modeling, the deterministic

and the statistical methods are used in the literature [6]. In deterministic channel

modeling, the ray-tracing techniques are used by considering obstacles’ geometric
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shape, type and its electro-magnetic (EM) properties in the propagation environ-

ment. However, deterministic channel modeling is not suitable when the operating

environment changes. To model the changes in the operating environment sta-

tistical channel modeling is used. The statistical models are based on extensive

measurements campaigns and they give the received envelope and the path arrival

time distribution. Many popular IEEE UWB standards use this form of channel

modeling.

Due to the large bandwidth of UWB signals, its channel propagation character-

istics are different than a narrowband communication signal [6]. The techniques to

model the physics of UWB signal propagation in a mathematical as well as numeri-

cally treatable way is studied in the literature for indoor, outdoor and intra-vehicle,

tunnels and within mines communications [4–6, 10, 11]. The Saleh and Valenzuela

channel (SV channel) model is one of the most widely used statistical channel mod-

els for indoor UWB signal propagation [6]. This model is adopted in IEEE 802.15.4a

standard for providing a stochastic channel model for various UWB environments

[6, 12] and we briefly summarize this channel model and its main parameters.

The SV channel consists of multiple clusters and multipath components (MPCs)

within a cluster and the discrete channel impulse response (CIR) is expressed as

[6, 8]

h(t) =
C−1∑
c=0

M−1∑
m=0

αc,mδ(t− Tc − τc,m), (1.2)

where C and M are the total number of clusters and MPCs within a cluster respec-

tively and δ(·) is the Kronecker delta function. αc,m is the tap weight of the mth

component in the cth cluster, Tc is the delay of the cth cluster, and τc,m is the delay

of the mth MPC relative to the cth cluster arrival time Tc. The CIR h(t) has clusters

and MPCs within a cluster that follow Poisson distribution with arrival rates Λ and

λ respectively. The mean cluster energy decays exponentially with parameter Γ.

The value of Γ, Λ and λ depend on the UWB signal propagation environments. The

typical pictorial representation of CIR h(t) is shown in Figure 1.2.

The path gains αc,m may be restricted to real values, since IR-UWB transmission
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operates in the baseband. Unlike narrowband communication channels, central limit

theorem cannot be applied due to the high multipath resolution, and the path gains

probability density function does not match the Gaussian distribution. Therefore,

Rayleigh, Nagakami, or lognormal distributions are considered for the amplitude

αc,m [6, 13]. Exemplarily, the major parameters of UWB channel model for indoor

residential transmission in line-of-sight (LOS) and non-line-of-sight (NLOS), and

indoor office LOS and NLOS environments are summarized in Table 1.1 [6, 14].

Table 1.1: UWB channel model parameters

Parameters Residential
LOS (CM1)

Residential
NLOS (CM2)

Office LOS
(CM3)

Office NLOS
(CM4)

Average number of
clusters (C)

3 3.5 5.3 3.1

Cluster decay time
(Γ)

22.61 ns 26.27 ns 14.6 ns 19.8 ns

Intra-cluster decay
time (τ)

12.53 ns 17.50 ns 6.4 ns 11.2 ns

Cluster arrival rate
(Λ)

0.047 ns−1 0.12 ns−1 0.016 ns−1 0.19 ns−1

Intra-cluster arrival
rate (λ)

1.54 ns−1 1.77 ns−1 0.19 ns−1 0.11 ns−1

τ(Delay)

A
m
p
li
tu
d
e

Cluster0
Cluster1

C
lu
ster(C-1)

C
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c

�

T0 T1τ0;2

1=Λ
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· · ·· · ·

Figure 1.2: A pictorial view of the UWB channel model.
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1.4 UWB standardization

For IR-UWB communication mainly two standards IEEE 802.15.3a and IEEE 802.15.4a

are proposed for high and low data rate applications respectively [8].

IEEE 802.15.3a

The standard IEEE 802.15.3a was developed for high rate applications in wireless

personal area networks (WPANs). The primary aim of this standards committee was

to develop the channel model which can be used for UWB system evaluation using

both IR-UWB and multiband-based UWB communications. The IEEE 802.15.3a

supports data rates of 12Mb/s to 480Mb/s, and application of this standard is

envisaged for cable-less media transfer, imaging, and multimedia streaming [12].

However, this standard was withdrawn in 2006.

IEEE 802.15.4a

This standard was initially proposed in 2006 for low data-rate WPANs applica-

tions [12], and after updation currently it is known as the IEEE 802.15.4-2015 [12].

The data rate is supported by IEEE 802.15.4 for UWB communication from 0.11

Mb/s to 27Mb/s, over different frequency bands (less than 10.6 GHz) and autho-

rized by regulatory bodies in most of the main geographies worldwide for 10-100

meter communication range [15]. This standard also includes support for ranging

and location capability. Various standard UWB channel models in operating envi-

ronments like indoor LOS, office LOS industry LOS, indoor NLOS, etc are studied

in IEEE 802.15.4a. The potential applications of IEEE 802.15.4a includes IoT and

home automation applications. In this thesis, IEEE 802.15.4a standard is used to

demonstrate and evaluate the various proposed methods and their benefits. Further,

multiband UWB communication also exists in ECMA-368 standard for data rates

up to 480 Mbps [12].

IEEE 802.15.6

This is the latest international standard for wireless body area networks (WBAN)

to support various real-time health monitoring applications using low power and
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extremely reliable wireless communication within the surrounding area of the human

body. The IEEE 802.15.6 standard defines both the medium access control (MAC)

and physical layer (PHY) specifications for WBAN. This standard uses different

frequency bands such as UWB, narrowband (NB), and human body communication

(HBC) with highly secure authentication and encryption. The UWB uses low power

and provides very accurate localization with high data rate, thus is most suitable

for WBAN [12, 16, 17].

1.5 UWB applications

UWB technology have many applications particularly in communication, radar and

imaging, ranging and medicine due to its low power and large bandwidth.

1.5.1 UWB in communication

UWB supports both the low and high data rate applications for medium and short

range communications. According to the Shannon-Hartley theorem, the reliable

data rate capacity of the system can be increased either by increasing the chan-

nel bandwidth or signal-to-noise ratio (SNR), or both. Since UWB systems have

enormous bandwidths, it is possible to achieve high data rate. However, the UWB

emission is compliant with FCC mask that results in low power of UWB signals.

This will limit the range of the wireless communication and thus, UWB is suitable

for high-rate, low range applications such as wireless USB, multi-media streaming,

machine-to-machine (M2M) and device-to-device (D2D) communications, etc. Fur-

ther, UWB communication is immune to multipath and multiuser interference due

to a very high time domain resolution of multipaths and low duty cycle of UWB

signal. UWB also provides scalability in terms of data rate, communication range

and power due to duty cycled UWB pulse transmission. This can enable several low

rate applications of UWB communication in wireless sensor network (WSN) and

IoT based applications.
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1.5.2 UWB in ranging

The UWB signals enable ranging and positioning with sub-centimeter precision and

penetrate effectively through various materials due to high time resolution and wide

frequency range [2]. Therefore, it is used in radar imaging and localizations methods.

The global positioning system (GPS) has been widely considered for position-

ing and tracking technology. However, indoor environments still pose significant

challenges for GPS systems. GPS positioning systems are severely degraded or may

fail altogether in indoor environments where the satellite or cellular signals are in-

terrupted, and in scenarios with deep shadowing effects due to complex physical

characteristics of the environments, such as walls, windows, etc. Further, a typical

GPS signal occupies a bandwidth of only 2 MHz, thereby resulting in overlapped

MPCs. Thus, this makes localization accuracy of GPS relatively low. Therefore,

UWB is a good candidate for indoor localization and can provide high level position

accuracy required for indoor positioning. This has also enabled several applications

in the area of inventory tracking, assisted living, sports and intelligent transporta-

tion systems. Further, UWB can also be used for monitoring of operating conditions

in industrial facilities due to its extremely accurate ranging feature. For ranging,

time-of-arrival (ToA), time difference of arrival (TDoA), received signal strength

(RSS) based fingerprinting, angle of arrival (AoA) or hybrid methods are used for

indoor environments [2].

1.5.3 UWB in medicine

UWB signal’s noise-like behavior (due to extremely low emission power) makes UWB

technology useful for biomedical applications. UWB signals are commonly used

in accurate medical imaging and sensing [18] such as ear-nose-throat (ENT) and

pneumology imaging. The UWB medical radar can be used for monitoring cardiac

and respiratory motion, blood pressure and hyperthermia applications. UWB is also

used in intensive care units to monitor coma patients, to detect when they come out
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of the coma, so that much need medical attention can be provided when they wake

up to avoid too many wires around the patient. The UWB signal’s ability to provide

accurate indoor localization can be used to monitor patients suffering from chronic

disease for assisted living. UWB can also be used for non-intrusive disease diagnosis

of ENT organs [8]. Further, UWB technology can be used in capsule endoscopy

for wireless communication interface. Figure 1.3 shows the potential applications of

UWB technology in various fields.

UWB Applications

Assisted Living

Smart Homes

Medicine

IoT and Sensor

Network

Smart Transportation

Consumer

Electronics

Industry and

Agriculture

WLAN

and

WPAN

Figure 1.3: A graphical representation of UWB applications.

1.6 Performance measures

To compare the proposed algorithms (methods) with existing algorithms, following

performance measures are used in this work:

SNR

SNR is the most basic performance measure in wireless communication system,

which is used to quantify the noise in the desired signal. SNR is defined as the ratio

of signal power Psignal to the noise power Pnoise, and is defined as

SNR =
Psignal

Pnoise

(1.3)
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The signal power Psignal
1 depends on the transmitted signal power and the channel

gain. The Pnoise also denotes the variance of the zero mean noise and SNR often

expressed in decibels (dB). In general, high SNR is desirable by reducing the Pnoise

for fixed Psignal in the communication systems.

SINR

The signal-to-interference-plus-noise ratio (SINR) is defined as the power of a certain

desired signal divided by the sum of the interferers and background noise power. The

SINR is defined as

SINR =
Psignal

Pinterference + Pnoise

, (1.4)

where Pinterference is the interference power in the system. If the interference power is

zero, SINR is equal to the SNR in a system. For better communication, Pinterference

and Pnoise should be as small as possible. In the UWB system, interference is intro-

duced due to multiuser, narrowband communication or other sources.

Bit error rate (BER)

The bit error rate (BER) is another important measure to evaluate the wireless

communication systems’ performance. It is a measure of number of received bits

in error. The BER may be affected by the operating channel noise, interference,

distortion, improper bit synchronization, attenuation, multipath fading, etc. in the

wireless communication system at the receiver side. For better communication, BER

should be minimum at low signal power.

ToA

This is another important parameter used for signal based ranging applications.

ToA is the travel time of a radio signal from a single transmitter to a remote single

receiver. ToA finds the distance between the transmitter and the receiver. UWB

ranging requires precise estimation of ToA of first path (FP) signal. However, esti-

mation of ToA is challenging in the presence of interference, background noise and

multipath in the UWB system at low SNR.

1It also denotes the variance of zero mean signal
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1.7 UWB pulses

For UWB communications, various pulse shapes are proposed in the literature such

as Gaussian, Hermite and linear combination of Gaussian and Hermite pulses [19–

23]. However, Gaussian and Hermite pulses do not satisfy the FCC spectral mask

for UWB communication. Hence, to utilize them for information exchange in the

UWB system, a suitable filtering based methods is described in [19]. For better

system performance, ratio between the transmitted pulse power to the area of FCC

spectral mask must be close to unity. In [19] it is shown that the area of power

spectral density (PSD) of Gaussian or Hermite pulses is very small as compared to

the area of FCC spectral mask. Therefore, these pulses do not fully utilize the UWB

spectra for power constraint communications. If we increase the derivative order of

the Gaussian pulse, then the spectra of pulse increases towards the higher frequency.

Higher derivatives of Gaussian pulse have close resemblance to modulated Gaussian

pulse, hence higher derivatives (especially greater then five) are more suitable to fit

in the FCC spectral mask without any filtering. However, their spectral utilization

is still poor for maximum transmitted signal power in the UWB communication.

For instance, we consider the Gaussian pulse g(t), as given in [19, 24]

g(t) = A exp(−2π
(
t/τ)2

)
, t ∈ R (1.5)

where τ is the time scaling parameter and A is the amplitude adjusting parameter.

The nth derivative of g(t) is expressed as

gn(t) =
dn

dt
(g(t)) . (1.6)

For example, the second derivative Gaussian pulse is expressed as

w(t) = g2(t) = A

(
1− 4πt2

τ 2

)
exp(−2π(t/τ)2) (1.7)
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In [25], a UWB pulse was proposed and compared with the sixth derivative of Gaus-

sian pulse. Pulse proposed in [25] has better performance compared to derivatives of

Gaussian, Hermite and Prolate spheroidal pulses and pulse proposed in [26] in mul-

tiuser environment with FCC and noise constraints. The proposed Norman pulse,

pn(t) in [25] can be written as

pn(t) = sinc(2Bt) cos(2πfct) t ∈ R (1.8)

where B = 3.75 GHz and fc = 6.85 GHz is the modulation frequency. The sinc(·)

function is given as

sinc(t) =


sin(πt)
πt

if t 6= 0

1 if t = 0

(1.9)

Further, UWB pulse generated using the projections onto convex sets (POCS) al-

gorithm is described below.

1.7.1 UWB pulse using POCS algorithm

In this section, POCS algorithm is introduced, and required constraint sets for pulse

design are formulated based on a-priori information about the UWB characteristics.

The POCS algorithm defines a systematic numerical approach for finding a point

in the intersection of closed and convex constraint sets [27]. Based on a-priori

information few constraint sets, such as C1, C2, ..., Cm are formulated in the Hilbert

space L2(R). Each set is closed and convex, and their intersection C0 = ∩mi=1Ci

is non-empty. The orthogonal projection onto the set Ci is given by the minimum

distance between any arbitrary function in Hilbert space and set Ci. The projection

onto set Ci is defined as

PCix(t) = min
y(t)∈Ci

||x(t)− y(t)||, i = 1, 2, ...,m (1.10)
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where x(t) is any arbitrary function in Hilbert space L2(R). Sets are closed and

convex in Hilbert space, hence unique projection onto each set exists [27]. The

iterates {xk(t)} are generated by

xk+1(t) = PCmPCm−1 ...PC2PC1xk(t) (1.11)

with an arbitrary starting point x0(t) in the Hilbert space L2(R), will converge

weakly to a point of C0 [27] and equation (1.11) is refered to as the POCS algo-

rithm. For UWB pulse design, FCC mask and nature of UWB pulse provide a-priori

information to formulate constraint sets. The POCS based approach is flexible and

optimum for UWB pulse design because sets can be reformulated according to the

new FCC mask.

In the POCS algorithm for UWB pulse design, four constraint sets are consid-

ered. The condition for closedness and convexity are also discussed along with the

respective constraint set. The first constraint set, C1, is formulated based on the

PSD of the UWB pulse. The autocorrelation function (ACF), rx(λ), of any arbitrary

pulse x(t) ∈ L2(R) is defined as

rx(λ) =

∫ ∞
−∞

x(t)x(t− λ)dt, λ ∈ R (1.12)

where λ is the time lag. The PSD, Sx(ω), of pulse x(t) is the forward Fourier

transform of rx(λ). The set C1 is defined as

C1 = {rx(λ) : Sx(ω) ≤ D(ω)} (1.13)

where D(ω) is the FCC spectral mask. The set C1 is closed and convex as given in

[27], and projection of any arbitrary signal x(t) ∈ L2(R) onto the set C1 is given as

[27]:

Ŝx(ω) =

 Sx(ω), |Sx(ω)| ≤ D(ω)

D(ω), otherwise
(1.14)
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The projection point PC1rx(λ) is the inverse Fourier transform of Ŝx(ω) and in the

set C1. The time domain pulse which is in the set C1, is obtained by inverse Fourier

transform of square root of Ŝx(ω).

The second constraint set, C2, is formulated to limit the time duration of the

pulse. The mask D(ω) has sharp corners therefore pulse is not time limited. Hence,

another set C2 is formulated, which limits the time duration of the pulse in the

interval [0, T ]. Hence, duration of ACF of pulse is generally not zero in the interval

[−T, T ]. This duration limited set C2 of the designed pulse is defined as:

C2 = {rx(λ) ∈ L2(R) : rx(λ) = 0, |λ| > T} (1.15)

Convexity and closedness of set C2: Consider the two functions rx1(λ) and rx2(λ) in

the set C2. For convexity, one has to show that another function rx3(λ) = µrx1(λ) +

(1− µ)rx2(λ), µ ∈ [0, 1] is in the set C2.

rx3(λ) = 0 if |λ| > T (1.16)

equation (1.16) is obtained by putting both rx1(λ) and rx2(λ) as zero for |λ| > T .

Thus, rx3(λ) ∈ C2. For proving closedness of the set C2, let {rxn(λ)} be a sequence

of functions in the set C2 and rxn(λ)→ r∗x(λ) as n→∞.

||rxn(λ)− r∗x(λ)||2 =

∫ ∞
−∞
|rxn(λ)− r∗x(λ)|2dλ

||rxn(λ)− r∗x(λ)||2 =

∫
B

|rxn(λ)− r∗x(λ)|2dλ+

∫
Bc
|rxn(λ)− r∗x(λ)|2dλ

||rxn(λ)− r∗x(λ)||2 ≥
∫
Bc
|rxn(λ)− r∗x(λ)|2dλ

||rxn(λ)− r∗x(λ)||2 ≥
∫
Bc
|r∗x(λ)|2dλ, ∵ rxn(λ) = 0, λ ∈ Bc
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as n→∞, ||rxn(λ)− r∗x(λ)||2 → 0, therefore,

∫
Bc
|r∗x(λ)|2dλ→ 0 (1.17)

and r∗x(λ) = 0, λ ∈ Bc, where B = |λ| ≤ T and Bc = |λ| > T . Hence, the set C2 is

closed and convex.

The projection of any arbitrary signal x(t) in Hilbert space L2(R) onto the set

C2 is given as [27]

PC2rx(λ) =

 rx(λ), |λ| ≤ T

0, otherwise
(1.18)

where rx(λ) is the ACF of signal x(t).

The third constraint set is imposed based on a-priori information of ACF. From

the symmetric property of rx(λ), constraint set C3 is defined as

C3 = {rx(λ) ∈ L2(R) : Sx(ω) ∈ R+,∀ω} (1.19)

where Sx(ω) is the Fourier transform of rx(λ) and R+ is the positive real line.

Convexity and closedness of set C3: Consider the two function rx1(λ) and rx2(λ)

in the set C3. For convexity, one needs to prove that another function rx3(λ) =

µrx1(λ)+(1−µ)rx2(λ), µ ∈ [0, 1] is in the set C3. Using linearity property of Fourier

transform

Sx3(ω) = µSx1(ω) + (1− µ)Sx2(ω)

Sx3(ω) ∈ R+

For proving closedness, let {rxn(λ)} be a sequence of functions in the set C3 and

rxn(λ)→ r∗x(λ) as n→∞.

Sxn(ω) ∈ R+,∀n
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where Sxn(ω) is the Fourier transform of rxn(λ), as n→∞,

S∗x(ω) ∈ R+

Hence, set C3 is closed and convex, and the projection of any arbitrary signal x(t)

in Hilbert space L2(R) onto the set, C3 is defined as

PC3rx(λ) = F−1{Re{F{rx(λ)}}} (1.20)

where F and F−1 represent Fourier transform and inverse Fourier transform respec-

tively. ACF has maximum value at zero lag and can also be included in the form of

another constraint set in the pulse designing.

The fourth constraint set, C4, is based on the radiation property of transceiver

antenna. The antenna cannot radiate the DC component of transmitted pulse [19].

Therefore, transmitted pulse in the UWB communication must have zero DC value.

The constraint set C4 is hence defined as:

C4 = {rx(λ) : Sx(ω = 0) = 0} (1.21)

where Sx(ω = 0) is the Fourier transform of function rx(λ) at frequency ω = 0.

Convexity and closedness of set C4: Consider the two function rx1(λ) and rx2(λ)

in the set C4. For convexity, one should prove that another function rx3(λ) =

µrx1(λ) + (1−µ)rx2(λ), µ ∈ [0, 1] is in the set C4. Taking Fourier transform on both

sides, Sx3(ω) (Fourier transform of rx3(λ)) is represented as

Sx3(ω) = µSx1(ω) + (1− µ)Sx2(ω)

Sx3(ω = 0) = 0

For proving closedness, let {rxn(λ)} be a sequence of functions in the set C4 and

16



CHAPTER 1. INTRODUCTION

rxn(λ)→ r∗x(λ) as n→∞.

Sxn(ω = 0) = 0,∀n

where Sxn(ω) is the Fourier transform of rxn(λ). As n→∞,

S∗x(ω = 0) = 0

Hence, the set C4 is closed and convex in Hilbert space L2(R). The projection of

any arbitrary signal x(t) in Hilbert space L2(R) onto the set C4 is defined as

Ŝx(ω) =

 Sx(ω), if x(t) ∈ C4

Sx(ω)− Sx(ω = 0), otherwise
(1.22)

The projection point PC4rx(λ) is the inverse Fourier transform of Ŝx(ω) and is in

the set C4.

Hence, the POCS algorithm utilizing the four constraint sets for designing a

UWB pulse is defined as

xn+1(t) = PC4PC3PC2PC1xn(t), n = 0, 1, 2, ... (1.23)

where x0(t) is the starting initial signal in the Hilbert space L2(R). All the constraint

sets in (1.23) are closed and convex in space L2(R) as discussed above, therefore

signal xn(t) in (1.23) converge weakly to a signal in the set C0 = C1∩C2∩C3∩C4 ∈

L2(R).

The flow chart of POCS algorithm implementation is shown in Figure 1.4. The

threshold value is predefined and xn(t) is obtained using (1.23) in Figure 1.4.

In Figure 1.5, the PSD of sixth derivative Gaussian pulse, g6(t), Norman pulse,

pn(t) proposed by Norman et al in [25], Lee pulse, pl(t) proposed by Lee in [28] and

the pulse designed using POCS algorithm, x(t) along with the FCC spectral mask.

The Lee pulse, pl(t) has a DC component and is spectrally inefficient as shown in

Figure 1.5. It is also observed from Figure 1.5 that Norman pulse pn(t) [25] and
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starting function, x0(t)

projection onto set C1

projection onto set C2

projection onto set C3

projection onto set C4

if ((mask-PSDx0(t)) ≤ threshold)
yes

stop

no

xn+1(t) = xn(t)

Figure 1.4: Flow chart of POCS algorithm for UWB pulse design.

the sixth derivative Gaussian pulse, g6(t) are spectrally compatible with the FCC

mask, however spectral utilization of FCC mask is sub-optimal. The designed pulse

using POCS algorithm, x(t) fits the FFC mask as shown in Figure 1.5 while other

pulses mostly cover the flat region from 3.1 GHz to 10.6 GHz band. Area under the

PSD of pl(t) [28], pn(t) and g6(t) is smaller than area under the PSD of the POCS-

based pulse, x(t), as observed from the Figure 1.5, hence, the transmitted signal

power is higher (compliant with FCC mask) for x(t) under the FCC constraint. To

generate the sixth derivative Gaussian pulse, g6(t), time scaling parameter, τ = 0.145

nanoseconds is considered and absolute amplitude adjusting parameter, A is scaled

suitably to limit the maximum value of PSD within FCC mask as shown in Figure

1.5. The Norman pulse, pn(t) in (1.8) is generated using B = 3.75 GHz, fc = 6.85

GHz and is consistent with [25].
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Figure 1.5: PSD of Norman pulse pn(t), sixth derivative Gaussian pulse g6(t), Lee pulse pl(t)
and POCS-based pulse x(t) with FCC spectral mask.

1.8 Sparse signals

A signal x(t) can be represented in some basis ψ as

x(t) =
∑
i

αiψi(t), (1.24)

where {ψi(t)}s are the basis function such as sinusoids, wavelets and curvelets. {αi}s

are the expansion coefficients in ψi(t) domain. Equation (1.24) is also represented

as x(t) = Ψ(t)α, where α = [α1, α2, ..., αi]
T and Ψ(t) = [ψ1(t), ψ2(t), ..., ψi(t)]. The

magnitude of transform coefficients ({αi}s) decay rapidly, hence, signal of interest

x(t) can be well-represented by a small number of transform coefficients in some

appropriate basis. Thus, signal has only a small number of non-zero elements com-

pared to the total number of elements, referred to as sparse signal.

Further, discrete signal x = {xi}ni=1 is a signal of interest and its non-zero ele-

ments (sparsity of signal) is defined as

||x||0 = #{i : xi 6= 0, i = 1 to n}, (1.25)
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where # represents a number. Thus, a sparse signal has small value of ||x||0 as

compared to total elements n. The ||x||0 is also referred to as `0-norm. Sparse

approximation of a signal has been extensively used in signal processing, wireless

communication, image processing, machine learning, medical imaging, array pro-

cessing, data mining and etc. For example, in compressive sensing for efficiently

acquiring and reconstructing a signal, the sparsity of underlying signal is used to

find the solution of an underdetermined linear system. An example of the sparse

signal in the time domain is shown in Figure 1.6. Signal in Figure 1.6 has only

few non-zero elementals (≈ 6.5% ) as compared to the total number of elements

(n = 600). In this thesis, the sparsity of the received UWB signals is exploited to

enhance the UWB system performance or to reduce its implementation complexity.

Time index
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Sparse Signal

||x||0/n ≈ 0.065

Figure 1.6: An example of a sparse signal.

1.9 Motivation

UWB communication is a proposing unlicensed technology for IoT based applica-

tions, and short range D2D and M2M communications due to its large bandwidth

and low power characteristics. Hence, UWB communication schemes have been

standardized for next-generation localization, identification, imaging and short range

wireless communication systems such as IEEE 802.15.3a, IEEE 802.15.4a and IEEE
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802.15.6. Further, increasing number of electronic devices with wireless networking

capabilities need several licensed and unlicensed technologies for seamless connec-

tivity. Of these, the low power and low cost UWB technology is a viable solution

in picocell and femtocell networks. Moreover, UWB communication ensures robust-

ness to severe multipath fading and multiuser communication scenario even in indoor

environments. Products using IR-UWB are commercially available for real-time lo-

cating systems (RTLS) from industry pioneers, such as Time-Domain and DecaWave

[29], which further push the UWB technology for precise and high update rate RTLS

of assets and personnels.

Recent progress in semiconductor technology makes it possible to integrate UWB

pulse generators in a cost efficient manner and thus enabling widespread use of

UWB systems. However, acquisition and synchronization of UWB signals is still

an open issue, since tracking the very short UWB pulses with sufficient precision

is very hard. Hence, UWB transmitter design can be easier and use less power

than the narrowband transmitters, however the simple receiver design may be very

challenging due to the acquisition of very narrow and low power UWB pulses.

The rich multipath propagation usually exist in UWB application scenarios,

hence; a large number of echos of each transmitted pulse is received. Thus, per-

forming explicit CIR estimation at the transceivers in order to enable matched filter

(i.e. implemented using a so-called rake receiver) based signal detection and esti-

mation, results in very complex UWB system design. Alternatively, non-coherent

(i.e energy detector) simpler methods without any need of CIR estimation detec-

tion schemes are studied [16]. However, noncoherent detection schemes lead to

significant performance degradation as compared to the idealistic benchmark case

of coherent detection methods. In order to achieve the sub-optimal performance2 of

UWB systems with simple receiver design many signal processing techniques have

been suggested recently.

Therefore, achieving near-optimal BER performance at low SNR with low system

2The perfectly known CIR based coherent detection has optimal performance of the UWB
system.
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implementation complexity is of great interest today to make the deployment of

UWB technology feasible in future generation wireless networks. The main goal

of this thesis is to understand and show how a low-complexity UWB receiver can

be designed such that it is able to cope with the challenging environment such as

multiuser and narrowband interference, and non-Gaussian noise scenarios for fifth

generation (5G) communication and beyond applications.

1.10 Thesis outline and contributions

The main aim of this thesis is to propose signal processing techniques to counter

UWB systems impairments, and analyze their outcomes to enhance the coverage

and quality of service in UWB wireless communication. The contribution of this

thesis include;

1) To make the UWB systems more robust in the presence of non-Gaussian noise,

UWB signal cluster sparsity characteristics are used to mitigate the non-Gaussian3

noise in the receiver.

2) The impact of narrowband interference (NBI) on UWB systems is studied.

Algorithms using NBI and UWB signal sparsity are proposed to improve system’s

performance.

3) To avoid high sampling Nyquist rate analog-to-digital conveter (ADC) in

the UWB system design, a sub-Nyquist rate based UWB receiver deign have been

proposed and a sub-Nyquist rate UWB system’s BER, and ToA performance are

analyzed.

4) By considering the massive antenna arrays (MAAs) at the receiver or fu-

3In this thesis, impulse noise (IN) and non-Gaussian noise are used interchangeable without
any ambiguity.
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sion center, the noncoherent detection methods are analyzed for the UWB based

communication and sensor networks.

1.11 Organization of the thesis

Rest of the thesis consists of five chapters. A brief description of each chapter is as

follows:

Chapter 2. Impulse Noise Mitigation in IR-UWB Communication using

Signal Cluster Sparsity : In this chapter, a novel robust IR-UWB receiver design

is carried out that utilizes the received UWB signal cluster sparsity characteristics

to mitigate IN. The IN samples are easily detected and removed in the proposed

receiver. Further, multiple UWB signal clusters (due to multipath channel), in the

proposed receiver design, reduce UWB signal blanking loss as compared to the single

cluster (single path channel).

Chapter 3. Sparsity-Based Narrowband Interference Mitigation in Ultra

Wide- Band Communication for 5G and Beyond : In this chapter, affect of

NBI on the UWB system is analyzed and a sparsity-based NBI mitigation method is

proposed that exploits distinct characteristics of UWB signals and NBI. The prop-

soed NBI mitigation algorithm does not require a non-linear operator such as limiter

or blanker. Improved performance of the proposed receiver has been validated UWB

signal transmission in multipath fading channels.

Chapter 4. A New Sparse Signal-Matched Measurement Matrix for Com-

pressive Sensing in UWB Communication : To reduce the sampling rate and

power requirement, UWB systems are implemented using compressive sensing or

sub-Nyquist rate by exploiting the sparsity of UWB signals. In this chapter, a de-

terministic (partial) UWB waveform-matched measurement matrix is proposed. The

proposed measurement matrix has circulant structure and is sparse in nature. The
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proposed matrix is easy to implement in hardware and is operationally time efficient

as needed in a practical system. Further, BER performance of the corresponding

UWB system and the operational time complexity with the proposed measurement

matrix are analyzed as compared to the existing measurement matrices for a sub-

Nyquist rate receiver design.

Chapter 5. IR-UWB Sensor Network using Massive MIMO Decision Fu-

sion: In this chapter, UWB system for WSN using MAAs at fusion center (FC)

for distributed detection is proposed and analyzed. The coherent and energy based

fusion rules are analyzed for the proposed WSN over multiple access channels. The

trade-off between performance and implementation complexity of the coherent and

energy based fusion is studied. Further, MAAs at FC and various level of channel

knowledge can enhance the performance of energy-based detector in UWB sen-

sor network with simple system implementation and signal processing requirement.

Performance of the proposed UWB sensor network with reference to probability of

detection, false alarm, and error are analyzed over standard IEEE 802.15.4a mul-

tipath channels and results are validated using simulations. The impact of various

design parameters such as the number of sensors, receiver antennas, sensor quality,

and integration interval on the system performance is also analyzed.

Chapter 6. Conclusion and Future Work : This chapter provides a summary

of the contributions made in the thesis and some suggestions for future work.
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Chapter 2

Impulse Noise Mitigation in

IR-UWB Communication using

Signal Cluster Sparsity

In this chapter, a novel robust IR-UWB receiver design is proposed that utilizes the

received UWB signal cluster sparsity characteristics to mitigate impulse noise (IN).

The IN samples are easily detected and removed in the proposed receiver. Further,

multiple UWB signal clusters (due to multipath channel), in the proposed receiver

design, reduce UWB signal blanking loss as compared to the single cluster (single

path channel). The proposed receiver’s BER performance is theoretically analyzed

and compared with some popular existing non-linear receivers in the presence of IN

over standardized IEEE 802.15.4a channel models. The proposed robust receiver

design in this chapter is useful for wideband and pulse-based communications for

upcoming 5G and beyond communication networks to provide reliability, large cov-

erage, localization and high throughput in the presence of IN.
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2.1 Introduction

IR-UWB wireless communication systems are, in practice, affected by the presence

of additive Gaussian noise and impulsive interference1[30–32]. Therefore, the per-

formance of conventional UWB receivers (correlator or matched filter), designed for

additive white Gaussian noise (AWGN) scenarios, deteriorates in harsh environment

such as in industries and mines due to the impulsive nature of noise and interference

[33, 34].

The severe detrimental impact of IN can be mitigated using simple non-linear

signal processing techniques such as clipping and blanking [30]. However, these

methods are suboptimal and sensitive to the choice of a threshold [30–32]. Some

methods involve IN estimation followed by subtraction from the received signal using

the null carriers or training data [35]. However, since the occurrence of IN samples

is random, the estimation based IN mitigation methods may not be useful in a

practical system. In [36], morphological component analysis based signal separation

is proposed. However, computational complexity in [36] is high due to the large size

of the signal vector (due to higher sampling frequency and frame duration). Further,

since IN samples have high amplitude, their effect can not be mitigated by using

simple averaging techniques as in [33]. Furthermore, IN mitigation in analog domain

is also suggested in [37] for orthogonal frequency division multiplexing (OFDM)-

based systems. A brief introduction of the IN is described below.

2.2 IN and its modeling

IN includes the Gaussian distributed background noise and sparse high amplitude

pulses. Therefore, effective noise distribution is heavy-tailed distributed i.e. non-

Gaussian. The sparse high amplitude pulses are integrated with the wireless re-

ceivers and degrade the system’s performance. The IN distribution at the wireless

receivers depends on the sources of the noise in the operating environment. For

1In this thesis, impulsive interference is also referred as IN, and used interchangeably.
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example, in the indoor home environment, IN is generated from microwave oven,

food blenders, drill machine, hairdryer, transition of electrical switches, and many

more.

The parameters of IN such as pulse width, pulse arrival rate and pulse amplitude

can vary for operating scenarios. Thus, various mathematical models are proposed

in the literature to characterize IN such as Bernoulli-Gaussian (BG) and α-stable.

2.2.1 Bernoulli Gaussian IN

The IN denoted by i(t) can be represented as [38, 39]

i(t) = b(t)k(t), (2.1)

where b(t) is a binary random sequence represented as (1 − κ), κ ∈ [0, 1], and k(t)

is Gaussian noise with mean zero and variance σ2
I . The combined BG IN can be

modeled as

i(t) = (1− κ)
1√

2πσ2
I

exp{−t2/2σ2
I}, (2.2)

where κ ∈ [0, 1]. If the value of κ is 1, the transmitted signal is not affected by IN

distortion during transmission. The value of parameters κ and σI can be used to

model the duration and amplitude of IN, respectively, in the system. The IN model

in (2.1) is called the BG model.

2.2.2 α-stable IN

Another useful model for IN representation is α-stable distribution. Its characteristic

function ϕ(t) can be written as [40]

ϕ(t) = exp{jλt− γ|t|α[1 + jβsign(t)w(t, α)]}, (2.3)
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where sign(t) is a signum function and

w(t, α) =


tan(απ/2), if α 6= 1

2
π

log |t|, otherwise.

(2.4)

Parameters α, λ, γ, and β are exponent, location, dispersion, and symmetry param-

eters, respectively, of the characteristic function ϕ(t). More details on α-stable noise

can be found in [40]. Without loss of generality, we consider Cauchy distribution of

IN with α = 1 and β = 0, and the probability density function (PDF) given by

fc(t) =
1

π

(
γ

γ2 + (t− λ)2

)
. (2.5)

The IN generates in an ambient environment of the operating device and affects the

wireless system’s performance. In this thesis, BG distributions for the modeling of

IN is considered.

2.3 System model

The received signal r is expressed as

r = s + i + n ∈ RN , (2.6)

where s is the time hopping binary phase shift keying (TH-BPSK) modulated desired

multipath UWB signal. i and n are IN and Gaussian (background) noise, and their

distribution are given by N (0, σ2
I ) and N (0, σ2

n), respectively. The IN i models

impulse interference or outliers in the system and is sparse in nature [32]. Hence,

total effective noise power in the system can be written as σ2 = σ2
n + pσ2

I , where p is

the probability of IN samples that occur in a given time duration and is expressed

as p = |Υi|/N, |Υi| � N , where Υi = {k|ik 6= 0, k = 1, 2, ..., N}. The SNR,

signal-to-impulse ratio (SIR), impulse-to-background noise ratio (INR), and signal-
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to-impulse plus background noise ratio (SINR) are defined as SNR = σ2
s

σ2
n
, SIR = σ2

s

σ2
I
,

INR =
σ2
I

σ2
n

and SINR = σ2
s

(pσ2
I+σ2

n)
, respectively, where σ2

s is the signal power and

is considered unity, and σ2
I � σ2

n. The probability density function (PDF) of the

combined Gaussian and impulse noises q = i + n in the received signal in (2.6) is

expressed as

q ∼ N (0, σ2
n) + pN (0, σ2

I ). (2.7)

Further, in (2.6) inter-symbol-interference is assumed to be zero [41].

2.4 Proposed receiver design

In this section, we propose a novel signal cluster-detection based receiver design to

mitigate IN in a UWB system. The received UWB signal forms clusters due to its

propagation characteristics [6, 31, 41, 42] and hence, is called as cluster sparse signal.

The proposed cluster detection algorithm (CDA) easily differentiates between UWB

signal cluster and IN using temporal characteristics of UWB signal (cluster sparsity

and symmetry [6, 31, 41, 42]), and random nature of IN.

2.4.1 Cluster detection algorithm

This subsection presents a new CDA for the proposed receiver design. It is known

that the UWB signal cluster is symmetric around the maximum absolute peak value

of the transmitted pulse [6]. This signal cluster symmetric property can be used to

differentiate between signal clusters and IN samples. Since a UWB signal is observed

to be symmetric irrespective of the type of transmitted pulse, the proposed method

can be used for any UWB pulse.

Let Hi and Hs be the two hypothesis that label samples as IN samples and

desired signal samples per frame, respectively, and are expressed as

Hi : r = s + i + n ∈ RN ,

Hs : r = s + n ∈ RN .

(2.8)
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Further, Pr{Hi} = p and Pr{Hs} = 1 − p, p � 1. The maximum absolute

peak value (P 1
max) and the corresponding time index (I1

max) are calculated from the

received signal r and are expressed as

[
P 1

max, I
1
max

]
= max(|r|). (2.9)

The sample P 1
max = |r(I1

max)| belongs to eitherHi orHs. The classification of sample

r(I1
max) is done as

|r(I1
max)| − |r(I1

max + 1)|
Hi

R
Hs

µ, (2.10)

where µ is a constant that depends on the transmitted UWB pulse. If a sample

r(I1
max) ∈ Hs, it is concluded that no IN is present in the signal r, and the peak

value P 1
max = |r(I1

max)| ∈ Hs represents center of the first signal cluster detected

at this position. In this case, the signal r is fed to the conventional receiver for

demodulation. However, if r(I1
max) /∈ Hs, i.e., if r(I1

max) ∈ Hi, then sample r(I1
max)

represents the IN sample and hence, r(I1
max) is assigned zero value. Again, the

maximum absolute peak value of the above modified signal r (after assigning zero to

IN sample r(I1
max)) is calculated and classified using (2.9) and (2.10), respectively.

This procedure is repeated until the ith maximum absolute peak valued sample

r(I imax) of signal r belongs to Hs. Hence, a signal cluster is detected, and the

modified signal r is applied to the conventional correlator based receiver for signal

demodulation. The proposed CDA is very simple and does not require multiplication

or division operations. The steps (2.9) and (2.10) are repeated for pN times. The

proposed CDA is summarized in Algorithm 2.

In Algorithm 2, the maximum absolute peak value Pw
max and the corresponding

index Iwmax of pulse w at the receiver are determined. The parameter µ is selected

such that µ ≥ |w(Iwmax) − w(Iwmax − 1)| (or µ ≥ |w(Iwmax) − w(Iwmax + 1)| due to

pulse symmetry). The values of w(Iwmax) and w(Iwmax ± 1) are known a priori at the

receiver in a UWB communication system and an appropriately low value of µ can

be selected according to the above expression for good system performance. Further
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in Algorithm 2, the mask vector mIimax
∈ RN has entry ‘1’ at I imax position and

‘0’s at the remaining positions.

Algorithm 1 Cluster-Detection Algorithm (CDA)

Initialize: µ ≥ |w(Iwmax)−w(Iwmax − 1)|, i = 1
Input: received signal r ∈ RN

Output: estimated signal ŝ ∈ RN

Calculate: [P i
max, I

i
max] = max(|r|)

While: |r(I imax)| − |r(I imax + 1)| ≥ µ
Set mIimax

∈ RN vector using I imax
Update ri = ri −mIimax

ri
Set i = i+ 1
Calculate: [P i

max, I
i
max] = max(|r|)

End
Update ŝ = r

2.4.2 False alarm and miss-detection probabilities

The probability of false alarm pf can be calculated as

pf = Pr{(|r(I imax)| − |r(I imax + 1)|) ≥ µ|Hs}. (2.11)

Let r̃s|Hs = r(I imax)− r(I imax + 1) = s(I imax) + n(I imax)− s(I imax + 1)− n(I imax + 1),

which is distributed as r̃s|Hs ∼ N (0, 2((1− ρs)σ2
s + σ2

n)), where ρs represents the

correlation between two consecutive samples of signal s, while noise samples are

independent of each other. The pf in (2.11) can be written as

pf =
1√

2πσ2
r̃s

∫ ∞
µ

exp
− x2

2σ2
r̃s dx+

1√
2πσ2

r̃s

∫ −µ
−∞

exp
− x2

2σ2
r̃s dx, (2.12)

where σ2
r̃s = 2((1 − ρs)σ2

s + σ2
n). Therefore, pf = 2Q

(
µ√

2((1−ρs)σ2
s+σ2

n)

)
. Similarly,

the probability of miss-detection pm is expressed as

pm = Pr{(|r(I imax)| − |r(I imax + 1)|) < µ|Hi}. (2.13)
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Let r̃i|Hi = r(I imax) − r(I imax + 1) and r̃i|Hi is distributed as r̃i|Hi ∼ N (0, 2((1 −

ρs)σ
2
s + σ2

n + σ2
I )). After some intermediate steps, pm can be written as pm = 1 −

2Q

(
µ√

2((1−ρs)σ2
s+σ2

n+σ2
I )

)
. The proposed IN mitigation method selects the parameter

µ based on the transmitted UWB pulse design, which is standardized by FCC.

Further, the proposed method does not rely on selection of optimal threshold unlike

clipper and blanking receiver [30–32], thereby making it robust and versatile in a

practical environment.

2.4.3 BER performance

In this subsection, the BER performance of the proposed receiver is analyzed. Let ŝ

be the output of the CDA. The signal ŝ includes the background Gaussian noise and

hence, ‖ŝ− s‖2 ≥ 0. Therefore, signal ŝ can be written as ŝ = s + e, where e is the

undesired (noise) additive Gaussian noise in the signal ŝ. The pdf of e is Gaussian

distributed and is given by N (0, σ2
e). In general, σ2

e ≥ σ2
n because a few samples of

IN may appear similar in amplitude to Gaussian background noise and hence, may

not have been filtered out by Algorithm 2 and still be present in the output signal

ŝ. However, Pr{σ2
e > σ2

n} ≈ 0 for the suitable value of µ. Further, the probability

of overlap of the desired signal and IN samples is also low due to the sparse nature

of both s and i. Therefore, the probability of assigning zero value to the desired

signal sample during cluster detection is almost zero. This will not lead to power

deterioration of the desired signal in the proposed receiver design. However, the

deterioration in the signal’s power in case of signal blanking due to overlapping IN

is analyzed in the next subsection.

This work considers correlation-based coherent receiver for data symbol detec-

tion. Thus, the correlator output ζ for a positive transmitted data symbol is written

as

ζ = 〈s + e, φ〉, (2.14)

where φ is the template signal. The template signal is generated using UWB pulse

w and CIR h with known time hopping code as φ = h ∗w. Correlator output ζ is
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Gaussian distributed, i.e.,

ζ ∼ N (‖w‖2
2

L−1∑
l=0

|αl|2, ‖w‖2
2σ

2
e

L−1∑
l=0

|αl|2), (2.15)

where αl is the channel coefficient of the lth path and L is the total number of

resolved paths in CIR h. The bit error probability ppr(e|h) in the presence of IN for

a given CIR h using the proposed receiver in a TH-BPSK system is given as

ppr(e|h) = Q

√(1− ρ)‖w‖2
2

∑L−1
l=0 |αl|2

σ2
e

 , (2.16)

where Q(·) is the tail probability of normal Gaussian distribution and all the trans-

mitted symbols are equally likely in (2.16). The factor ρ depends on the blanking

of UWB signal samples and ρ→ 0 as the sparsity of UWB signal s and/or multiple

signal clusters (due to multipath channel) increase for a fixed sparsity level of IN. In

the absence of IN (σ2
e = σ2

n, ρ = 0), ppr(e|h) in (2.16) corresponds to the conventional

TH-BPSK system and expressed as

ppr,c(e|h) = Q

√‖w‖2
2

∑L−1
l=0 |αl|2
σ2
n

 . (2.17)

The ppr,c(e|h) ≤ ppr(e|h) and ppr,c(e|h) can be considered as the lower bound of

BER for the proposed receiver in the presence of IN. For the AWGN channel, (2.16)

is expressed as

ppr(e) = Q

(√
(1− ρ)‖w‖2

2

σ2
e

)
. (2.18)

2.4.4 UWB signal and IN samples overlap

In this subsection, the effect of overlapping IN sample on UWB signal is analyzed

for the proposed CDA based receiver. The number of samples Ω in a frame duration

Tf at the sampling frequency Fs can be expressed as Ω = dTf × Fse, where d(·)e

represents a ceiling of (·). The total number of samples of the desired UWB signal
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and IN in a frame duration is written as Ωs = dLΩwe and Ωi = dpΩe, respectively,

where Ωw is the non-zero samples in the UWB pulse w. Due to the temporal sparse

nature of UWB signal and IN, Ω >> Ωs >> Ωi and their occupancy rate in a frame

is expressed as Ωs/Ω and Ωi/Ω, respectively. The probability of a single IN sample

occurrence in the desired UWB signal cluster’s duration is written as ps,i = Ω̃i/Ωw,

where Ω̃i = Ωi/L, Ω̃i < Ωw and Ω̃i relative IN samples occupancy in a single

UWB signal cluster. Therefore, the probability that k-number of clusters have IN

is expressed as ps,i,k =
(
L
k

)
pks,i(1 − ps,i)

L−k, k = 1, 2, ..., L, where
(
L
k

)
is a binomial

coefficient. Thus, the probability ps,i,k (k clusters have IN) reduces as k increases for

fixed L and p. Hence, the desired UWB signal sample’s blanking probability ps,i,k

is small for a multipath channel as compared to an AWGN channel. Further, the

desired UWB signal energy loss in a cluster Es,loss,l, l = 1, 2, ..., L due to blanking of

a signal sample in the receiver design is expressed in the range of ‖αminwmin‖2
2 to

‖αmaxwmax‖2
2, where αmin = minl{αl}Ll=1, αmax = maxl{αl}Ll=1, wmin = mini{wi}Ωw

i=1

and wmax = maxi{wi}Ωw
i=1. Therefore, effective signal energy loss in a frame is

expressed as Es,loss = ps,i,kEs,loss,l and is smaller for a multipath channel as compared

to an AWGN channel, i.e., Es,loss,multipath ≤ Es,loss,AWGN due to the low value of

ps,i,k. Intuitively, this would be true because the received signal’s energy spreads in

more number of low energy clusters in a multipath channel. Hence, blanking of a

single UWB signal sample results in extremely low signal energy loss as compared

to AWGN channel that has total energy concentration in a single cluster. Hence,

the multipath channel diversity (which reduces the effective value of ps,i,k) and the

desired received UWB signal sparsity (sparsity reduces the overlapping probability

of the signal and IN) add robustness against the blanking loss in the proposed UWB

receiver.

34



CHAPTER 2. IMPULSE NOISE MITIGATION IN IR-UWB
COMMUNICATION USING SIGNAL CLUSTER SPARSITY

2.5 Simulation results and discussion

This section presents performance of the proposed receiver as compared to the con-

ventional receivers. Simulations are performed for the TH-BPSK UWB system for

Fs = 12 GHz sampling frequency using the second derivative Gaussian pulse w

[30, 33] with the pulse width parameter τ = 0.4 nanoseconds with single frame per

data symbol. The transmitter and receiver synchronization is assumed with the

perfect channel state information at the receiver.

In figures, legend “BPSK” represents the BER performance of the conventional

receiver in the IN free system, “Theory” represents semi-analytical results using

(2.16) and “BR”, “LR”, “MCA”, and “CDA” represent BER performance using

the blanking [43], limiter [44], morphological component analysis (MCA) [36]2 based

receiver, and the proposed CDA receiver in the presence of IN, respectively. Further,

“Guney, L” and “Guney, B” represent the Guney receiver [32] with limiter and

blanking non-linearity, respectively, and “Myriad” represents the myriad detector

[30] based receiver.

In [43], non-linear blanking receiver is analyzed for mitigating IN in an OFDM

system. Here, we use it for the first time in UWB literature for IN mitigation with

suitable modification and parameter selection appropriate for a UWB system. The

blanking non-linearity is applied to the received signal r. Samples of r are assigned

zero if |ri| ≥ T, i = 1, 2, ..., N , where T is a blanking threshold. To mitigate IN

effect, threshold T for the blanking based receiver in UWB system is selected such

that false alarm and miss-detection probabilities are minimized. The optimal value

of T is derived as

Topt = min
T
{Pr(Hs)pf,T + Pr(Hi)pm,T} , (2.19)

where pf,T and pm,T are false alarm and miss detection error probabilities, respec-

2In this thesis, the separation of signal components is carried out on the basis of resonance. We
use the same technique to IN and UWB signal separation.
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tively, for given T . Eq. (2.19) can be written as

Topt = min
T

{
(1− p) exp

− T2

2(σ2s+σ
2
n) +p

(
1− exp

− T2

2(σ2s+σ
2
n+σ2

I
)

)}
. (2.20)

After some mathematical steps, Topt can be given as

Topt = σs

√
2

(
1 + SIR +

1

INR

)(
1 +

1

SNR

)
ln

(
1− p
p

.
SNR + INR + 1

SNR + 1

)
.

(2.21)

For optimum threshold, p should satisfy p ≤ 1+SNR +INR
2(1+SNR )+INR

. For example, at SIR =

−30 dB and SNR = 20 dB with p = 0.01, the optimal value of Topt ≈ 4.8σs. Further,

if σ2
I � σ2

n, σ2
I ≥ 10σ2

s and σ2
s � σ2

n, Topt ≈ σs

√
2 ln

(
1−p
p. SIR

)
. In simulations, the

fixed value of T throughout the entire range of SNR is used, although SNR specific

T can be selected using the SNR estimation (employing a guard band), thereby

increasing the computational complexity of the receiver.

The received signal r, blanking output signal y (using the method in [43]) and

the proposed CDA output signal ŝ are shown in Figure 2.1. Signals are plotted

for five frame time duration in multipath channel model CM1 [6] in Figure 2.1.

The SINR = −40 dB, SNR = 20 dB, blanking threshold T = 4 (for blanking

receiver) and IN’s probability p = 0.01 are considered in this simulation setup. The

amplitude of IN samples is very high as observed in Figure 2.1 (at the top) and the

desired signal s is completely buried by IN. The high amplitude samples of IN are

blanked (assigned zero value) and low amplitude samples are present at the output

of blanking non-linearity as shown in Figure 2.1 (in the center). While using the

proposed CDA, all the samples of IN are removed without any modification in the

desired signal as observed in Figure 2.1 (at the bottom).

Next, the BER performance of TH-BPSK UWB system in the presence of IN

using the proposed receiver and other receivers [30, 32, 36, 43, 45] is analyzed in mul-

tipath IEEE 802.15.4a channel CM1 (residential LOS) and CM9 (industrial NLOS)

[6]. Simulation results with SIR = −30 dB, p = 0.01, T = 2, 1 (for blanking and

limiter receiver respectively), µ = 0.5, and frame duration Tf = 100 nanoseconds
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Figure 2.1: The received signal r (at the top), blanking output signal y and signal ŝ (at the
bottom) after the proposed CDA.

(ns) are shown in Figure 3.5. The blanking and limiter based receivers exhibit bit

error floor for both CM1 and CM9 channels in the presence of IN due to a fixed

value of thresholds [44]. Further, blanking provides better BER performance as com-

pared to a limiter as observed in Figure 3.5. The Guney receiver [32] with limiter

(“Guney, L”) has improved BER as compared to Guney with blanking (“Guney, B”)

receiver. Further, Guney (both with limiter and blanking) and Myriad [30] (“Myr-

iad”) receivers BER performance is better in CM9 as compared to CM1 due to

higher number of Rake fingers (significant energy paths). However, the MCA based

receiver [36] provides better BER performance as compared to the other non-linear

(Guney, blanking, limiter and Myriad) receivers. The MCA receiver [36] exhibits

bit error floor due to the presence of small IN samples in the received signal after

signal separation. The proposed receiver (“CDA”) has the best BER performance

amongst all receivers in the presence of additive IN and is free from any bit error

floor. It also overlaps with IN free system’s performance (“BPSK”) as shown in
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Figure 3.5. Thus, the proposed receiver can be used in sparse IN or outliers miti-

gation in robust UWB receiver design where training or parameter estimation may

not be possible. Also, theoretical results (using (2.16)) overlap simulation results

(“CDA”) in the presence of IN at high SNR (Figure 3.5). However, at low SNR,

UWB cluster’s shape is distorted, which results in theoretical and simulation re-

sults mismatch due to inaccurate blanking loss ρ estimation. BER vs SINR results

in CM1 channel shown in Figure 2.3 (left) indicate best BER performance of the

proposed CDA based receiver.
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Figure 2.2: Average BER vs. SNR performance of TH-BPSK system in the presence of IN at
SIR = −30 dB in multipath IEEE 802.15.4a channel CM1 (left) and CM9 (right) channels.

Further, the effect of overlapping IN sample on UWB signal is analyzed for

the proposed CDA based receiver and results are shown in Figure 2.3 (right) for

AWGN and multipath channels. In Figure 2.3 (right), L = 10 multipath (signal

clusters), maximum (Eloss,max) and minimum (Eloss,min) UWB signal blanking loss

are considered. As the UWB signal clusters increase, blanking loss decreases and

is very less (19 and 46 dB less as compared to AWGN at p = .05 and p = .01,

respectively, for 4 signal clusters) as compared to an AWGN channel as observed

in Figure 2.3 (right). Hence, the proposed receiver is free from the UWB signal

blanking loss due to multipath channel diversity.
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Figure 2.3: Average BER vs. SINR performance at p = 0.01, INR = 19 dB (left), and UWB
signal blanking loss vs number of signal clusters (right) in s at p = 0.05 (solid lines) and p = 0.01
(dashed lines).

2.6 Summary

In this chapter, a novel signal cluster sparsity based receiver design for the IN

mitigation in a UWB system is proposed. The receiver exploits the deterministic

cluster sparsity of the IR-UWB signal and observed to be robust and has improved

BER performance (close to the IN free system) as compared to the various existing

receivers in the presence of Bernoulli-Gaussian IN for multipath channels. Further,

numerical results using the proposed receiver have been validated using the semi-

analytic results. The work is helpful for robust operation and analysis of UWB

based devices such as WSN, IoT, vehicular-to-vehicular (V2V), and M2M that work

in harsh impulsive environments.
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Chapter 3

Sparsity-Based Narrowband

Interference Mitigation in Ultra

Wide-Band Communication for

5G and Beyond

In the previous chapter, performance of UWB communication is investigated in IN

effected channel, and a cluster detection algorithm using UWB signal sparsity is

proposed to mitigate the IN. Further, since low power UWB systems use very wide

frequency range from 3 ∼ 10 GHz and overlap with various narrowband commu-

nication systems such as IEEE 802.11ac standard. Thus, impact of relatively high

power narrowband interferes need to be analyzed on the wideband UWB signals,

and effective NBI mitigation method(s) is required to robust operation of UWB

systems.

In this chapter, affect of NBI on the UWB system is analyzed and a sparsity-

based NBI mitigation method is proposed that exploits distinct characteristics of

UWB signals and NBI. The proposed NBI mitigation method does not require a

non-linear operator such as limiter [40] or blanker [46]. Improved performance of the

proposed receiver has been validated via time hopping binary phase shift keying (TH-
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BPSK) UWB signal transmission in both AWGN and multipath fading channels.

3.1 Introduction

Large bandwidth UWB signals experience interference from narrowband and other

radio frequency signals in some common operating frequency regions [47–50]. The

transmitted power of UWB signals is limited to be within the FCC spectral mask

(maximum allowed power -41.3 dBm/MHz). Thus, weak UWB signals do not cre-

ate interference in the licensed narrowband communication systems. However, high

power narrowband radio signals can cause severe interference to UWB signals. Nar-

rowband signals can be considered as high amplitude sparse interferers to UWB

systems in the frequency domain or as high amplitude noise in the time domain.

Therefore, UWB signals may get embedded in the noise floor due to the presence of

narrowband interferers and subsequently, worsen the performance of UWB systems.

The conventional matched filter-based UWB receivers perform poorly in NBI due

to the non-Gaussian nature of joint additive noise and NBI process. Thus, modified

UWB receivers are proposed in the literature for robust UWB receiver design in the

presence of NBI. A brief summary of a few existing UWB receiver designs in the

presence of NBI is provided in Table 3.1.

NBI mitigation in UWB systems is generally done by either modifying the UWB

signal’s pulse shape at the transmitter, or by using NBI subspace information at

the receiver. However, apriori knowledge of NBI at the receiver is impractical in the

unlicensed band. Another method to handle NBI in a UWB system at the receiver,

is by using limiter-based methods that use a non-linear limiter before the correlator

or matched filter. However, a limiter-based receiver is not optimum for the full range

of SNR and requires an adaptive threshold to limit the incoming signal amplitude.

Frequency domain-based NBI mitigation techniques require whole UWB spectrum

sensing and more hardware to implement multiple filters (either bandpass or notch

type or both) and ADCs. Frequency domain based NBI mitigation techniques also
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Table 3.1: Literature review on NBI mitigation methods for UWB systems

Method Method Description and Advan-
tages

Limitations

Benzhou
et al.
[47]

Uses projection of the received UWB
signal onto the null space of NBI. The
overall signal-to-interference plus noise
ratio (SINR) performance is improved.

1. Requires apriori knowledge of NBI’s
null space that is not feasible in prac-
tical systems.

Stephane
et al.
[50]

Uses notch filter. The overall receiver
performance is improved. 1. Ideal notch filters desirable in this

system require higher order filter im-
plementation. Thus, implementation
complexity increases.

Omid et
al. [51]

Uses bandpass filters followed by lim-
iters in the frequency domain. This is
a simple and deterministic method and
does not require training symbols.

1. Receiver design is complex and suffers
with non-linear effects of limiter.

2. Receiver also suffers with pulse shape
distortion due to multiple bandpass
filters.
Both these may result in deterioration
of receivers performance.

Hailiang
et al.
[52]

Uses complex-valued adaptive notch
filter and a gradient-based frequency
tracking algorithm. Improved system
performance is observed.

1. Ideal notch filters desirable in this
system require higher order filter im-
plementation. Thus, implementation
complexity increases.

Saleh et
al. [53]

Uses a compressive sensing based NBI
mitigation method with varying center
frequency time window. Once the lo-
cation of an NBI signal in frequency
domain is identified, subsequent corre-
sponding time sample can be treated as
NBI samples and dropped from the re-
ceived signal. Improved system perfor-
mance is observed.

1. Dropping the mixed samples of UWB
and NBI signals can cause system per-
formance degradation especially when
a higher number of narrowband inter-
ferers are present in the UWB system.

Ningyu
et al.
[54]

Uses NBI’s subspace in the measure-
ment matrix design. Improved system
performance is observed.

1. Requires apriori knowledge or estima-
tion of NBI’s subspace.

Xiantao
et al.
[49]

Uses pre-rake/post-rake UWB
transceiver design to counteract NBI.
Significantly eliminates the adverse
effect of narrowband interference.

1. The process is complex and requires
pilot signaling.

Zhimeng
et al.
[48]

Uses a nonlinear Teager-Kaiser opera-
tor (TKO) and a highpass filter. NBI
is assumed to be present due to an
IEEE802.11a system. Improved system
performance is observed.

1. This approach may not be suitable for
other NBI signal and pulse shape dis-
tortion during UWB channel trans-
mission.

Mohamed
et al.
[55]

Uses an adaptive method to mitigate
NBI in a UWB system. Improved BER
performance is observed.

1. Method requires multiple bandpass
filters, ADC, and spectrum sensing
for the whole range of UWB signal.

Zhiquan
et al.
[56]

Uses chirp waveforms and orthogonal
complementary codes (OCCs). The
system complexity is shifted to the
transmitter side. There is an improve-
ment of 2 to 3 dB in BER performance.

1. Requires advance information about
NBI that is not feasible in practical
systems.
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suffer from spectral leakage. Another disadvantage of frequency domain NBI palliate

schemes is that they use multiple bandpass filters and thus, UWB pulse amplitude

and shape can change resulting in the degradation of receiver’s performance [57].

Another issue with NBI is that, the NBI can be non-stationary in nature. There-

fore, adaptive and efficient NBI mitigation techniques are required for an UWB sys-

tem that do not distort UWB signal characteristics. In this chapter, we propose a

new NBI mitigation method for a UWB system that exploits the sparsity structure of

the composite (UWB+NBI) received signal. The proposed NBI mitigation method

uses sparsity-based signal separation technique to remove NBI prior to the use of

correlator or matched filter. The proposed method performs satisfactorily in both

low-to-moderate NBI scenarios. The proposed receiver design does not require any

apriori information about NBI subspace, which makes the proposed UWB receiver

robust to current and future interference from unknown sources. Sparsity-based

signal separation algorithm at the receiver can be implemented for either frame du-

ration for highly non-stationary radio interferer or for complete data burst duration

in quasi-stationary radio interferer environments. The proposed NBI mitigation

method is effective for both stationary and non-stationary NBI signals.

3.2 System model

In a UWB system, every data symbol is transmitted over Nf consecutive frames to

limit the transmitted signal power within the FCC spectral mask. The combined

signal wc(t) of Nf frames using UWB pulse w(t) of duration Tw is represented as

wc(t) =

Nf−1∑
j=0

√
Eww(t− jTf − cjTc), (3.1)

where Tf , Tc, and Ew are the frame duration, chip duration, and pulse energy,

respectively. Pulse energy is calculated using Ew =
∫ Tf/2
−Tf/2

w2(t)dt and is constant

over a frame. {cj} is the pseudo random time hopping code with a time period Np

and cardinality of Nh for smoothing the transmitted signal PSD. The kth transmitted
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data symbol of TH-BPSK UWB signal can be written as

s(t) =
∞∑
k=0

d(k)wc(t− kTs), (3.2)

where d(k) ∈ {−1, 1} is the data symbol and Ts = NfTf is the data symbol duration.

The received signal r(t) can be written as [56]

r(t) = s(t) ∗ h(t) + inbi(t) + n(t) =
L−1∑
l=0

αls(t− τl) + inbi(t) + n(t), (3.3)

where ′∗′ is the convolution operator, h(t) is the CIR with L-number of resolved

multipaths and expressed as h(t) =
∑L−1

l=0 αlδ(t−τl), where αl and τl are the gain and

time delay of lth multipath, respectively. The received signal r(t) in (4.3) represents

the weighted summation of time shifted transmitted signal s(t) in the presence of

AWGN n(t) of zero mean and σ2
n variance, and NBI inbi(t). The desired signal

sr(t) =
∑L−1

l=0 αls(t− τl) in (4.3) is sparse in nature due to τl ≥ Tw,∀ l.

The NBI inbi(t), occupies very less bandwidth as compared to UWB signals and

can be considered as summation of multiple tone interferers in the frequency domain

and can be considered as sparse in nature. The mth narrowband interferer im(t) can

be written as

im(t) =
√

2Pm cos (2πfmt+ θm), m = 1, ...,M, (3.4)

where M is the total number of narrowband interferers. The fm and Pm are mth

narrowband interferer’s center frequency and power, respectively. The angle θm is

the initial random phase of the mth interferer and is uniformly distributed between

[0 2π). In this work, we assumed that center frequency fm of interferers are randomly

chosen in the UWB signal frequency range (between 2 to 10 GHz). The composite

NBI inbi(t) is thus expressed as

inbi(t) =
M∑
m=1

im(t). (3.5)
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The variance of inbi(t) is expressed as σ2
i = E{i2nbi(t)} = E{(

∑M
m=1 im(t))2}, where

E{·} is the statistical expectation operator and can be written as

σ2
i = E

{
M∑
m=1

(im(t))2 +
M∑
m=1

M∑
n=1,n6=m

im(t)in(t)

}
. (3.6)

(3.6) can be re-written as

σ2
i
∼=

M∑
m=1

Pm. (3.7)

The signal-to-interference ratio (SIR) is expressed as SIR = Ew/σ
2
i . Therefore,

value of Pm can be calculated based on the given SIR and M . In this work, NBI

inbi(t) as a summation of M tone signals where each tone signal has a random center

frequency between 2 to 10-GHz range and each center frequency is separated by at

least 1-GHz. For simplicity, we consider that inbi(t) is available at the receiver, else

it can be passed through a frequency flat fading channel to model NBI effect at the

receiver.

The received signal r(t) can be demodulated using the conventional Rake re-

ceiver. The kth data symbol zk of the Rake receiver output can be expressed as

[48, 50, 56]

zk = sk + ik + nk, (3.8)

where sk =
∫ (k+1)Tf
kTf

sr(t)stem(t)dt is the desired signal component,

ik =

∫ (k+1)Tf

kTf

inbi(t)stem(t)dt

corresponds to NBI, and nk =
∫ (k+1)Tf
kTf

n(t)stem(t)dt is the noise component at the

output of Rake receiver for the kth data symbol. The signal stem(t) is the template

signal for correlator-based signal detection and is generated using the UWB pulse

and CIR h(t). In (3.8), a composite signal of Lr Rake fingers (assuming Rake has Lr

fingers) is considered, where fingers’ outputs can be combined using maximum ratio

combining (MRC) or equal gain combiner (EGC). To determine the transmitted data

symbol d(k) from the kth received data symbol signal, Rake output zk is mapped

46



CHAPTER 3. SPARSITY-BASED NARROWBAND INTERFERENCE
MITIGATION IN ULTRA WIDE-BAND COMMUNICATION FOR 5G
AND BEYOND

according to the following decision criterion:

d(k) =


−1, if zk ≤ 0

1, otherwise

(3.9)

3.3 Proposed NBI mitigation method using spar-

sity

Recently, sparse signal processing methods are increasingly being used in decon-

volution, missing data estimation, signals separation, denoising, and many other

problems. Since both the UWB signal and NBI signal are sparse in time and fre-

quency domains, respectively, the proposed robust UWB communication receiver

design based on signal separation method that exploits this sparsity to mitigate the

impact of NBI signal in UWB transmission.

For the proposed system model, it is assume that the transmitted signal s(t), NBI

signal inbi(t), Gaussian noise n(t), and CIR h(t) can be reconstructed from signals

sampled at Nyquist rate. Thus, signals s(t), inbi(t), n(t), and h(t) are denoted

by vectors s =

[
s(0), s(1), ..., s(N − 1)

]T
, inbi =

[
inbi(0), inbi(1), ..., inbi(N − 1)

]T
,

n =

[
n(0), n(1), ..., n(N − 1)

]T
and h =

[
h(0), h(1), ..., h(N − 1)

]T
, where N is the

total number of samples at Nyquist rate in a fixed time duration. Let the received

signal r in the kth frame be given as

r = s + inbi + n ∈ RN . (3.10)

The transmitted UWB signal s is sparse due to few non-zero elements within a

fixed time duration. Correspondingly, its sparsity can be defined as [58]

sparsity(s) = #{k : sk 6= 0, k = 1, 2, ..., N}, (3.11)
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where a signal is called K-sparse if it has only K number of non-zero samples with

K << N [58].

The proposed UWB receiver is shown in Figure 3.1. This receiver has an ad-

ditional signal separation block that removes NBI signal before feeding the signal

to the conventional matched filter structure (refer to Figure 3.1). At the receiver,

MCA is applied for NBI separation.

5

Signal
separationr

⊗

ψ

ŝ
〈ψ, ŝ〉 to decision

ξk

Figure 3.1: Proposed receiver structure for NBI mitigation in UWB communication system.

The MCA is a signal separation method that is generally used in image decom-

position and audio decomposition. In MCA, it is assumed that the measured signal

is a mixture of morphologically distinct signals that are sparse in some transform

domain.

In the proposed work, resonance, duration, and oscillatory nature of UWB signals

and NBI are considered to be the differentiating features for signal separation. UWB

signals’ amplitude and arrival time can be quasi-static (but predictable for a certain

time duration) depending upon the operating environment. However, NBI always

occupy a time frame due to tone nature. Without loss of generality, the UWB

and NBI signals are from independent sources. Hence, statistically they are very

different.

Thus, it can be noted that MCA can be used in the proposed receiver design

since both the UWB signal and the NBI signal are morphologically distinct and are

sparse too. The objective function for MCA optimization can be represented as [59]

J(z1, z2) = ||r−A1z1 −A2z2||22 + λ1||z1||1 + λ2||z2||1, (3.12)
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where λ1 and λ2 are regularization parameters and, A1 and A2 are the sparsity

basis for the desired signal and NBI, respectively. The objective function J(z1, z2)

is minimized with respect to z1 and z2. Signals (signal and NBI) are estimated using

MCA as

ŝ = A1z
∗
1 and înbi = A2z

∗
2, (3.13)

where (z∗1, z
∗
2) represent optimal values that minimize the cost function J(z1, z2) in

(3.12).

Equation (3.12) can be solved by using various algorithms such as matching

pursuit (MP), basis pursuit (BP) methods, iterated soft-thresholding algorithm, and

split augmented Lagrangian shrinkage algorithm (SALSA), etc. In this work, SALSA

is applied because it is computationally efficient compared to MP and iterated soft-

thresholding algorithms.

Moreover, SALSA is effective in separating two sparse signals (that are differ-

ent in some form) from their combination [59] and is used for solving linear inverse

problems, large scale non-smooth optimization with fast convergence in denoising,

deconvolution, and signal separation. The procedure of solving (3.12) for NBI re-

moval using SALSA is described in Algorithm 2 below. Since the transmitted

signal s is sparse in UWB, A1 is considered to be the identity matrix. An NBI

signal is a summation of sinusoidal signals and has sparse representation over DFT

basis. Hence, for an NBI signal, A2 is chosen as the oversampled inverse DFT

matrix.

Algorithm 2 SALSA for signal separation

Initialize: η = 0.8,d1 = d2 = 0, λ1 = 1.5, λ2 = 0.5,A1,A2

Input: r, z2, z2

For : # of iterations=50
vi ← soft(zi + di, λi/η)− di, i = 1, 2
c← r−A1v1 −A2v2

di ← 1
η+2

AH
i c, i = 1, 2

zi ← di + vi, i = 1, 2
End

In Algorithm 2, AH
i is the Hermitian transpose of Ai and soft is a soft-
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thresholding function defined as

soft(x, T ) = max(1− T/|x|, 0)x. (3.14)

In Algorithm 2, first the parameters λi, η, and vector di are initialized. Pa-

rameters λi and η can be optimized based on the given signal characteristics by the

user [59]. Next, we calculate vector vi using the given input signal zi and di using

parameters λi and η. The vector c is then calculated by using the updated vector

vi and the received vector. The vector di is then updated using the values of c, Ai,

and η. Finally, a new set of signals zi are obtained using currently estimated values

of vectors di and vi. This completes one iteration of the algorithm. In the next iter-

ation, values are passed from previous iteration and loop runs for specified number

(#) of iterations. After completing # of iterations, A1z1 has the desired estimated

signal (ŝ). This separated signal ŝ is the input of the conventional correlator based

receiver as shown in Figure 3.1.

The error (e) between the actual transmitted signal (s) and the estimated signal

(ŝ) after NBI signal separation from the received signal can be expressed as e = s−ŝ.

The statistical mean value (µe) of the error signal (e) can be expressed as µe = E{e}.

The variance (σ2
e) of error signal (e) is calculated as

σ2
e = E{eTe} = E{(s− ŝ)T (s− ŝ)}, (3.15)

where (·)T represents the transpose of (·). Further, (3.15) can be written as

σ2
e = E{sT s} − 2E{ŝT s}+ E{ŝT ŝ},

σ2
e = E{s2} − E{ŝ2},

σ2
e = Es − Eŝ, (3.16)

where Es is the transmitted signal energy and Eŝ is the estimated signal (recon-

structed desired signal from the received signal) energy. By assuming e to be Gaus-
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sian distributed, the PDF of error is expressed as e ∼ N (µe, σ
2
e). In fact, the µe is

zero because the DC values of transmitted and reconstructed signals are generally

considered to be zero. In the case of perfect estimation of the desired signal, variance

σ2
e = 0. Therefore, in perfect estimation, the performance of the proposed receiver

is same as that of the conventional receiver without NBI.

The error signal (e) with the proposed receiver structure is shown in Figure 3.2.

From Figure 3.2, it is noted that the error is Gaussian distributed. The estimated pdf

of error is also compared with the Gaussian pdf with mean zero and variance 1.9857×

10−4 as shown in Figure 3.3. The error signal in Figure 3.2 is generated at SIR = 5

dB and SNR = 20 dB using the SALSA signal separation method. The value of

error is close to zero for all the samples as observed from Figure 3.2 and Figure 3.3.

We have also calculated the mean and variance of the error signal numerically to be

equal to 2.3481 × 10−6 and 2.4823 × 10−8, respectively. Therefore, in the presence

of NBI (SIR = 5 dB), the proposed receiver has performance similar to that of a

conventional receiver without any NBI. This can also be verified using the derived

BER performance of the proposed receiver in (3.19). The NBI effect in Figure 3.2 is

generated using the summation of four tone signals whose frequencies are selected

randomly between 2 to 10 GHz. The error in Figure 3.2 has been generated using 100

noise realizations. More information about simulation environment are discussed in

Section 3.4.

Next, the performance of the proposed receiver in the presence of NBI signal

is analyzed The correlator output (ξk) (in Figure 3.1) for the kth frame using the

estimated signal (ŝ) can be written as

ξk = 〈ψ, ŝ + n〉,

ξk = 〈ψ, s + e + n〉, (3.17)

where 〈., .〉 is the inner product operator. Further, (3.17) can be written as

ξk =
√
Es + ek + nk, (3.18)
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Figure 3.3: Gaussian PDF and histogram of error signal.

where
√
Es = 〈ψ, s〉 represents the correlation between the desired signal compo-

nent of the received signal and the template signal ψ. Symbol ψ denotes the Nyquist

rate sampled version of the analog template signal stem(t), ek = 〈ψ, e〉 denotes sig-

nal reconstruction error, and nk = 〈ψ, n〉 denotes AWGN noise. Assuming the

desired signal (s), estimation error (e), and AWGN noise n to be statistically inde-

pendent, received signal ξk is Gaussian distributed with ξk ∼ N (
√
Es, σ

2
r+σ2

n), where

σ2
r is the variance of ek. The value of σ2

r can thus be calculated as σ2
r = σ2

e〈ψ, ψ〉.

Further, assuming that the estimation error is not changing from frame-to-frame and

that the transmitted symbols are equally likely, BER performance of the proposed
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system with TH-BPSK signal transmission in the presence of NBI is expressed as

p(e|h) = Q

(√
Es

σ2
r + σ2

n

)
, (3.19)

where Q(·) is the tail probability of normal Gaussian variable. In (3.19), BER p(e|h)

is calculated for the deterministic channel. Further, in the case of perfect signal

estimation using the proposed method, (3.19) is same as the BER performance of a

conventional receiver without any NBI due to zero value of σ2
r . It is observed that

at high NBI, the error can be approximated by Gaussian distribution. In totality,

the performance of the proposed receiver is better than the conventional matched

filter receiver. The unconditional BER p(e), with TH-BPSK signal transmission is

expressed as

p(e) =

∫ ∞
−∞

p(e|h)fh(h)dh, (3.20)

where fh(h) is the PDF of CIR h. In this work, p(e) is calculated using ensemble

averaging over multiple channel realizations and is expressed as

pensemble(e) =
1

Z

Z∑
i=1

p(e|hi), (3.21)

where Z is the total number of channel realizations and hi is the ith CIR realization.

3.4 Simulation and discussion

In this section, simulations are carried out in different UWB operating environment

to verify effectiveness of the proposed NBI mitigation method. The transmitted

pulse w(t), is the second derivative Gaussian pulse [52] with τ = 0.2 nanoseconds.

The sampling frequency of 25 GHz, and normalized pulse transmission are consid-

ered. The spectrum of the UWB signal belongs to 2 to 10 GHz frequency range

and is centered around 5 GHz. Synchronized transmitter and receiver are consid-

ered. SNR denotes the signal-to-background Gaussian noise ratio and is defined
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Table 3.2: Value of parameters for TH-BPSK signal transmission

Parameter AWGN channel CM1 channel CM4 channel

Nf 1 1 1

Tf(ns) 10 60 80

Tc(ns) 1 1 1

Np 100 100 100

Nh 3 7 7

rms delay (ns) - 6 24

as SNR = Ew/σ
2
n. Other simulation parameters are shown in Table 3.2. NBI is

generated using the summation of four tone signals as described in equation (3.6)

unless it is specified in the simulation results. The center frequency of tone signals

are selected randomly between 2 to 10 GHz with 1 GHz increment. Two scenarios

have been considered in the simulation set-up: AWGN and multipath communi-

cation channel with tone and non-tone narrowband interferences. BER has been

considered as the performance evaluation criterion.

In Figure 3.4, BER performance with TH-BPSK UWB signal transmission in

AWGN noise is shown using the conventional matched filter and the proposed re-

ceiver in the presence of NBI. In these simulations, SIR = −10,−5 dB (very large

NBI), SIR = 0 dB (moderate NBI), and SIR = 10 dB (low NBI) are considered to

show the effectiveness of the proposed receiver in the presence of very high to low

NBI. From BER curves of Figure 3.4, it is evident that moderate to low amplitude

NBI signal can be separated using SALSA algorithm. Further, it is observed that

the BER performance of the proposed receiver is not much affected by low and

moderate NBI cases. In fact, BER performance of the proposed receiver is close to

NBI free system performance in low NBI case and is degraded by around 1.5 dB in

the case of moderate NBI. The performance of the proposed receiver is free from

BER floor in the presence of all the cases of NBI as is evident from Figure 3.4 due

to Gaussian nature of the error. The performance of the proposed receiver is 7-20

dB better than the conventional receiver in all considered cases of NBI. Another

important observation from Figure 3.4 is that the conventional matched (correlator)
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receiver exhibits BER floor in the presence of very large and moderate NBI cases

and hence, the performance is not suitable for any practical system.
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Figure 3.4: Average BER performance of TH-BPSK UWB signal in the presence of NBI using
the proposed and the conventional correlator based receiver in AWGN channel. Solid (−) and
dashed (−−) lines represent the conventional correlator and the proposed receiver performance,
respectively, and “BPSK” (thick line) represents the BER performance with TH-BPSK UWB
signal transmission without any NBI.

In order to assess the performance of proposed receiver in multipath channel,

BER performance of TH-BPSK modulated UWB system in CM1 channel model with

additive NBI and AWGN is evaluated. CM1 is a well known line of sight (LOS)

channel model for UWB communication with parameters as specified in [6]. For

CM1 channel model in the presence of NBI, BER performance of the proposed and

the conventional correlator receiver is shown in Figure 3.5. The proposed receiver’s

performance at low NBI case (SIR = 10 dB) is similar to the conventional system

performance (without NBI) as shown in Figure 3.5. However, performance of the

proposed receiver is degraded by approximately 2 and 5 dB at SIR = 0 and -5

dB, respectively, compared to the conventional system (without NBI). Also, we

observe from Figure 3.5 that the conventional receiver tends to error floor at high

and medium NBI cases due to non-Gaussian nature of interferers. On the other

hand, the proposed receiver works satisfactorily even in high NBI case as observed
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in Figure 3.5. Further, filtering-based NBI [51] mitigation method has good BER

performance but requires knowledge of the NBI’s statistics such as frequency and

bandwidth.
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Figure 3.5: Average BER performance with TH-BPSK UWB signal transmission in the presence
of NBI using the proposed and the conventional correlator based receiver in CM1 channel model.
Solid (−) and dashed (−−) lines represent the conventional correlator and the proposed receiver
performance respectively, and “BPSK” (thick line) represents the BER performance with TH-
BPSK UWB signal transmission without any NBI.

Further, robustness of the proposed receiver is verified in non-line-of-sight (NLOS)

UWB communication channel model, namely, CM4 channel. The sparsity of the re-

ceived UWB signal in CM4 channel model is low as compared to CM1 due to higher

contribution of non-line-of-sight signal components at the receiver. The parameter

specification and information about CM4 channel model can be found in [6]. BER

performance of UWB system in CM4 channel model is shown in Figure 3.6 using

both the proposed and the conventional receiver in the presence of NBI. BER per-

formance of the proposed receiver in low NBI scenario (SIR = 10 dB) is same as

that of the conventional receiver without any NBI. Compared to the conventional re-

ceiver, BER performance improvement of 5-20 dB is observed in CM4 channel model

using the proposed receiver. This improvement depends upon NBI level. BER per-

formance improvement in CM4 channel using the proposed receiver is degraded as

compared to CM1 channel model at SIR = −5 and 0 dB due to the reduced sparsity
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in the received UWB signal in CM4 channel as observed in Figure 3.6.
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Figure 3.6: Average BER performance with TH-BPSK UWB signal transmission in the presence
of NBI using the proposed and the conventional correlator based receiver in CM4 channel model.
Solid (−) and dashed (−−) lines represent conventional correlator and the proposed receiver per-
formance, respectively. The “BPSK” (thick line) represents BER performance with TH-BPSK
UWB signal transmission without any NBI.

Next, the effect of number of tone signals in NBI is shown with the proposed

receiver design. BER performance of the proposed UWB receiver under varying

number of tone signals in NBI (using (3.6)) is shown in Figure 3.7. Performance

of the proposed receiver is independent of the number of tone signals in NBI as

observed from Figure 3.7.

In Figure 3.8, BER performance with TH-BPSK signal transmission is shown

at constant values of SNR in CM1 channel model. From Figure 3.8, one can ob-

serve that for SIR value greater than −2 dB, the proposed signal separation based

receiver’s performance is almost similar to the conventional receiver without NBI.

Further, effectiveness of the proposed receiver depends upon SNR level and improves

as SNR increases as shown in Figure 3.8.

In order to further analyze performance of the proposed receiver, simulations

are also carried out using non-tone narrowband interferer. The passband non-tone

NBI has center frequency (fc), and bandwidth B = 20 MHz. The center frequency

is randomly selected from the range of 2 to 10 GHz with 1 GHz step increment.
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Figure 3.7: BER performance with TH-BPSK UWB signal transmission in the presence of NBI
using the proposed receiver in CM1 channel model. BER curves are generated by varying number
of tone signals in NBI as mentioned in (3.6) at SIR = 0 dB.
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Figure 3.8: BER vs SIR performance with TH-BPSK UWB signal transmission using the pro-
posed receiver in CM1 channel model. BER curves are generated at SNR = 0, 10, and 20 dB. The
“BPSK” (solid thick line) represents system performance without any NBI at SNR = 10 dB.

NBI has triangular shape and 25% duty cycle with random pulse polarity. The

autocorrelation function Rnon-tone of non-tone NBI can be expressed as Rnon-tone =

sin(πBι)
πBι

cos(2πfcι), ι ∈ RN . The non-tone NBI inon-tone has flat PSD at fc GHz over

bandwidth B MHz. BER performance of the UWB system using the proposed and

conventional receiver is shown in Figure 3.9 in the presence of non-tone NBI (inon-tone)

using CM1 channel model. BER performance using the proposed receiver in the
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presence of NBI is almost close to the conventional receiver without NBI as observed

in Figure 3.9 for all considered SIRs. The conventional receiver exhibits BER floor

at moderate to high NBI, while the proposed receiver is free from the BER floor for

low, moderate, and very high NBI scenarios. Performance of the proposed receiver

design is more effective in the presence of non-tone NBI as compared to tone NBI as

observed from the above figures. Hence, in a real operating environment (non-tone

NBI), the proposed receiver is able to mitigate NBI effect in a UWB system.
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Figure 3.9: Average BER vs. SNR performance with TH-BPSK UWB signal transmission using
the proposed receiver in the presence of non-tone bandpass NBI in CM1 channel model. Solid (−)
and dashed (−−) lines represent the conventional correlator and the proposed receiver performance,
respectively. The “BPSK” (thick line) represents BER performance with TH-BPSK UWB signal
transmission without any NBI.

Computational complexity of the proposed algorithm is analyzed in Table 3.3,

where total number of multiplications and additions have been estimated. In Ta-

ble 3.3, N is the total number of samples in the received signal vector (r). Here,

number of multiplications represent multiplications and divisions, and the number

of additions represent additions and subtractions. This is to note that matrix multi-

plication consumes maximum computation time of the algorithm. In Algorithm 2,

A1 and A2 are identity and inverse DFT matrices, respectively. Hence, the matrix

multiplication can be optimized. In short, the proposed algorithm has complexity of

the order of O(N2) approximately as shown in Table 3.3. Further, the total number
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of additions and multiplications can be reduced using efficient implementation of

the algorithm.

Table 3.3: Computational complexity of NBI mitigation

Operations Additions Multiplications

soft(x,T) N 2N
c ← r − A1v1 −
A2v2

2N2 2N2

di ← 1
η+2

AH
i c N(N − 1) N2

zi ← di + vi N -
Total N + 3N2 ≈ O(N2) 2N + 3N2 ≈ O(N2)

3.5 Summary

In this chapter, UWB communication receiver using signal separation method is

proposed to mitigate the NBI. The proposed receiver is shown to perform better

than the conventional matched receiver in the presence of tone and non-tone NBIs

in multipath fading channels. The proposed NBI mitigation method does not require

NBI’s subspace information. Hence, it is free from training phase like other previous

proposed methods. Also, the proposed method is not sensitive to the threshold value

like in limiter based NBI mitigation methods in the UWB systems. Computational

complexity of the proposed receiver design is also analyzed for UWB system in the

work. The proposed receiver has a high gain of upto 5-20 dB depending upon the

power of NBI as compared to the conventional receiver with a marginal increment in

computational complexity. The receiver design is versatile and robust against NBI

for future large bandwidth unlicensed and narrowband licensed spectrum coexisting

for 5G and beyond communication systems.

Further, it is observed that the considered receiver design in this chapter is

generic and can be used for different NBI models and channel conditions without

any modification to the proposed receiver structure. In next generation networks,

interference is a challenging problem. Therefore, the proposed receiver’s performance

in the presence of both the NBI and IN scenario can be explored in 5G and beyond

systems.
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Chapter 4

A New Sparse Signal-Matched

Measurement Matrix for

Compressive Sensing in UWB

Communication

In the previous chapter, impact of NBI and its mitigation methods in the UWB

systems were discussed. A sparsity-based NBI mitigation using signal separation

method is proposed to overcome the detrimental affect of NBI in UWB communica-

tion in the last chapter. Further, UWB signal has very large bandwidth, hence the

signal sampling rate is enormously high i.e. order of few GHz. A high sampling rate

ADC is not available or has very high complexity and power consumption, which

results in complex digital UWB system design. Therefore, low sampling rate ADC

is desirable and can be achieved by exploiting the sparsity of the UWB signals using

the compressive sensing (CS) method.

In this chapter, to reduce the sampling rate and for low power requirement,

UWB systems are implemented using CS or sub-Nyquist rate measured samples by

exploiting sparsity of the UWB signal. CS-based UWB systems are being designed

in two ways: 1) signal demodulation or detection is performed in the compressive
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(or compressed) sensing domain without full signal recovery at the front-end. Thus,

demodulation or detection works on compressive measurements. However, system

performance deteriorates in the compressive sensing domain as compared to full

Nyquist rate sampling; and 2) after, Nyquist rate signal is recovered using effi-

cient algorithms at the front-end, the signal demodulation or detection is performed

using the conventional receiver. Thus, one requires an efficient compressive sens-

ing/sampling of signal measurement at the front-end for better system performance

for both the cases stated above. In this chapter, a deterministic (partial) UWB

waveform-matched measurement matrix is proposed. The proposed measurement

matrix has circulant structure and is sparse in nature. The proposed matrix is easy

to implement in hardware and is operationally time efficient as needed in a practi-

cal system. Further, BER performance of the corresponding UWB system and the

operational time complexity with the proposed measurement matrix are analyzed

as compared to the existing measurement matrices in the CS domain for both the

above receiver designs.

4.1 Introduction

The cost effective UWB technology is limited by requirement of a high sample

rate ADC and worldwide unavailability of unique standards for millimeter wave

communication. In order to handle ADC requirement, recently, channel estimation

and receiver designs are being implemented using CS at sub-Nyquist rate sampling

using low sampling rate ADC and low power requirement [60–69]. The sub-Nyquist

rate implementation of UWB system also avoids precise synchronization requirement

due to frame rate synchronization. In this context, compressive sensing with sparse

signal processing can play a very important role in millimeter and 5G communication

due to inherent sparse nature of signals at such high frequencies. Importance of

sparse signal processing is also highlighted for efficient future 5G communication in

[70].
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Further, UWB signal received through the multipath channel is sparse in time

domain due to short time duration of transmitted pulses and can be processed using

CS for efficient system implementation [63, 67, 71]. In [64], performance of various

signal recovery algorithms has been analyzed for CS based UWB system by varying

the sparsity level of the received UWB signal in multipath communication environ-

ment. Results in [64] suggest that lowering the sparsity of received UWB signal

culminates in higher signal recovery time and degraded performance as compared

to the case of sparser signals.

In [66], CS based receiver design is proposed in high data rate transmission

scheme for bursty UWB communication. It is shown that the system is insensitive

to the nature of multipath channel. In [69], sparsity of UWB channel and PPM

(pulse position modulation) are explored jointly and called dual sparse UWB signal

for CS based UWB communication using non-coherent signal detection. However,

the proposed method in [69] is valid only for PPM data transmission scheme and for

high SNR region. In [68], channel estimation is done using CS based method with

Gaussian pulse based signal sparsfying dictionary where signal recovery is done

via MP algorithm. In [67, 71], channel estimation is done using CS and signal

reconstruction error is analyzed at various sampling ratios of CS. In [67], channel

estimation is done using the frequency band division of the received UWB signal.

Better signal recovery is reported at sub-Nyquist rate sampling. In [71], sparsifying

dictionary has been suggested using the Gaussian pulse for the received UWB signal.

Interestingly, UWB literature [61, 62] highlights signal demodulation or detec-

tion in the compressive domain at sub-Nyquist rate without full signal recovery at

the front-end. Receiver design using compressive measurements is simple, needs

lower power, lower sampling rate ADC, and does not require any signal processing

back-end hardware for signal recovery algorithm. In [60], BPSK modulation scheme

for the UWB system at 60 GHz using sub-Nyquist rate sampling is demonstrated

for futuristic gigabits per second data rate. Authors in [61, 62, 72] suggest efficient

system implementation in the CS domain at sub-Nyquist rates to draw signal-based
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inferences such as detection, classification, and filtering. The above literature high-

lights the use of CS for low sampling rate ADC and less power requirement for

the UWB system design. This highlights utility of CS method at millimeter wave

communication for UWB signal in the near future.

In the CS literature, [73–78] various deterministic (partial) measurement matri-

ces are proposed and analyzed. The hardware computational complexity of de-

terministic measurement matrices is low as compared to random Gaussian and

Bernoulli distributed measurement matrices. Signal recovery from sub-Nyquist rate

samples using a deterministic (partial) measurement matrix is less time consum-

ing and computationally efficient especially in the case of Toeplitz and circulant

measurement matrices without any performance degradation as compared to inde-

pendent and identically distributed (i.i.d.) measurement matrices [75, 76, 79]. In

[80], a fully deterministic measurement matrix is proposed and results are shown to

be better compared to random measurement matrices with significant reduction in

implementation complexity. In [81–84] structured measurement matrices designed

using data characteristics are proposed for better system performance with or with-

out reducing complexity and operational time of signal recovery algorithms for CS

based system. In [85], wavelet measurement matrix is used with CS in image pro-

cessing and is observed to provide better performance compared to the existing mea-

surement matrices. The wavelet measurement matrix can capture local and global

information of image better than other matrices; hence, improved performance is

observed in [85]. Further, this work provides additional motivation to explore mea-

surement matrix that can capture higher information rate for UWB signal in wireless

communication.

UWB receiver design using compressive measurements without fully recovering

the received signal can be achieved by very simple implementation. However, re-

ceivers implemented in compressive sensing domain have degraded BER performance

compared to traditional analog autocorrelation receivers (ACR) [62, 63, 65, 72, 86],

as highlighted in the UWB literature. On the other hand, ACRs require high sam-
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pling rate ADC and long analog delay lines for implementation, which makes receiver

design complex, power hungry, and technologically unimplementable in current sce-

nario. Thus, the above discussion motivates us to use CS in UWB system by de-

signing a good measurement matrix that can yield better BER performance.

In this chapter, the construction of a measurement matrix using the transmitted

UWB waveform for efficient CS signal processing and better system performance

is proposed. First, a circulant matrix is derived using the composite transmit-

ted UWB waveform. Next, the proposed measurement matrix is generated using

the random selection of rows of the above derived circulant matrix. The proposed

measurement matrix designed using the transmitted UWB waveform yields better

system performance in both the scenarios, case-1 : when signal demodulation or

detection is performed in the compressive domain without full signal recovery at the

front-end; and case-2 : when Nyquist rate signal is recovered first from compressive

measurements using efficient signal recovery algorithms at the front end and then,

signal demodulation or detection is performed using the conventional receiver. For

brevity, from hereafter, we refer to case-1 above as sub-Nyquist rate CS receiver

implementation, and case-2 as signal domain based CS receiver implementation.

In the CS and UWB literature, random Gaussian and Bernoulli distributed mea-

surement matrices are widely used. However, random measurement matrices are

difficult to implement in hardware due to randomness in the generated matrices

[65, 69, 71, 72, 74, 86]. From implementation simplicity point of view, determin-

istic (partial) discrete cosine transform (DCT), discrete Fourier transform (DFT),

Hadamard, chirp, wavelet and Reed-Muller codes based etc. measurement matrices

are designed, where DCT and Hadamard matrices are widely recognized matrices in

CS literature [75, 77, 78, 80, 85, 87]. A deterministic measurement matrix is formed

using the random selection of rows of the corresponding matrix. In this chapter,

performance of the proposed deterministic (partial) measurement matrix with the

existing deterministic (partial) DCT, Hadamard and random Gaussian measurement

matrices is compared.
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4.2 UWB system model and receiver design in CS

domain

In this section, UWB system model using TH-BPSK signal is described. Signal

acquisition system for compressive measurements, and sub-Nyquist rate CS receiver

implementation are formulated and analyzed for simple UWB communication sys-

tem implementation.

4.2.1 UWB system model

In a UWB system, every data symbol is transmitted over Nf consecutive frames to

limit the transmitted signal power within the FCC spectral mask. The combined

signal, wc(t) of Nf consecutive frames using UWB pulse, w(t) of duration Tw is

represented as

wc(t) =

Nf−1∑
j=0

√
Eww(t− jTf − cjTc), (4.1)

where Tf , Tc, and Ew are frame duration, chip duration and pulse energy, respec-

tively. The pulse energy is calculated using Ew =
∫ Tf/2
−Tf/2

w2(t)dt and is constant

over a frame. {cj} is the pseudo random time hopping code with time period Np

and cardinality Nh for smoothing the transmitted signal PSD. The kth transmitted

data symbol of TH-BPSK UWB signal can be written as

s(t) =
∞∑
k=0

d(k)wc(t− kTs), (4.2)

where d(k) ∈ {−1, 1} is the data symbol and Ts = NfTf is the data symbol duration.

The received signal r(t) can be written as

r(t) = s(t) ∗ h(t) + n(t) =
L−1∑
l=0

αls(t− τl) + n(t), (4.3)

where ′∗′ is the convolution operator, n(t) is AWGN noise of zero mean and σ2
n
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variance, and h(t) is the CIR with L number of resolved multipaths, expressed as

h(t) =
∑L−1

l=0 αlδ(t − τl), where αl and τl are gain and time delay of lth multipath,

respectively. The received signal r(t) in (4.3) represents the weighted summation of

time shifted transmitted signal s(t) and noise. This is to note that the signal r(t)

can be sparse in nature due to large multipath channel delay as compared to the

transmitted UWB pulse time.

4.2.2 Signal acquisition block

In this subsection, the measurement process of received signal r(t) for compressive

sensing based processing is described. Let Φ be a measurement matrix (or sensing

matrix) and expressed as Φ = [φ1(t) φ2(t) ... φM(t)]T , where [·]T denotes the trans-

pose of matrix and {φi(t)}Mi=1 is the ith row of measurement matrix Φ. The mth

measurement ym of the received signal r(t) can be expressed as

ym = 〈φm(t), r(t)〉,m = 1, 2, ...,M

= 〈φm(t),
L−1∑
l=0

αls(t− τl) + n(t)〉

= 〈φm(t), sh(t)〉+ 〈φm(t), n(t)〉, (4.4)

where 〈., .〉 represents the inner product defined as 〈φm(t), sh(t)〉 =
∫∞
−∞ φm(t)sh(t)dt,

sh(t) =
∑L−1

l=0 αls(t−τl), and measurements using (4.4) are arranged in a vector y =

[y1 y2 y3 ... yM ]T . Measurements of the received signal are taken directly in analog

domain with sub-Nyquist rate sampling and the corresponding signal acquisition

system is called analog-to-information (A2I) converter [86]. The measurement vector

y can also be expressed as

y = ys + yn ∈ RM , (4.5)

where ys = {〈φm(t), sh(t)〉}Mm=1 and yn = {〈φm(t), n(t)〉}Mm=1 are desired signal and

noise signal measurements, respectively. Noise yn is considered to be statistically
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independent Gaussian distributed with zero mean and σ2
n〈Φ,Φ〉 variance. In this

work, ideal noise free measurement system with noise to be present in the received

signal via channel only is assumed.

∇

r(t)

⊗φ1(t)∫
r(t)φ1(t)dt

4t
y1(4t)

⊗φ2(t)∫
r(t)φ2(t)dt

4t
y2(4t)

�
�
�⊗φM(t)∫

r(t)φM(t)dt
4t

yM(4t)

Figure 4.1: Signal acquisition block diagram.

Signal acquisition block is the front-end of the CS-based UWB receiver system

and is shown in Figure 4.1. The mth measurement of received signal is generated

by multiplying the received signal r(t) with the mth row of the measurement matrix

Φ, followed by a low pass filter (integrator) and a sampler. Since the measurement

matrix has less number of rows compared to the conventional system, hence, output

of the system is at a lower sampling rate (sub-Nyquist rate). Here, “conventional

system” refers to the conventional receiver design wherein all signal samples are

sensed/sampled and used in the receiver.

The signal acquisition block of Figure 4.1 is also called CS-based ADC [60].

The size of the measurement signal y depends upon the number of rows in the

matrix Φ. The measurement matrix Φ in Figure 4.1 can be a randomly gener-

ated or a deterministic matrix. As the number of rows in the measurement matrix

increases, information about the received signal from the measurement samples im-

proves. However, implementation complexity of A2I system also increases due to

extra hardware requirement for each measurement.
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4.2.3 Sub-Nyquist rate CS domain UWB receiver design

In this subsection, the CS based UWB receiver design using less complex, power

efficient, and sub-Nyquist rate ADC is presented. the BER performance of TH-

BPSK signal in the CS domain for multipath channel scenario is also derived. In

order to derive the BER of TH-BPSK signal, discrete-time signal sampled at the

Nyquist rate is considered. The received signal r(t), CIR h(t), UWB pulse w(t),

and AWGN n(t) are represented by vectors as r =

[
r(0), r(1), ..., r(N − 1)

]T
, h =[

h(0), h(1), ..., h(N − 1)

]T
, w =

[
w(0), w(1), ..., w(N − 1)

]T
and

n =

[
n(0), n(1), ..., n(N − 1)

]T
, respectively, whereN is the total number of samples

at Nyquist rate in a fixed time duration.

The sparsity of received signal can be observed in the transform domain and

signal can be expressed as r = Ψx (without considering the noise), where Ψ is an

N × N sparsity basis matrix and x is an N × 1 vector of signal coefficients in the

transform domain. If x has only K non-zero elements with K � N , then signal r

is called K -sparse in the transform domain or have sparsity of order K. Generally,

received UWB signal is sparse in the time domain.

Hence, sparsity basis matrix Ψ is replaced by an identity matrix of the same size.

In order to present a general theory, we have considered r = Ψx + n (in general

received signal is noisy), where n is AWGN. Measurements of the received signal in

(4.5) can also be written as

y = Φ(r) = ΦΨx + Φn ∈ RM . (4.6)

In (4.6), Φ is the same measurement matrix as considered in (4.5) except that each

row is discretized into N samples and hence, Φ has a size of M ×N with M << N .

Further (4.6) can be written as y = Θx + n̄, where Θ = ΦΨ and n̄ = Φn.

The system in (4.6) is an under-determined system of linear equations and needs

some apriori knowledge to reconstruct/recover unique full signal (at Nyquist rate) r
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from its sub-Nyquist rate random measurements y. The received sparse signal can

be recovered using the `0-norm minimization as below

min ||x̂||0 subject to Θx̂ = y, (4.7)

where ||x̂||0 represents the non-zero elements (sparsity of signal) in x̂ and defined as

||x̂||0 = #{i : x̂(i) 6= 0, i = 1 to N}, (4.8)

where # represents a number. The solution of underdetermined system of equations

in (4.7) using `0-norm minimization is difficult to implement because minimization

of `0-norm is NP hard [58, 74, 88]. In the literature, various solutions of (4.7) are

proposed using `1-norm minimization under convex optimization framework with

less complexity that is practically realizable.

In general, received signal, r is noisy. Hence, solution of (4.6) using `1-norm can

be written as

x̂ = arg min
x
||x||1 : ||Θx− y||2 ≤ η, (4.9)

where η is a user defined parameter and depends upon the difference between actual

x and estimated x̂. Orthogonal matching pursuit (OMP) and compressive sampling

matching pursuit (CoSaMP) are some of the signal recovery algorithms using `1-

norm minimization that have been used in the literature to solve (4.9) [58, 64, 69, 80].

Further in (4.6), noise n in the received signal is mapped to n̄ = Φn in the

measurement signal y in the compressive sensing domain. If ΦΦT = pI, then noise

observed in the CS domain is white and has variance equal to pσ2
n, where I is the

identity matrix and p is a constant that depends upon the measurement matrix Φ.

The received signal corresponding to the kth transmitted data symbol in the jth

frame in the CS framework can be written as

yk,j = Φrk,j = yk,j
s + yk,j

n , (4.10)
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where yk,js and yk,jn are the desired signal and noise component, respectively, and can

be measured using (4.5). In (4.10), it is assumed that the received UWB signal to

be sparse in the time domain. If we average signal yk,j over Nf consecutive frames

by assuming channel to be invariant over one data symbol duration and noise to

be affecting the desired signal similarly in each frame, then kth data signal in a CS

domain can be written as

yk =
1

Nf

Nf−1∑
j=0

yk,j = ỹks + ỹkn, (4.11)

where ỹks = 1
Nf

∑Nf−1
j=0 yk,js and ỹkn = 1

Nf

∑Nf−1
j=0 yk,jn . In (4.11), it is assumed that

each data symbol has same time hopping code cj [24, 62].

Further, if each data symbol is affected similarly by noise, then we can write

ỹkn = ỹn and noise distribution in CS domain can be defined as ỹn ∼ N (0, σ2
ñ), where

σ2
ñ = σ2

nΦΦT/Nf . By assuming that CIR is available at the receiver and invariant

over the considered data transmission duration (quasi-static over symbol duration),

correlation signal template yktem ≈ ytem for correlator based signal detection scheme

can be expressed as

ytem = Φ(h(t) ∗ w(t))t=nTs = Φ(Hw), (4.12)

where H is the channel matrix and is generated using CIR h. The template signal

ytem can also be generated using the same signal acquisition block as shown in Figure

4.1 by sending a pilot signal before data transmission. However, the template signal

generated using the pilot signal is noisy, and will also result in loss of efficiency.

The correlator output in the CS domain for the kth data symbol is expressed as

zkcs = 〈yk,ytem〉 ≈ 〈ỹks ,ytem〉+ 〈ỹn,ytem〉. (4.13)

Signal ỹks can be written as ΦHwk by assuming same pulse energy in each frame,

where wk is the kth data symbol transmitted pulse. Further zkcs in (4.13) is expressed
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as zkcs = wT
k HTΦTΦHw + ỹT

nΦHw. The kth data symbol can be demodulated

using zkcs, where data symbol assignment is as given below

d(k) =

−1, if zkcs ≤ 0

1, otherwise.
(4.14)

By assuming transmitted data pulse wk, measurement matrix Φ, channel matrix

H, and noise vector ỹn to be statistically independent, the approximate distribution

of signal zkcs with the positive pulse transmission is given by

zkcs ∼ N (||ΦHw||22, σ
2
ñ||ΦHw||22). (4.15)

Let Ecs = ||ΦHw||22 be the energy of the composite multipath signal in the CS

domain. The conditional BER pc(e|h) of TH-BPSK UWB signal using compressively

sensed measurements can be written as

pc(e|h) = Q

(√
Ecs
σ2
ñ

)
. (4.16)

In (4.16), all data symbols to be equally likely. If the matrix Φ is orthonormal,

then pc(e|h) in (4.16) is p(e|h) = Q
(√

Nf
||Hw||2
σ2
n

)
and equal to the BER of a usual

(uncompressed domain) TH-BPSK system. Let us define SNR as SNR = ||Hw||2
σ2
n

,

where ||Hw||2 represents the composite multipath pulse energy in the signal domain.

Assuming that the measurement matrix Φ is random and satisfies the restricted

isometry property (RIP), BER in (4.16) can be expressed as [72]

Q

(√
(1 + δs)Nf · SNR

)
≤ pc(e|h) ≤ Q

(√
(1− δs)Nf · SNR

)
, (4.17)

where δs ∈ (0, 1) is a RIP constant. The unconditional BER pc(e) of TH-BPSK
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signal can be expressed as

pc(e) =

∫ ∞
−∞

pc(e|h)fh(h)dh, (4.18)

where fh(h) is the PDF of CIR h.

In this chapter, (4.18) is numerically evaluated to find the BER of TH-BPSK

signal. Further, (4.18) is simplified to Q
(√

Ew/σ2
n

)
in AWGN channel with single

frame per data symbol transmission scheme without any CS scheme, which is same

as in [89]. The BER performance of sub-Nyquist rate CS receiver for TH-BPSK

UWB signal using the proposed and random Gaussian measurement matrices is

shown in Figure 4.2 at 30 percent of compressive sensing ratio (CSR). BER curves

using simulation and (4.16) overlap considerably for both the proposed and random

Gaussian matrices over the deterministic channel model as observed in Figure 4.2.
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Figure 4.2: BER plot using the proposed (ΦProposed) and random Gaussian (ΦGaussian) measure-
ment matrices at 30 percent CS ratio (CSR) for both simulation and theory. Theoretical results
have been generated using (4.16).

4.3 Proposed measurement matrix

In this section, a new measurement matrix is proposed to process UWB signal in

CS domain that provides improved performance of the UWB system in terms of
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reduced operational time with efficient signal recovery. This proposed measurement

matrix has circulant structure. Hence, it is computationally time efficient for signal

processing in CS based system, thereby resulting in lower latency. The Toeplitz and

circulant measurement matrices are also suggested earlier in the CS theory for less

storage space requirement and effective signal recovery process in [73, 76, 79]. The

existing Toeplitz and circulant measurement matrices in literature are formulated

using the i.i.d. random distribution, hence cannot be used for improved performance

in the UWB systems. In this chapter, a quasi-random circulant measurement matrix

from the composite transmitted waveform is formulated. Detailed discussion of the

proposed measurement matrix generation is given below.

For a given vector, φ = (φ0, ..., φN−1)T , the circulant matrix can be written as

Φo =



φ0 φ1 . . . φN−1

φN−1 φ0 . . . φN−2

. . . . . .

. . . . . .

. . . . . .

φ1 φ2 . . . φ0


∈ RN×N (4.19)

where Φo is a N × N circulant matrix generated using a cyclic shift of the first

row φ. The circulant matrix Φo has N degrees of freedom instead of N2 elements

as compared to the other general square matrices of the same size. Therefore, the

measurements taken using circulant matrix are less incoherent and subsequently,

should yield poorer results with CS based recovery. However, performance of CS

recovery using circulant matrix is observed to be almost similar to Gaussian or

Bernoulli random matrices [76, 79]. This encourages us to use the proposed circulant

matrix.

The matrix Φo is diagnolizable and expressed as Φo = UDUH , where H rep-

resents the Hermitian transpose, U =
√
NF−1

N , where FN = exp(−2πijk/N), i =
√
−1 and j, k = 0 to N − 1, and D is the diagonal matrix generated using D =
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diag(FNφ), where diag(·) represents the diagonal element of (·). Hence, circulant

matrix multiplication can be performed using fast Fourier transform (FFT) algo-

rithm for efficient CS processing. The RIP constant of circulant matrix with random

Gaussian φ has been derived by Holger et al. in [73] for efficient signal recovery in

CS. In [73], authors also suggested RIP constant for circulant matrix when compres-

sive sensing matrix, i.e., φ, is applied in the Fourier domain. Based on the discussion

in [73], the proposed circulant matrix satisfies the RIP condition. In general, RIP

condition is difficult to prove for any matrix [80]. Moreover, it has been reported in

the literature that RIP is not a necessary condition in CS. There have been results

with RIPless CS [90, 91]. Thus, it is not necessary that the proposed measurement

matrix should satisfy the RIP property.

For the proposed measurement matrix, φ = (
∑P−1

p=0 apw(t−ςp))|t=nTs is considered

to generate the circulant matrix, Φo, where t = nTs and n = 0 to N − 1 represents

the samples at the Nyquist rate, where {ap}P−1
p=0 are the weighting coefficients with

random values ±1, and {ςp}P−1
p=0 are the pulse shifting parameters that are generated

randomly. The vector φ represents the weighted summation of time shifted copies

of the transmitted waveform. Hence, φ can be considered a random signal due to

random nature of the coefficients {ap}P−1
p=0 , and time shifting parameters {ςp}P−1

p=0 .

The circulant matrix Φo generated using φ (φ = (
∑P−1

p=0 apw(t− ςp))|t=nTs) can be

considered to be similar in nature to the matrix generated using random distribution

of φ because vector φ has been generated via random realizations. The mean value

of each column of matrix Φo is zero due to a random distribution of coefficients

{ap}P−1
p=0 and zero DC value of transmitted UWB waveform.

The proposed compressive sensing measurement matrix ΦProposed generated from

the matrix, Φo using a selection operator S can be written as

ΦProposed = SΦo, (4.20)

where S is a matrix of size M × N that selects randomly spaced M out of N

rows of Φo where M << N . The measurement matrix Φ is fixed and same for all
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measurements. Many elements of the proposed measurement matrix are zero, hence,

it is sparse in nature and we name it as a “sparse sampler”.

The proposed measurement matrix has better UWB system performance with

less computational time and hardware complexity requirement due to its sparse

nature. The sparsity level of the proposed measurement matrix can be varied by

limiting the number of summation terms in the vector φ. The sparsity plot of the

proposed measurement matrix ΦProposed is shown in Figure 4.3 that clearly shows

that ΦProposed is a sparse sampler. The proposed measurement matrix shown in

Figure 4.3 has a total of 897901 elements, out of which 30549 elements are non-

zero. Hence, the density of the proposed matrix is very low (≈ 3.4%). The entries

in the proposed measurement matrix are drawn using the UWB waveform’s value.

Therefore, information capture rate in the measurement samples may be higher

than the other measurement matrix for the UWB system (although it is not always

guaranteed). Each column of the proposed measurement matrix is normalized to a

unity norm before the measurement process. Rows of the proposed measurement

matrix are observed to be almost orthogonal to each other. Thus, measurements

are incoherent to each other in the CS domain.
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Figure 4.3: Sparsity plot of the proposed measurement matrix ΦProposed for M = 599 and
N = 1499.
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In this work, BER performance of TH-BPSK UWB signal has also been derived

using DCT, Hadamard deterministic (partial), and random Gaussian distributed

measurement matrices. Next, description of these matrices is given in brief.

4.3.1 DCT matrix

DCT matrix ΦDCT is defined as

[ΦDCT]nk =


√

1

N
k = 0√

2

N
cos

π(2n+ 1)k

2N
1 ≤ k ≤ N − 1,

(4.21)

where 0 ≤ n ≤ N − 1 and N is a predefined parameter and depends upon the

length of the measured signal. In simulations, N is the total number of samples of

the desired signal at Nyquist rate sampling for the considered time duration. The

practical implementation of ΦDCT is simple and needs less memory space. DCT

measurement matrix ΦDCT from matrix ΦDCT is generated using ΦDCT = SΦDCT,

where S is a M ×N selection matrix.

4.3.2 Hadamard matrix

Hadamard measurement matrix formulation is summarized as follows. Each ele-

ment in Hadamard matrix ΦHadamard has the value of ±1 and columns (or rows) of

Hadamard matrix are orthogonal to each other. Hadamard matrix of size 2k, 2 ≤

k ∈ Z+ is generated using the Kronecker product between matrix ΦHadamard

2 and

ΦHadamard of size 2k−1, and expressed as ΦHadamard

2k = ΦHadamard

2k−1 ⊗ΦHadamard

2 , where ⊗ is

the Kronecker product sign and ΦHadamard

2 is given by [87]

ΦHadamard

2 =

1 1

1 −1

 . (4.22)

The Hadamard measurement matrix ΦHadamard from ΦHadamard matrix is generated

using ΦHadamard = SΦHadamard, where S is a M ×N selection matrix.
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4.3.3 Gaussian matrix

The i.i.d. random Gaussian measurement matrix ΦGaussian is generated using Gaus-

sian distribution of each element of matrix ΦGaussian i.e. φmn ∼ N (0, 1/M), m =

1, ...,M, n = 1, ..., N , where M and N are total rows and columns in the matrix,

respectively [69, 72, 74, 80].

4.4 Simulation results and discussion

In this section, simulation results are presented on the performance of the proposed

and the existing deterministic (partial) DCT, Hadamard, and random Gaussian

measurement matrices. Average BER, reconstruction error, and operational time

are considered as performance metrics. UWB system performance analysis is carried

out for both the receiver designs- sub-Nyquist rate CS receiver implementation and

signal domain based CS receiver implementation as described earlier.

Although the sparsifying basis for the UWB signal is the identity matrix, results

can be extended for any sparsifying basis. To analyse UWB system’s performance in

the CS domain, compressive sensing ratio (CSR) is defined as CSR[%] = N−M
N
×100,

where N and M represent the total number of samples of a signal at Nyquist and

sub-Nyquist rate (CS-domain), respectively. Therefore, sub-Nyquist sampling rate

is equal to (1 − CSR) times Nyquist rate. Samples of a signal in the CS domain

are captured using the A2I conversion system shown in Figure 4.1. During the

measurement time, measurement matrix Φ is kept to be same. Hence, all samples

are measured in the same environment. Further, it is considered that at a time

measurement samples are taken for one single frame time duration of a received

signal. Accordingly, measurement process is repeated from frame to frame.

In simulation, transmitted UWB pulse w is the second derivative Gaussian pulse

of duration around 0.8 ns. Each data symbol is transmitted using single pulse per

frame and without any frame repetition (Nf = 1) for simulation ease.
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4.4.1 Coherence and signal reconstruction error

In this subsection, coherence and signal reconstruction error are plotted and dis-

cussed using the proposed and the existing measurement matrices.

Coherence µ(Θ) of a matrix Θ = ΦΨ can be defined as [58]

µ(Θ) = max
i<j

|〈Θi,Θj〉|
||Θi||2||Θj||2

, (4.23)

where Θi and Θj denote columns of Θ. In Figure 4.4, coherence, µ(Φ,Ψ) is plot-

ted for the proposed measurement matrix ΦProposed, random Gaussian ΦGaussian, and

random Bernoulli ΦBernoulli measurement matrices using inverse DCT and inverse

DFT as sparsity basis Ψ. For orthonormal matrices Φ and Ψ, the coherence is

1/
√
N ≤ µ(Φ,Ψ) ≤ 1. In Figure 4.4, N = 1499 and M to be ranging from 99

to 1499 are considered. Moreover, the columns of the measurement matrices are

normalized to a unity norm. The coherence between the proposed measurement

matrix and the sparsity basis matrix is slightly less than that between the existing

measurement matrices (random Gaussian and Bernoulli measurement matrices) and

the sparsity basis matrix.

In the case of DCT ΨIDCT and DFT ΨIDFT as the sparsity basis, the coherence

value with the proposed matrix is higher by approximately 0.08 compared to the

two existing matrices at higher values of M with M/N > 0.3 as observed in Figure

4.4. The higher coherence value for M/N > 0.3 with the proposed matrix is because

of the correlation induced among the rows similar to circular and Toeplitz matrices.

The Figure 4.4 indicates that measurement samples with the proposed matrix are

incoherent to each other. Hence, based on Figure 4.4, one can say that measurements

are incoherent using the proposed matrix, ΦProposed especially at high CSR without

any loss of generality.

The normalized mean square error in signal reconstruction using the proposed

measurement matrix ΦProposed and DCT ΦDCT, Hadamard ΦHadamard, and random

Gaussian ΦGaussian measurement matrices is shown in Figure 4.5. The normalized
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Figure 4.4: Coherence curves between the measurement matrix Φ and the sparsity matrix Ψ as
a function of M

N ratio.

mean square error (NMSE) is defined as

NMSE =
||x− x̂||22
||x||22

, (4.24)

where x is the original signal at Nyquist rate and x̂ is the reconstructed signal

generated using the OMP signal recovery algorithm from the compressively sensed

samples (as shown in (4.5)). In this simulation, x is the received multipath UWB

signal in channel model CM1 considering only ten highest amplitude multipath

pulses arrived at the receiver. The normalized error using the proposed measure-

ment matrix is smaller than the existing matrices as shown in the Figure 4.5 for

both the cases with and without additive white Gaussian noise. The performance

improvement with the proposed matrix is small at SNR = ∞ (noiseless), i.e., the

performance is almost the same as other measurement matrices. However, there

is a considerable improvement in performance at SNR = 5 dB with the proposed

matrix as observed in Figure 4.5. Thus, in noisy scenario, the proposed matrix

performs comparatively better. Further, it is noticed that the relative improvement

in normalized error with the proposed measurement matrix decreases as M/N ratio

increases. Lower improvement at the higher values of M/N ratio is due to increase
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in signal information with all the matrices. Therefore, results in Figure 4.5 clearly

establish the superior performance of the proposed matrix at lower CS rates as well

as in noisy scenarios.
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Figure 4.5: Normalized mean squared error vs M/N ratio.

4.4.2 BER performance of sub-Nyquist CS UWB receiver

in multipath channel

In this subsection, average BER performance of TH-BPSK UWB signal in the CS

domain by considering multipath communication environment is shown. To verify

the robustness of the proposed measurement matrix for UWB signal, we have carried

out simulations in both LOS and NLOS multipath channel models CM1 and CM4

with 6 and 24 nanoseconds rms (root mean square) delay spread, respectively. More

about multipath channel models CM1, CM4 and their parameters specification can

be found in [6, 24]. The system performance at three different CS ratios CSR = 30

(low), CSR = 60 (medium), and CSR = 80 (high) is analyzed. Further, it is

assumed that all the multipaths of the received signal r in the measurement process

for sub-Nyquist rate samples.

The channel model CM4 with inter symbol interference (ISI) and CM1 without

any ISI are considered to demonstrate the robustness of the proposed measurement
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matrix with improved performance in various operating scenario. Further, it is

noted that CM4 channel model is less sparse as compared to CM1 as reported in

the literature [64, 68, 69, 71]. Hence, sparsity level is also different among simulation

results in this subsection. The frame duration Tf = 60 nanoseconds is considered

for both the CM1 and CM4 channel models.

Average BER performance of TH-BSPK signal is shown in Figure 4.6, Figure 4.7

and Figure 4.8 in the CS domain for both the CM1 and CM4 channel models with the

proposed, DCT, Hadamard, and random Gaussian measurement matrices at CSR =

80, CSR = 60 and CSR = 30, respectively. The average BER performance using the

proposed measurement matrix ΦProposed is 1-5 dB better than DCT ΦDCT, Hadamard

ΦHadamard, and random Gaussian ΦGaussian measurement matrices depending upon the

values of BER and CSR as shown in Figure 4.6, Figure 4.7 and Figure 4.8. Again,

improved performance with the proposed matrix is observed.

Improved BER performance of the UWB system with the proposed measurement

matrix is observed as compared to other existing matrices in both CM1 and CM4

channel models (Figure 4.6, Figure 4.7 and Figure 4.8). BER performance of DCT,

Hadamard, and random Gaussian measurement matrix are close in both the CM1

and CM4 channel models. The slope of the BER curves in CM4 channel model is

low compared to CM1 due to ISI effect in CM4 simulation. Same trend of BER

slope is followed by all measurement matrices. Therefore, results generated in this

subsection help us infer that the BER improvement (≈ 1−5 dBs) using the proposed

measurement matrix can always be observed irrespective of the system operational

environment such as sparsity level and ISI effect.

4.4.3 BER performance of signal domain based CS UWB

receiver in frame repetition environment

In this subsection, signal recovery and frame repetition factor Nf for the same data

symbol are analyzed for BER performance using the proposed and random Gaussian

measurement matrices.
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Figure 4.6: Average BER performance of TH-BSPK signal in CM1 and CM4 channel models at
CSR = 80.

To demonstrate the performance of the proposed measurement matrix ΦProposed

in signal recovery from the compressive measurements, the BER of TH-BPSK signal

using the proposed and random Gaussian ΦGaussian matrices is shown in Figure 4.9.

In this simulation, it is considered that signal received via all of the multipaths and

used the OMP signal recovery algorithm. In Figure 4.9, CSR = 30 and CSR = 60

are considered in CM1 channel model with single frame per data symbol transmis-

sion. The BER performance of TH-BPSK signal using the proposed matrix is 4-5

dB better than the random Gaussian measurement matrix with the OMP signal

recovery algorithm as shown in the Figure 4.9. The BER performance improvement

in signal-domain compressive sensing UWB system is higher than the sub-Nyquist

compressive sensing UWB system using the proposed matrix, which further estab-
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Figure 4.7: Average BER performance of TH-BSPK signal at 60 percent compressive sensing
ratio in CM1 and CM4 channel models.

lishes the importance of the proposed matrix in the UWB communication. One can

also notice that loss of signal information during signal recovery phase is less with

the proposed matrix as compared to the random Gaussian matrix.

Further, the effect of frame repetition per data symbol Nf is also analyzed on

the BER performance of TH-BPSK signal using the proposed and random Gaussian

measurement matrices in the CS domain and results are shown in Figure 4.10. The

BER performance improvement is almost same in both cases of Nf = 1, 2 using

the proposed matrix as observed in Figure 4.10 at CSR = 60. In this simulation,

the constant transmitted pulse energy Ew that is equal to that of single frame per

data symbol is assumed. Therefore, average pulse energy per data symbol is Ew and

noise variance is reduced by a factor of Nf as mentioned in (4.1). The improvement
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Figure 4.8: Average BER performance of TH-BSPK signal at 30 percent compressive sensing
ratio in CM1 and CM4 channel models.

in BER using the frame repetition per data symbol is around 10 log(Nf ) and same

is shown in Figure 4.10 for Nf = 2 with around 3 dB BER improvement. From

Figure 4.10, one can conclude that relative BER improvement using the proposed

measurement matrix is independent of the frame repetition factor Nf .

In Figure 4.11, BER performance comparison with and without CS using the

proposed measurement matrix in channel model CM1 is shown. The BER per-

formance improves as the compressive sensing ratio decreases and reaches close

to the Nyquist rate as observed in Figure 4.11. In Figure 4.11, “BPSK” repre-

sents the conventional system performance without using compressive sensing and

“ΦProposed, CSR = 30, Recovery” represents system performance using CS and

OMP signal recovery algorithm on the compressive measurements at CSR = 30 in
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Figure 4.9: BER performance of TH-BSPK signal including the OMP signal recovery algorithm
at CSR = 30 and CSR = 60 using the proposed and random Gaussian measurement matrices in
CM1 channel model.
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Figure 4.10: Average BER performance of TH-BSPK UWB signal in CS domain at CSR = 60
using the proposed and random Gaussian measurement matrices in CM1 channel model for Nf =
1, 2.

signal domain. The UWB system performance using CS with signal recovery al-

gorithm at CSR = 30 is almost similar to the conventional system (without CS)

performance as shown in In Figure 4.11. However, previous system performance is

implemented at sub-Nyquist rate using the low sampling rate ADC as compared to

conventional system (“BPSK”) at Nyquist rate using very high rate ADC.

Further, observe that performance in CS domain at CSR = 30 and CSR = 60
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degrades by 0.5 and 1 dB at BER = 2×10−5 as compared to full Nyquist rate. Hence,

the proposed measurement matrix can prove effective in implementing simple UWB

system in the CS domain with low sampling rate ADC and less power requirement

without significant loss in system performance.
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Figure 4.11: Average BER performance vs SNR.

Next, the affect of P and ςp, p = 1, ..., P used in the proposed measurement

matrix are investigated. The average BER performance of the proposed measure-

ment matrix for CSR = 60 using different values of P with for ςp > Tw is shown in

Figure 4.12. As P increases, the sparsity of matrix decreases that may enhance the

information capturing rate of the desired signal as well as noise contribution in the

measurement signal. Until the value of P ≤ 5, the impact of noise and information

capturing ability perhaps match and we do not observe any change in the perfor-

mance as is evident from Figure 4.12. However, the BER performance is observed

to degrade as P increases, say for P = 8 with ςp > Tw (Figure 4.12). Also, system

complexity increases with higher value of P. Thus, a low value of P , in general, is

preferable.

Further, for ςp greater than Tw, there is no problem. However, as ςp reduces

below Tw, Φ has an overlap of UWB pulses. Since every column of Φ is normalized

to unity, it has no perceptible impact on the performance of the proposed matrix.
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Figure 4.12: Average BER performance of the TH-BPSK UWB system in CM1 channel using
the proposed measurement matrix with different values of P.

The estimate of computational performance depends upon the number of oper-

ations. Therefore, number of multiplications and additions for the Gaussian and

the proposed measurement matrix is given in Table 4.1 for the system y = Φr ∈

RM , r ∈ RN . In Table 4.1, N1 is the total number of non-zero elements in a

received signal r and M1 is the total number of non-zero elements in a row of the

proposed measurement matrix. The value of M1 < N1 because multipath received

signal has more number of non-zero elements as compared to a row of the proposed

measurement matrix (for smaller value of P ). Hence, the proposed matrix has a

smaller number of multiplications and additions for the receiver design in the com-

pressive sensing domain. Further, the memory requirement for the proposed sparse

circulant matrix is also lower than the full Gaussian measurement matrix.

Table 4.1: Computational complexity of the proposed and Gaussian matrices

Measurement matrix Multiplications Additions

Gaussian MN1 M(N1 − 1)
Proposed MM1 M(M1 − 1)
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4.5 Summary

In this chapter, a measurement matrix matched to the transmitted UWB waveform

with circulant matrix structure is proposed. The BER performance of the UWB

receiver system with the proposed matrix is derived in the compressive sensing

domain and is compared with other deterministic DCT, Hadamard and random

Gaussian measurement matrices in AWGN and multipath communication scenarios.

BER performance of the compressive sensing based UWB receiver is better using

the proposed measurement matrix as compared to the existing matrices with low

hardware implementation complexity such as memory storage and operational time

requirement. Same has also been verified through extensive simulations in both

the compressed domain based detector and detector after signal recovery from the

compressive measurements.
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Chapter 5

IR-UWB Sensor Network using

Massive MIMO Decision Fusion

In the previous chapter, sub-Nyquist rate UWB receiver design using compressive

sensing is analyzed to reduce the sampling rate of the ADC. Further, 5G mobile

communication network based IoT applications require high data rate, low power

consumption, and reliable ubiquitous wireless connectivity to connect billions of

devices together. To connect a large number of IoT devices, various licensed and

unlicensed communication technologies can be used. Of these, the low power, large

bandwidth and low cost IR-UWB technology is a viable solution for short-range

wireless communication in picocell and femtocell networks.

In this chapter, IR-UWB system for WSN using MAAs at fusion center (FC)

for distributed detection is proposed and analyzed. The coherent and energy based

fusion rules are analyzed for the proposed WSN over multiple access channels. The

trade-off between performance and implementation complexity of the coherent and

energy based fusion is studied. Further, it is shown that the MAAs at FC and various

level of channel knowledge can enhance the performance of energy-based detector

in UWB sensor network with simple system implementation and signal processing

requirement. Performance of the proposed UWB sensor network with reference to

probability of detection, false alarm, and error are analyzed over standard IEEE
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802.15.4a multipath channels and results are validated using simulations. The im-

pact of various design parameters such as the number of sensors, receiver antennas,

sensor quality, and integration interval on the system performance is also analyzed.

5.1 Introduction

In the UWB literature, both coherent and energy based detectors are used for de-

tection and estimation of UWB signal. The coherent detector (CD) has better

performance than the energy detector (ED) [92]. However, the CD is more complex

than the ED due to a large number of taps-based UWB CIR estimation and require-

ment of high sampling rate and very accurate synchronization [92]. The ED is simple

since it does not require knowledge of CIR and high sampling rate with sub-optimal

performance due to the presence of noise. In this chapter, the performance of both

CD and ED based fusion rules is explored. Further, ED’s performance is improved

by including the various statistics of the CIR at the FC. Therefore, a trade-off exists

between detectors complexity and performance of the UWB WSN .

In WSNs, the sensor nodes function under severe constraints on energy consump-

tion, size, precise self-location of the nodes, and high wireless data transmission rate.

These requirements are fulfilled by the UWB transmission technology [93, 94]. In

[94], a low-cost UWB sensor node is presented, wherein the UWB sensor uses power

from piezoelectric harvester or solar cells. In literature, various UWB based WSN

applications including localization and imaging of objects [95, 96], infrastructure

quality monitoring [97], monitoring of highways, bridges and railways crossings [98],

vehicle monitoring [99], and medicine [100, 101] have been considered. One impor-

tant application of IoT is in assisted living (AL) that is gaining importance due to

aging society [102, 103]. The AL technologies require accurate localization and reli-

able data transmission methods that may be achievable using UWB technology. In

[101], length optimization of the medium access control frame body is carried out to

maximize the energy efficiency in IEEE 802.15.6 UWB WBAN. In [96], passive UWB
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RFID based high accuracy localization for tagged items are analyzed. Further, the

UWB based RFID systems offer accurate localization with low power as compared

to ultra high frequency (UHF) RFID system [96]. Thus, UWB-based sensor network

concepts are being developed for both the industrial and the civil/military applica-

tions, especially, WSN systems based on the IEEE 802.15.4a standard [96, 97, 101].

In [104, 105], UHF/UWB hybrid transceiver design is proposed for RFID in IoT

applications. In [104, 105], UHF signal is used to power up and tag the inventory, and

UWB signal is used for data transmission and localization. Therefore, UHF/UWB

hybrid RFID system (tags and readers) has better data rate and localization with

marginal increment in implementation complexity as compared to a single UHF

or UWB system. In [104, 105], ED is used, where performance can be enhanced

using advanced signal processing techniques at the reader because the reader has

higher processing power as compared to a tag. The UWB transmitted-reference

(UWB-TR) transmission scheme based distributed detection in WSN s is described

in [106]. The optimized number of UWB pulses used by each node to enhance the

detection performance is also proposed in [106]. The UWB-TR does not require

channel estimation at the FC. However, its performance degrades due to the noisy

signal template in the correlator detector and battery life of sensor node can also

decrease due to transmitted reference pulse in the TR scheme.

To reduce the energy consumption and communication resources1 in WSNs, high

array processing gain at FC is desirable. The higher array processing gain in WSN

system can be achieved using a large number of sensor nodes and multiple antennas

at FC. However, the large number of sensor nodes are not desirable in the sensor

networks. Hence, multiple antennas at FC is a better design due to more processing

power and energy availability. Thus, in this chapter, a UWB WSNs using multiple

antennas at FC for distributed detection is proposed. In the proposed work, each

sensor node has a single antenna, while MAAs are considered at FC to enhance

detection performance.

1The minimization of each sensor node’s power requirement and the number of sensors in a
WSN, leads to reduced energy consumption and communication resources respectively.
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Both coherent and energy based fusion methods are studied at FC in wireless

sensing over MAC. The CD has optimum performance with higher implementation

complexity due to multiple CIR estimation, accurate synchronization and high sam-

pling rate requirement. On the other hand, ED is attractive in terms of computa-

tional complexity, very low sampling rate and limited system knowledge requirement

such as CIR with degraded system performance as compared to CD, especially, at

low SNR. Further, the CIR estimation in CD is done at FC, where control and syn-

chronization information2 are broadcasted to each sensor node by FC. Therefore,

local exchange of information among the sensor nodes is not required.

The use of multiple antennas can effectively increase the throughput of a wireless

link. Further, recently researchers have investigated the use of MAAs in wireless

communication systems in order to improve spectral and energy efficiency [108].

Hence, MAAs with various level of CIR knowledge can be used in ED to improve

the system’s performance. Fusion based on energy is suboptimal in UWB sensor

network since the channel statistics do not follow the Rayleigh fading model. Hence,

it is interesting and useful to study the UWB signal detection using ED with MAAs

at FC. The proposed UWB sensor network system is analyzed for time hopping

binary pulse position modulated (TH-BPPM) UWB signal over the standardized

IEEE 802.15.4a multipath channel. The main contributions of this chapter are

summarized as:

1. IR-UWB system for WSNs in massive multiple-input and multiple-output

(MIMO) decision fusion is proposed and analyzed.

2. The UWB WSN is studied using both the coherent and energy based fusion

rules. CD has optimum performance with higher implementation complexity

due to multiple CIR estimation, accurate synchronization and high sampling

rate requirement. On the other hand, ED is simple and has sub-optimum

performance.

2The UWB or ultra-high-frequency (UHF) signal can be used for control and synchronization
[107].
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3. The MAAs and/or with various level of CIR knowledge are used with ED to

improve the system’s performance.

4. The impact of various design parameters such as the number of sensor nodes,

sensor quality, integration interval and number of receive antennas on the

system’s performance is also analyzed.

5. The global detection, false alarm, and error probabilities of the proposed UWB

sensor system are numerically analyzed and compared with semi-analytical

results.

5.2 UWB-based WSN system model and general

assumptions

In this section, the proposed UWB system for WSN using MAAs at FC is described

for accurate localization and low power requirement based IoT applications. The

proposed distributed WSN system consists of K sensing nodes and N antennas

at FC with K << N . Since the proposed WSN system has multiple sensors and

antennas at FC, it can be referred as the MIMO based sensor network. Each sensor

observes desired events independently and sends its local observation wirelessly to

FC through MAC. Observations at individual sensor nodes is sent using low power

UWB signal to FC. The combined received signal from all N antennas is used

for event detection and an antenna array processing gain can be obtained in the

WSN. Based on the combined received signal from all the sensors and antennas,

FC generates a global estimate of the event (present or absent in the considered

system model). The proposed UWB system for WSN is shown in Figure 5.1. Each

sensor node observes the desired event through the sensing channel and sends its

individual decision using a TH-BPPM UWB signal to FC through the multipath

reporting channel. This is to add that perfect sensing channels with reporting MAC

to be noisy [106, 109–112] are considered. The kth sensor and nth antenna link are
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denoted by linku=(k,n), where k = 1, 2, ..., K, n = 1, 2, ..., N and u = 1, 2, ..., KN .

Therefore, the proposed system architecture in Figure 5.1 represents MIMO based

distributed detection system model for WSN. In Figure 5.1, sensors and antennas

are considered as inputs and outputs, respectively, for MIMO based FC. Further,

quasi-synchronization3 among the sensors has been considered at FC and single hop-

transmission in the network is assumed, i.e., each sensor node transmits its data to

FC directly.
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Figure 5.1: The proposed UWB WSN with large antenna arrays at fusion center.

5.2.1 Event-sensor link:sensing

In the proposed system model, each sensor senses the binary event Θ and decides for

the absence or presence of the event. The absence and presence of an event is denoted

by two hypothesis H0 and H1 with apriori probabilities P0 and P1, respectively.

Hence, Θ belongs to the set hypothesis H = {H0,H1}, and H0 and H1 are defined

as

H0 : rs(t) = nΘ(t)

H1 : rs(t) = aΘ(t) + nΘ(t),

(5.1)

3The synchronization among the sensors can be established using a control signal from FC to
each sensor.
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where rs(t) is the received signal at the sensor node. aΘ(t) and nΘ(t) are the event

signals (such as temperature, humidity) and noise, respectively. The noise is dis-

tributed as nΘ(t) ∼ N (0, σ2
Θ). The decision variable using energy detection at the

sensor node is expressed as Y = (
∫ Tobs

0
r2

s (t)dt)/σ2
Θ, where Tobs is the energy accumu-

lation time. Therefore, event’s presence and absence at the sensor node is written

as

H0 : event is absent : dm = 0 if Y < Yth

H1 : event is present : dm = 1 if Y ≥ Yth,

(5.2)

where Yth is the threshold value and dm is the sensor’s binary decision. In (5.2),

subscript m denotes the mth observation time interval. Each sensor sends the cor-

responding decision (dm = 0 or dm = 1) through MAC to FC. Further, each sensor

has the same4 local false alarm and detection probabilities denoted as pf and pd,

respectively, that are expressed as

pf = Pr(Y > Yth|H0)

pd = Pr(Y ≥ Yth|H1).

(5.3)

All sensors are assumed to be perfect (perfect sensing case with pf = 0 and pd = 1).

The estimation error for the event Θ at FC is assumed to occur due to noisy MAC

links between the local sensors nodes and FC. In perfect sensing and noisy reporting

links scenario, the detection or estimation error of event at FC is referred to as

“communication bound” [109], since error occurs only during reporting phase like

communication scenarios.

4Sensors may have different pf and pd depending on the noise level and, the distance between
sensor and event. For simplicity, we assume a homogeneous scenario in which both pf and pd be
the same for all sensor nodes.
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5.2.2 Sensor-FC link:reporting

Each sensor node transmits the local decision (dm = 0 or 1) using the TH-BPPM5

UWB signal to the FC. In UWB, each data symbol is transmitted overNf consecutive

frames to limit the transmitted signal power within the FCC spectral mask. The

transmitted signal by the kth sensor using UWB pulse w(t) of duration Tw can be

written as

sk(t) =
√
Pk

∞∑
m=0

p(t−mTs), t ∈ R, (5.4)

where Pk ∈ (0, 1] is the power scaling used by the kth sensor, Ts = NfTf symbol

duration and

p(t) =

√
E

Nf

Nf−1∑
j=0

w(t− jTf − ckjTc − dkm∆), (5.5)

where Tf , Tc, and E are frame duration, chip duration, and transmitted energy per

data symbol, respectively. {ckj} is the pseudo-random TH code for the kth sensor

with period Np and cardinality Nh, and dkm ∈ {0, 1} is the data symbol of the

kth sensor in mth time instant. ∆ is the pulse shift parameter for dkm = 1 in a

frame. Further, the UWB pulse has unit energy, i.e., Ew =
∫∞
−∞w

2(t)dt = 1. The

UWB sensors can have energy harvesting unit and may not continuously send the

data to the FC. Therefore, it is assumed that only few sensor nodes K6 send the

observation to the FC at a random observation time interval due to limited energy

in the system. Thus, total energy of all the sensors for transmission at a time is

limited as
∑

k Pk ≤ Esys, where Esys is the available energy in the system.

Received signal corresponding to the kth sensor and nth antenna link over mul-

5If event presence (H1) is less likely, i.e., (Pr(H1)� Pr(H0)), On-Off keying can be employed
for energy efficiency.

6K is the total number of sensors in the system. However, only K sensors are active at a time
with K � K.
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tipath MAC [106] is given as

rn,k(t) =

s̃n,k(t−ςk)︷ ︸︸ ︷
sk(t− ςk) ∗ hn,k(t) +zn,k(t), n = 1, 2, ..., N,

k = 1, 2, ..., K, (5.6)

where ′∗′ is the convolution operator. Parameter ςk is the time arrival difference

among sensor signals at the nth antenna. The hn,k(t) is the CIR between kth sensor

and nth antenna link with L number of resolved multipath, expressed as hn,k(t) =∑L−1
l=0 α

n,k
l δ(t−τn,kl ), where αn,kl and τn,kl are the gain and time delay of lth multipath,

respectively. The zn,k(t) is AWGN of zero mean, and σ2
zn,k

variance i.e. zn,k(t) ∼

N (0, σ2
zn,k

). The combined signal yn(t) of all the transmitted sensors K at the nth

antenna is expressed as

yn(t) =
1

K

K∑
k=1

rn,k(t) = rn(t) + zn(t), n = 1, 2, ..., N, (5.7)

where

rn(t) =
1

K

K∑
k=1

s̃n,k(t− ςk) =
K∑
k=1

L−1∑
l=0

αn,kl sk(t− τn,kl − ςk),

and zn(t) =
1

K

K∑
k=1

zn,k(t)

(5.8)

To avoid ISI at FC, frame duration to be higher than the delay spread Tdel of

the channel is considered i.e., Tf ≥ Tdel. Further, time-resolved multiple replicas

of the transmitted signal are assumed, i.e., |τn,kl − τn,kl−1| ≥ Tw ∀ n, k, l. There-

fore, each rn,k(t) is sparse at the FC in the time domain. The estimation of dm

at the FC is referred to as global decision estimation of the event. The accurate

estimation of dm is desirable using very less number of sensors (to save commu-

nication resource and energy) in the presence of noise at the FC. The individual

link’s (sensor-antenna) signal-to-noise ratio (SNR n,k) for a data symbol is defined

as SNR n,k = (PkENfE{‖hn,k(t)‖2})/σ2
zn,k

. Further, SNR at the nth antenna is de-
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fined as SNR n = E{‖rn(t)‖2}/E{‖zn(t)‖2}. Furthermore, SNR enhancement at FC

depends on the coherent or non-coherent fusion methods to process the combined

signal of all the antennas.

5.3 Decision fusion

The coherent and energy detectors for global event detection at the FC for the

proposed UWB sensor network are considered. If we detect dm = 0 or dm = 1 at

mth observation time using all the sensors’ signal at FC, the event Θ is absent (H0)

or present (H1) in the sensor system, respectively. Advantages and drawbacks of

each coherent and non-coherent based fusion rule in terms of complexity, system

knowledge required, and performances are discussed.

5.3.1 Coherent detection

The correlator based coherent detection is used for event detection at FC. The

correlation between received signal and the local reference signal is calculated, and

its value is compared with predetermined threshold for hypothesis detection at FC.

The reference signal is derived using the CIR of each antenna-sensor link and is

expressed as

refn,k(t) = [w(t− jTf − ckjTc − ςk)− w(t− jTf − ckjTc

− ςk −∆)] ∗ hn,k(t). (5.9)

Further, reference signal for each frame7 is expressed as refn,k(t) = w̃(t)− w̃(t−∆),

where w̃(t) = w(t) ∗ hn,k(t). The correlator output for each signal frame at nth

7Analysis is carried out for the first frame signal and the frame index is removed for simplicity.
Further, terms ckjTc and ςk can be adjusted inside the CIR; hence, removed in the refn,k(t), and
s̃n,k(t) ∼= s̃n,k(t− ςk) is used.
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antenna for kth sensor is expressed as

rn,k =

∫ Tf

0

rn,k(t) refn,k(t) dt, n = 1, 2, ..., N, k = 1, 2, ..., K (5.10)

Next, rn,k is expressed as

rn,k =

∫ Tf

0

{s̃n,k(t) + zn,k(t)} refn,k(t) dt

rn,k =

∫ Tf

0

s̃n,k(t) refn,k(t) dt︸ ︷︷ ︸
sn,k=sn,k,0−sn,k,1

+

∫ Tf

0

zn,k(t) refn,k(t) dt︸ ︷︷ ︸
zn,k=zn,k,0−zn,k,1

(5.11)

where sn,k,0, sn,k,1, zn,k,0 and zn,k,1 are expressed in (5.13) and the combined signal

of all sensor at nth antenna is given as

rn =
1

K

K∑
k=1

rn,k

rn =
1

K

K∑
k=1

sn,k,0︸ ︷︷ ︸
sn,0

− 1

K

K∑
k=1

sn,k,1︸ ︷︷ ︸
sn,1

+
1

K

K∑
k=1

zn,k,0︸ ︷︷ ︸
zn,0

− 1

K

K∑
k=1

zn,k,1︸ ︷︷ ︸
zn,1

(5.12)

sn,k =

∫ Tf

0

s̃n,k(t)w̃(t)dt︸ ︷︷ ︸
sn,k,0

−
∫ Tf

0

s̃n,k(t)w̃(t−∆)dt︸ ︷︷ ︸
sn,k,1

,

zn,k =

∫ Tf

0

zn,k(t)w̃(t)dt︸ ︷︷ ︸
zn,k,0

−
∫ Tf

0

zn,k(t)w̃(t−∆)dt︸ ︷︷ ︸
zn,k,1

(5.13)

Further, the combined signal of all the antennas is expressed as

r =
1

N

N∑
n=1

rn = s0 − s1 + z0 − z1, (5.14)

where s0 = 1
N

∑N
n=1 sn,0, s1 = 1

N

∑N
n=1 sn,1, z0 = 1

N

∑N
n=1 zn,0 and z1 = 1

N

∑N
n=1 zn,1.

The decision variable r at FC is distributed as r ∼ N (µr,coh,Ωcoh), where µr,coh =

E{r} and Ωcoh = Var{r}.
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Further, µr,coh and Ωcoh are expressed as

µr,coh = E{s0 − s1} =
1

N

N∑
n=1

E{sn,0} −
1

N

N∑
n=1

E{sn,1}

µr,coh =
1

NK

N∑
n=1

K∑
k=1

E{sn,k,0} −
1

NK

N∑
n=1

K∑
k=1

E{sn,k,1}
(5.15)

with E{sn,k,0} = E
{∫ Tf

0
s̃n,k(t)w̃(t)dt

}
and E{sn,k,1} = E

{∫ Tf
0
s̃n,k(t)w̃(t−∆)dt

}
,

and variance

Ωcoh =
1

N2K2

N∑
n=1

K∑
k=1

σ̃2
n,k,0 +

1

N2K2

N∑
n=1

K∑
k=1

σ̃2
n,k,1 (5.16)

where σ̃2
n,k,0 and σ̃2

n,k,1 are expressed in (5.17).

σ̃2
n,k,0 = E

{(∫ Tf

0

zn,k(t)w̃(t)dt

)2
}
−
(
E
{∫ Tf

0

zn,k(t)w̃(t)dt

})2

and

σ̃2
n,k,1 = E

{(∫ Tf

0

zn,k(t)w̃(t−∆)dt

)2
}
−
(
E
{∫ Tf

0

zn,k(t)w̃(t−∆)dt

})2

.

(5.17)

The global probabilities of false alarm (PF ) and correct detection (PD) at FC

are defined as

PF = Pr(r|H0 ≤ Υcoh)

PD = Pr(r|H1 ≤ Υcoh),

(5.18)

where Υcoh is a threshold value. Further, the global probability of error PE at FC is

defined as PE = Pr(H1)Pr(H0|H1)+Pr(H0)Pr(H1|H0), where Pr(H0) and Pr(H1)

is the probability of hypothesis H0 and H1, respectively and Pr(H0) +Pr(H1) = 1.

Pr(Hi|Hj) is the conditional probability of hypothesis Hi for given hypothesis Hj,

i, j = 0, 1, i 6= j.
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PF using (5.14) and (5.18) is expressed as

PF = Q


√√√√√ NK

[
Υcoh − 1

NK

∑N
n=1

∑K
k=1 E{sn,k,0}

]2

1
N2K2

∑N
n=1

∑K
k=1 σ̃

2
n,k,0 + 1

N2K2

∑N
n=1

∑K
k=1 σ̃

2
n,k,1

 (5.19)

In (5.19) without loss of generality, it is assumed that signal and noise to be indepen-

dent and equally distributed across all the antennas at FC. Further, by considering

Ū = E{sn,k,0} ∀ k, n and σ̃2
coh = σ̃2

n,k,0 = σ̃2
n,k,1, PF in (5.19) is written as

PF = Q

√NK
[
Υcoh − Ū

]2
2σ̃2

coh

 (5.20)

The threshold Υcoh can be derived by fixing the PF and is expressed as

Υcoh = Ū +

√
2σ̃2

coh[Q−1(PF )]2

NK
. (5.21)

In (5.20), the diversity order is Cdiv,coh = NK. Hence, as Cdiv,coh increases, PF

reduces, and approaches zero for Cdiv,coh →∞. Further, SNR at FC using all links is

expressed as SNR = 10 log10(NK) + SNR link, where SNR link is a single link SNR

as defined earlier in Section II. Therefore, SNR enhancement in the proposed UWB

sensor network is expressed as

SNR en = 10 log10(NK). (5.22)

One of the key observation of the CD-based fusion for the proposed UWB WSN

application is that the sensor’s transmitted power can be reduced by a factor of

1/N to maintain a constant detection error probability performance of the sensor

network at FC as N →∞.

Lemma 1. The test statistic ∇̄ = (E{s0}−E{s1})2
Var(s1|dm=0)

remains almost constant as N →∞

provided that the sensor’s transmitted power satisfies Pk
N

for arbitrary energy constant

Pk.
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Proof. Using (5.14)

lim
N→∞

∇̄ =
(E{s0} − E{s1})2

Var(s1|dm = 0)
(5.23)

where

lim
N→∞

E{s0} = lim
N→∞

E

{
1

N

N∑
n=1

sn,0

}

lim
N→∞

E{s0} = σ2
sig

(5.24)

Similarly, we derive

lim
N→∞

E{s1} = lim
N→∞

E

{
1

N

N∑
n=1

sn,1

}

lim
N→∞

E{s1} = 0

(5.25)

and

lim
N→∞

Var(s1|dm = 0) = lim
N→∞

Var

{
1

N

N∑
n=1

(s1|dm = 0)

}

lim
N→∞

Var(s1|dm = 0) =
σ2

sigσ
2
z0

N

(5.26)

Therefore, using (5.24), (5.25) and (5.26), ∇̄ is expressed as

lim
N→∞

∇̄ =
Nσ2

sig

σ2
z0

(5.27)

Now, substituting σ2
sig = Pk/N into (5.47), we obtain

lim
N→∞

∇̄ =
Pk
σ2
z0

(5.28)

The ∇̄ is asymptotically independent of N . Thus, asymptotically non-zero statistic

∇̄ requires that sensor energy (Pk) not decrease faster than 1/N .

The coherently combined sensors’ signal produces array processing gain at FC

and SNR grows linearly as the number of sensor nodes and antennas at FC increases.
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Hence, the noise level in hypothesis estimation at FC reduces significantly using CD

for a moderate value of antennas and sensor nodes in WSNs. However, synchroniza-

tion among all individual links (between the kth sensor node and the nth antenna at

FC) is difficult to achieve due to a very short time duration of UWB signal. Further,

UWB multipath channels have large number of non-zero channel taps, which makes

CIR estimation more complex and time demanding, i.e., higher latency. Thus, for

assisted living and critical applications such as biomedical, coherent detection is

not a feasible solution due to large processing time requirement for a hypothesis

estimation and complex design of FC in UWB sensor network. Furthermore, CD

also needs Nyquist rate sampling, which may not be feasible or require costly ADC.

Therefore, the coherent processing of all sensors’ data using multiple antennas at FC

is practically unrealizable (or difficult) [92], and needs some simple signal processing

methods to estimate the hypothesis at FC in WSN.

5.3.2 Non-coherent energy detector

In this subsection, a signal energy based non-coherent detector is analyzed for the

proposed UWB based WSN because ED is simple and does not need CIR, SNR and

local sensor performance. The ED based fusion at FC has been analyzed over flat

frequency and Rayleigh fading channels in the literature. In this chapter, for the

first time, we show how ED can provide an interesting test for the estimation of

hypothesis at FC for UWB channels that are neither flat nor Rayleigh distributed.

Since BPPM UWB signal is transmitted by the sensor nodes, ED calculates the

energy of the received signal in the first and second halves in each frame separately.

The first and second half signals in a frame are expressed as rn,k,0(t) and rn,k,1(t),

respectively, where

rn,k,0(t) = s̃n,k(t) + zn,k(t), and

rn,k,1(t) = s̃n,k(t−∆) + zn,k(t−∆).

(5.29)
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The energy of the received signal for each half of a frame for a single link at FC is

expressed as

En,k,0 =

∫ Tf/2

0

r2
n,k,0(t)dt =

∫ Tf/2

0

s̃2
n,k(t)dt+∫ Tf/2

0

z2
n,k(t)dt+ 2

∫ Tf/2

0

s̃n,k(t)zn(t)dt, and

En,k,1 =

∫ Tf

Tf/2

r2
n,k,1(t)dt =

∫ Tf

Tf/2

s̃2
n,k(t−∆)dt+∫ Tf

Tf/2

z2
n,k(t−∆)dt+ 2

∫ Tf

Tf/2

s̃n,k(t−∆)zn,k(t−∆)dt. (5.30)

The average energy of all the sensors’ received signal at nth antenna is expressed as

En =
1

K

K∑
n=1

En,k,0︸ ︷︷ ︸
En,0

− 1

K

K∑
n=1

En,k,1︸ ︷︷ ︸
En,1

, (5.31)

where En,0 and En,1 are the first and second half energy, respectively, at a single

antenna. The decision variable for a frame after combining all antennas’ energy is

expressed as

E =
1

N

N∑
n=1

En,0︸ ︷︷ ︸
E0

− 1

N

N∑
n=1

En,1︸ ︷︷ ︸
E1

E = E0 − E1

(5.32)

Therefore, E is the energy difference between first and second halves of the signal

in a frame at FC using all sensor nodes and antennas. The objective is to estimate

unknown hypothesis H0 or H1 based on the derived variable E . The variable E is

distributed as E ∼ N (µE , σ
2
E)

8, where µE = E{E} and σ2
E = Var{E}.

Next, the global probabilities of false alarm PF and correct detection PD are

8For large time-bandwidth product (i.e., large samples in a frame) of UWB signal and, for large
number of sensors and antennas, the distribution of E is approximated as Gaussian distributed
using the central limit theorem as shown in Figure 5.6.
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defined as

PF = Pr(E|H0 ≤ ΥED)

PD = Pr(E|H1 ≤ ΥED).

(5.33)

where ΥED is a threshold value. Let dm = 0 be the sensor node’s transmitted

decision about the event. En,k,0 and En,k,1 are expressed as

En,k,0 =

∫ Tf/2

0

s̃2
n,k(t)dt︸ ︷︷ ︸

σ2
sig

+

∫ Tf/2

0

z2
n,k(t)dt︸ ︷︷ ︸

σ2
zn,k,0

+2

∫ Tf/2

0

s̃n,k(t)zn,k(t)dt︸ ︷︷ ︸
ζn,k

(5.34)

and En,k,1 =

∫ Tf

Tf/2

z2
n,k(t−∆)dt︸ ︷︷ ︸
σ2
zn,k,1

.
(5.35)

Further,

En =
1

K

K∑
k=1

(
σ2

sig + σ2
zn,k,0

+ 2ζn,k

)
− 1

K

K∑
k=1

σ2
zn,k,1

. (5.36)

Therefore, E can be written as

E = σ2
sig +

1

NK

N∑
n=1

K∑
k=1

σ2
zn,k,0

− 1

NK

N∑
n=1

K∑
k=1

σ2
zn,k,1

+
2

NK

N∑
n=1

K∑
k=1

ζn,k︸ ︷︷ ︸
Σ

(5.37)

Hence, µE = σ2
sig +E{Σ} and σ2

E = 4
NK

σ2
sigσ

2
z0
−(E{Σ})2, with σ2

z0
= (σ2

zn,k,0
∼= σ2

zn,k,1
)

and σ4
z0

= (σ4
zn,k,0

∼= σ4
zn,k,1

), since noise is independent and identically distributed

across all the antennas and frames. Therefore, PF for non-coherent ED is expressed

as

PF = Q

(√
NK(ΥED − σ2

sig − E{Σ})2

4σ2
sigσ

2
z0
−NK(E{Σ})2

)
. (5.38)

As K and N increases, the PF in (5.38) decreases.

As N →∞ for fixed value of K with K << N , mean term µE converges to σ2
sig

and variance σ2
E term converges to 4

NK
σ2

sigσ
2
z0

in (5.37). Therefore, the noise level

107



5.3. DECISION FUSION

in the ED approaches zero by exploiting the sum of large numbers. Hence, a large

number of received antenna arrays makes ED performance close to the coherent

detection and PF in (5.37) is rewritten as

PF = Q

(√
NK(ΥED − σ2

sig)2

4σ2
sigσ

2
z0

)
. (5.39)

Further, to understand the effect of MAAs at FC in energy based fusion, let us

consider K = 1. E is given as

E =
1

N

N∑
k=1

ξ2
n,0 −

1

N

N∑
k=1

ξ2
n,1

=
1

N
‖ξ0‖2

2 −
1

N
‖ξ1‖2

2 ,

(5.40)

where ξ2
n,0 =

∫ Tf/2
0

r2
n,0(t)dt and ξ2

n,1 =
∫ Tf
Tf/2

r2
n,1(t)dt. Equation (5.40) for dm = 0 can

be written as

E =
1

N
‖s‖2

2︸ ︷︷ ︸
signal

+
1

N
‖n0‖2

2 −
1

N
‖n1‖2

2︸ ︷︷ ︸
noise

+
2

N

N∑
n=1

(〈sn(t), zn(t)〉)︸ ︷︷ ︸
SN

(5.41)

Thus, as N → ∞, the first signal term in (5.41) converges to σ2
sig according to the

sum of large numbers. Further, the second term noise → 0 in (5.41), and the last

term SN in (5.41) is arbitrary close to zero as N →∞. Therefore, ED using large

number of received antenna arrays makes the noise level zero in the decision variable

E (N →∞, E → σ2
sig) before the estimation of hypothesis is performed at the FC in

the proposed UWB sensor network. Hence, the error-free event estimation (Θ ∈ H)

at FC can be achieved using an arbitrary small number of sensor nodes and MAAs

based UWB WSN s. Therefore, the proposed sensor network results in an extended

lifespan of sensor’s battery (using MAAs) and saves communication resources (using

less sensors) in WSN .

Further, one of the significant properties of the ED-based fusion for the proposed

UWB WSN application is that the sensor’s transmit power can be reduced by a
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factor of 1/
√
N to maintain a constant energy difference between the first and the

second half signal in a frame as N →∞ at FC.

Lemma 2. The test statistic Ē = (E{E0}−E{E1})2
Var(E1|dm=0)

almost remains constant as N →∞

provided that the sensor transmit power satisfies Pk√
N

for arbitrary energy constant

Pk.

Proof. Using (5.32)

lim
N→∞

Ē =
(E{E0} − E{E1})2

Var(E1|dm = 0)
(5.42)

where

lim
N→∞

E{E0} = lim
N→∞

E

{
1

N

N∑
n=1

En,0

}

= lim
N→∞

1

N
E

{
N∑
n=1

(
1

K

K∑
k=1

(
sn,k + σ2

zn,k,0
+ 2ζn,k

))}

lim
N→∞

E{E0} = σ2
sig + σ2

z0
(5.43)

Similarly, we derive

lim
N→∞

E{E1} = lim
N→∞

E

{
1

N

N∑
n=1

En,1

}

= σ2
z0

(5.44)

lim
N→∞

Var(E1|dm = 0) = lim
N→∞

Var

{
1

N

N∑
n=1

(En,1|dm = 0)

}

=
σ4
z0

N

(5.45)

Therefore, using (5.43), (5.44) and (5.45), Ē is expressed as

lim
N→∞

Ē =
Nσ4

sig

σ4
z0

(5.46)

Introducing new variable σ2
sig = G, (5.46) is written as

lim
N→∞

Ē =
NG2

σ4
z0

(5.47)
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Now, substituting G = Pk/
√
N into (5.47), we obtain

lim
N→∞

Ē =
P 2
k

σ4
z0

(5.48)

We observe that Ē is asymptotically independent of N . Hence, asymptotically non-

zero statistic Ē requires that sensor energy (Pk) does not decrease faster than 1/
√
N .

The ED based sensor fusion suffers due to the presence of noise in the decision

variable as shown (5.36). However, ED based sensor fusion is simple to implement

and needs low level signal processing. Also, its performance can achieve CD’s per-

formance at high SNR by using a large number of antenna arrays at FC.

5.4 ED performance enhancement using various

side system information

In this section, performance enhancement of the ED-based fusion in the sensor

network is proposed using available apriori information of the system.

5.4.1 Amplitude envelope of CIR

The UWB CIR has amplitude discontinuity due to cluster sparse nature [6, 92]. The

shape of the cluster power delay profile (PDP) is useful in non-coherent receiver de-

sign. The most common PDP model of UWB CIR is the one-side exponential decay

function [6, 92, 113] based on the ray tracking theory and the statistical property

of UWB signal propagations as shown in Figure 5.2. The amplitude envelope of

clustered CIR can lead to efficient energy computation of the received signal in a

non-coherent morereceiver. It is evident that the accurate side information of the

clustered CIR PDP can contribute a larger detection gain as compared to a conven-

tional ED.
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Therefore, energy of the UWB signal in each half of a frame is weighted using

the PDP of the channel and is expressed as

EW
n,k,0 =

∫ Tf/2

0

hpdp(t)r2
n,k,0(t)dt

EW
n,k,1 =

∫ Tf

Tf/2

hpdp(t)r2
n,k,1(t)dt,

(5.49)

where hpdp(t) is the exponentially decreasing channel amplitude envelope. Hence,

the large amplitude signal gets more contribution in the energy calculation in (5.49).

In a practical implementation, hpdp(t) can be derived using the small sub-intervals

(bins) based signal energy computation and hence, (5.49) will be expressed as

EW
n,k,0 =

M∑
ι=1

WιEι,0

EW
n,k,1 =

M∑
ι=1

WιEι,1,

(5.50)

where M is the total number of bins in each half frame duration. Wι and Eι,z, z =

0, 1 are the weight and energy of ιth bin, respectively. The Eι,z is expressed as

Eι,z =
∫ Tf/M

0
r2
ι,n,k,z(t)dt with rι,n,k,z(t) = rn,k,z(t − ιTf/M). The weight Wι can

be calculated using the energy difference between the first and the second halves’

signals in a frame and is written as

Wι = |Eι,0 − Eι,1|, ι = 1, 2, ...,M. (5.51)

In (5.51), noise contribution is subtracted since noise is equally distributed across a

frame. Therefore, weights are calculated according to the channel PDP. Hence, no

training or apriori information is required to estimate the weight coefficient Wι for

the proposed ED-based fusion.
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Figure 5.2: Amplitude envelope of UWB multipath channel.

5.4.2 Noise hardening

Noise is the main cause of ED’s performance deterioration in WSN. The noise level is

minimized in decision variable at an antenna (as shown in (5.36)) using the proposed

BPPM UWB signaling. However, the small fluctuations of noise’s variance in the

first and the second halves of a frame leads to errors in the hypothesis estimation

at the FC. Therefore, improvement in ED’s performance could be achieved if the

energy estimates of noise were as close to their average values as possible. Hence,

the noise effect in the decision variable E is minimized by using the average of noise

variance over a block length.

Let ζn,k,0 =

[
E1n,k,0, E2n,k,0, ..., E

Nb
n,k,0

]T
∈ RNb and ζn,k,1 =

[
E1n,k,1, E2n,k,1, ..., E

Nb
n,k,1

]T
∈ RNb be the received signal energy in the first and second halves, respectively, for

kth sensor and nth antenna link for a block length Nb. The two-time index vectors

I1 and I2 are generated from ζn,k,0 and ζn,k,1 as:

I1 = {I1 ∪ {i} if E in,k,0 ≥ E in,k,1, i = 1, 2, ..., Nb,

I2 = {I2 ∪ {i} if E in,k,0 < E in,k,1, i = 1, 2, ..., Nb.

(5.52)

Initially, I1 and I2 are considered to be empty sets. The index vectors I1 and I2

correspond to the dm = 0 and dm = 1, respectively. Let Z1 = |I1| and Z2 = |I2|

denote the cardinality of index vectors that depends on the element values of the
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vectors ζn,k,0 and ζn,k,1. The two new variables are generated as

Ωnoise =
1

Z1

Z1−1∑
z1=0

EI1(z1)
n,k,1 +

1

Z2

Z2−1∑
z2=0

EI2(z2)
n,k,0 ,

Ωsig−noise =
1

Z1

Z1−1∑
z1=0

EI1(z1)
n,k,0 +

1

Z2

Z2−1∑
z2=0

EI2(z2)
n,k,1 .

(5.53)

Therefore, noise and signal power can be estimated as Ωnoise and Ωsig = Ωsig−noise −

Ωnoise, respectively. For a large value of Nb, Ωnoise ≈ σ2
z0

and referred as noise

hardening9. Further, the decision variable for kth sensor and nth antenna link in a

frame is expressed as

Eharding
n,k =

Ωsig

Ωnoise

[(En,k,0 − Ωnoise)− (En,k,1 − Ωnoise)] (5.54)

Hence, in (5.54), noise variance is subtracted and the decision variable is weighted

using the SNR . Next, the combined decision variable of all the sensors and antennas

is calculated as similar in (5.31) and (5.32) by replacing Eharding
n,k = En,k,0 − En,k,1.

5.4.3 Sensor nodes’ power optimization

In the WSN, some sensors are close to the FC and have better SNR than the

relatively far sensors. Similarly, some sensors have better local performance (higher

pd and lower pf) than the others in the system. Moreover, every link (between kth

sensor and nth antenna) has a different SNR at the FC and that this average SNR

is known for each sensor, we optimize the energy by selecting the sensing nodes of

higher SNR . Therefore, the global detection error probability PE can be minimized

by optimizing the system power among the sensor nodes. Since PE is the function

of transmitted power (also referred as channel quality in the literature), the power

9Let Γ = ‖n(t)‖22 /E{‖n(t)‖22} be the ratio between the instantaneous noise power and its
average. If the fluctuations of the ratio Γ are small, then there is noise hardening.
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optimization in the WSN can be written as

P ∗k = arg max
P
PE,

subject to
K∑
k=1

Pk ≤ Esys Pk ≥ 0 ∀ k
(5.55)

where P =

[
P1, P1, ..., PK

]T
. Since (5.55) is difficult to solve and there is no closed

form solution, hence, the numerical solution is used in this work.

5.5 Numerical results and discussion

In this section, simulation results are presented and insights are drawn for the pro-

posed UWB based WSN system. Simulation results are also verified using the semi-

analytical results. The second derivative Gaussian pulse w(t) of duration Tw ≈ 0.8ns

is used by the sensor nodes for transmission. Each sensor reading (presence or ab-

sence of the event) is transmitted using single pulse per frame with employing single

frame per data symbol (Nf = 1) for simulation ease. The TH code {ckj} is gener-

ated using chip duration Tc = 1 ns, cardinality Nh = 20, and period Np = 100. In

simulations, the standardized IEEE 802.15.4a multipath channels [6, 92] are used.

Pk = 1 ∀ k and sampling frequency of 16 GHz are considered. Further, SNR

represents the link SNR in the numerical analysis, and all the sensor nodes are

quasi-synchronized.

In the simulations, each sensor is considered to have equal probability of local

false alarm (pf) and the probability of detection (pd). The global probabilities of

false alarm (PF ), detection (PD) and error probability PE are calculated at the FC.

Performance of event’s presence or absence estimation at FC (apart from the noisy

reporting link) is also limited by sensors’ quality, the number of sensor nodes and

antennas and hence, needs to be studied in WSN . If the detection performance at FC

is considered using observations in the noiseless MAC link, it is referred to as (upper)

“observation bound” [109]. The observation bound using uniform performance of
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all sensors can be written as

PD,O =
K∑
l=κ

(
K

l

)
pld(1− pd)K−l

PF,O =
K∑
l=κ

(
K

l

)
plf(1− pf)

K−l

(5.56)

where κ ∈ {1, 2, ..., K} is a discrete threshold. In simulations, perfect sensors (pf = 0

and pd = 1) are used.

5.5.1 Coherent detection at FC

The CD-based fusion rule is studied in a UWB based WSN. The average global

detection error probability PE at FC using the CD is shown in Figure 5.3. The CD’s

PE performance over IEEE 802.15.4a multipath CM1 and CM4 channels10[6, 92]

using multiple sensor nodes and the single antenna at FC is shown in Figure 5.3.

The frame duration Tf = 100 ns and Tf = 150 ns are used for CM1 and CM4

channels, respectively, with pulse shift parameter ∆ = 2ns in the CD. As the number

of sensor nodes increases in the UWB sensor network, detection error performance

improves as observed in Figure 5.3. The gain obtained using the number of sensor

nodes in CD can be expressed as SNR gain ≈ 10 log10 (K) dB. For example, K = 10,

SNR gain = 10 dB, and the same is observed in Figure 5.3 for both CM1 and CM4

channels. However, performance improvement using more number of sensor nodes

obtained with increased system power and communication resources.

Further, impact of both the number of sensors and antennas on the average PE in

CD is shown in Figure 5.4 in CM1 channel. The SNR gain using sensors and antennas

is expressed as SNR gain = 10 log10 (NK) dB at fixed PE. Therefore, SNR gain can

be obtained in the WSN using more number of antennas at FC for fixed sensor

nodes. Thus, the CD-based fusion PE performance is benefitted logarithmically

(SNR gain ∝ log10 (NK)) using the number of sensors and antennas at FC. However,

10The LOS in indoor residential and the NLOS in office wireless communication environment is
referred as IEEE 802.15.4a CM1 and CM4 respectively [6, 92].
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CD needs CIR for each link, which may not be feasible for large value of K and N

in the UWB based WSN system [92]. Numerical results are validated against the

analytical results as shown in Figure 5.3 and Figure 5.4.

Next, simulation results are presented for ED-based fusion for the proposed UWB

sensor networks and henceforth only ED’s performance is studied due to its suit-

ability for the WSN system.

SNR (dB)
-20 -10 0 10 20

P
E

10-4

10-3

10-2

10-1

100

K=1
K=2
K=10
K=20
K=40

SNR (dB)
-20 -10 0 10 20

P
E

10-3

10-2

10-1

100

K=1
K=2
K=10
K=20
K=40

CM1

CM4

Theory

Theory

Figure 5.3: Average detection error probability PE performance using the CD at FC in IEEE
802.15.4a multipath CM1 (“top”) and CM4 (“bottom”) channels for various number of sensor
nodes in the network.

5.5.2 Energy based detection

The ED-based fusion at FC is used for simple UWB based WSN s and impact of

various system parameters such as the number of sensors and antennas are analyzed.

In ED-based numerical simulations, frame duration Tf = 200 ns, ∆ = 100 ns, and

integration interval Tf/2 are used.

The average global detection error probability PE of event Θ detection using

varying number of sensor nodes and single antenna is shown in Figure 5.5. As the

number of sensors increase, PE reduces as observed in Figure 5.5. The SNR gain
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Figure 5.4: Average PE performance using the CD-based fusion in IEEE 802.15.4a multipath
CM1 channel for various number of sensor nodes and antennas at FC.

obtained by using more number of sensors in ED is SNR gain,ed ≈ 10 log10

√
K dB

at fixed PE. In order to assess the sensitivity with respect to the number of sensor

nodes, it is worth noticing that moving from K = 1 to K = 40 at PE = 10−2, SNR

requirement reduces from 20 dB to 12 dB. Therefore, use of large K in the network

decreases either the SNR requirement or value of PE as observed in Figure 5.5.
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Figure 5.5: Average detection error probability PE of event detection at FC using ED-based
fusion in CM1 channel for the various number of sensor nodes K.

The ED’s performance can be ameliorated using the processing gain obtained by

the large number of antennas at FC. The noise level can be reduced to arbitrary close

to zero in the decision variable E using massive antennas at the FC. The conditional

PDF of decision variable (energy of each half in a frame) for a given data symbol

f(E|d = 0) is shown in the Figure 5.6. In Figure 5.6, K = 2 and UWB multipath
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CM1 channel are used. From Figure 5.6, one can observe that the PDF of each half

signal energy is easily distinguishable with the increase in the number of antennas.

Therefore, MAAs reduce the noise level in the proposed ED-based UWB sensor

network.
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Figure 5.6: Impact of N on the conditional PDF f(E|d = 0) at fixed value of K = 2. The dashed
and solid lines represent the PDF of first and second halves signal energy E0 and E1 in a frame
respectively.

Detection Error Probability vs # of Links : The combined effect of the number of

sensor nodes and antennas (referred as # of links) on the error probability PE is

shown in Figure 5.7. As the number of links increase, PE decreases as observed

in Figure 5.7. The SNR gain by increasing number of links in the system around

10 log10(
√
NK) dB as observed in the Figure 5.7. Hence, a lower value of error

probability can be achieved by increasing the number of antennas at FC with a

moderate number of sensor nodes as observed in Figure 5.7. The effect of MAAs on

PE is also evaluated. As N → ∞ for fixed K = 2, noise effect on PE approaches

zero (See Figure 5.7). Therefore, a massive number of antennas at FC reduces the

noise floor in the ED, which results in the ED’s performance close to the CD, albeit

with no apriori CIR, and accurate synchronization.

Global False Alarm and Detection Probabilities : The impact of the number of sensor

nodes K on the global false alarm and detection probabilities are shown in Figure

5.8 using a single antenna N = 1 at FC. It is observed that the performance of

PD and PF improves as the SNR and the number of sensors increase. With a large
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Figure 5.7: Average error probability PE performance using the various number of links (KN)
in the sensor network.

number of sensors (K = 40), PD is high even at low SNR as observed in Figure

5.8 (bottom). Further, PF is also very low (≈ 10−3) at SNR = 10 dB with a large

number of sensor nodes (K = 100) as shown in Figure 5.8 (top).
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Figure 5.8: Average false alarm PF and detection PD probabilities using various number of
sensors (K) with ΥED = 0 in the WSN system.

Impact of Channel PDP : In Figure 5.9, the effect of signal energy optimization

in a frame on the PE is shown. The number of bins in each half frame duration

M = 5, 10, 20 are considered in (5.50). The weighted energy based fusion using

119



5.5. NUMERICAL RESULTS AND DISCUSSION

(5.51) by considering apriori information of the channel PDP can give SNR gain of

approximately 3 dB at PE = 10−3 as compared to a conventional ED as observed

in Figure 5.9. Further, the number of bins M = 10 and M = 20 have almost equal

PE performance.
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Figure 5.9: Average detection error probability using signal energy optimization at K = 2 and
N = 2. The “Con” and “Opt” denote the conventional ED and the proposed energy optimization
in (5.50) respectively.

Observation Bound : The effect of number of antennas N and SNR on PD is shown

in Figure 5.10. For comparison, the “observation bound” of PD is reported, which

is obtained using local detection probability pd = 0.5 of each sensor with K = 10

and κ = 2. As the number of antennas increases for fixed SNR, PD approaches close

to the observation bound as observed in Figure 5.10. Therefore, using the MAAs at

FC, an arbitrary high detection probability of ED-based fusion at low SNR can be

achieved. The maximum value of PD is limited by the observation bound as shown

in Figure 5.10. Since observation bound on PD uses the noise-free reporting channel

while considering the sensors’ local performance.

Impact of Integration Interval : The effect of the integration interval Tint on the error

probability PE is shown in Figure 5.11 at K = 2 and N = 2. For Tint = 10 ns, the

SNR improvement is around 3 dB at PE = 10−3 as compared to Tint = 100 ns as

observed in Figure 5.11. The received UWB signal has signal plus noise and noise

only region, since the UWB channel is cluster sparse [92]. Further, UWB signal

energy does not distribute uniformly in a frame. Therefore, optimal integration
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Figure 5.10: Global detection probability PD performance at ΥED = 0 and SNR =0, 5, 10, 15
dB, and it is also compared with observation bound (“Bound”). The observation bound is obtained
using K = 10 and κ = 2.

interval can provide improved system performance as compared to the whole frame

duration integration interval. The integration interval optimization for ED-based

fusion at FC is expressed as

Tint,opt = max
Tint∈Tf/2

{|En,k,0 − En,k,1|}. (5.57)

Although closed-form expression for Tint,opt is difficult to get, Tint,opt can be obtained

by dividing each half of a frame duration into small subintervals (bins) and adding

those bins duration where signal plus noise bins’ energy is higher than the noise

only bins’ energy, i.e., Tint,opt = ZTB, where Z is the number of bins whose energy

is higher than the noise energy and TB is a bin’s time duration.

Effect of Noise Hardening : The PE performance improvement using the noise hard-

ening (5.54) for the various K and N = 1 is shown in the Figure 5.12. The gain

using the noise hardening (dashed lines) is around from 0.7 dB to 1 dB at PE = 10−3

as observed in Figure 5.12. Further, the noise hardening does not require any ad-

ditional implementation complexity (due to the non-existence of multiplication and

division operations) except for few memory bytes as mentioned in the subsection

5.4.2. Moreover, noise hardening is also free from a training process or apriori

knowledge of the sensor system such as signal and noise statistics.

Impact of Power Optimization: The impact of the power optimization in the system
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Figure 5.11: Impact of integration interval Tint
on the PE .
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Figure 5.12: Effect of noise hardening on
PE performance using the various K and the
single antenna.

on PE is shown in Figure 5.13. The SNR gain is approximately 2 dB at PE =

10−3 as observed in Figure 5.13. The higher power is assigned to those sensors

whose CIR is better in the system while keeping total power of the system constant,

i.e., Esys. Therefore, power optimization can be used to extend the battery life or

communication range of the WSN.

SNR (dB)

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

P
E

10-4

10-3

10-2

10-1

K=5
K=10
K=15

Figure 5.13: Impact of power optimization on PE performance using the various sensors and the
single antenna in the WSN system. The solid and dashed lines denote the equal and optimized
power respectively of the sensor nodes.

Therefore, tradeoff exists between system implementation complexity and per-

formance for CD and ED-based fusion at FC. The ED is simple and more suitable

in dynamic channel environment. Further, MAAs for the proposed WSN system

provides large processing gain with marginal increment in system implementation
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complexity. CD is preferable when CIR is static for a longer period and a small num-

ber of antennas at FC. Further, ED’s performance can be enhanced using knowledge

of various parameters such as noise hardening, integration interval, CIR’s amplitude

envelope, and MAAs at the FC. Fusion performance is the key of a WSN because it

measures the conditions of the event or environment being monitored. Furthermore,

the joint energy detection and a massive array design, with phase shifters and delay

elements similar to [114], and timing synchronization error can be used to analyze

the proposed sensor network performance in future.

5.6 Summary

A UWB system for WSN in massive MIMO decision fusion is proposed and ana-

lyzed in this chapter. The global detection, false alarm and error probabilities at

the fusion center are derived and compared with simulation results. Both coherent

and non-coherent (energy) detection based fusion methods are discussed for a sensor

network. The CD-based fusion has optimal performance with very high implemen-

tation complexity. However, ED-based fusion is better due to its low computational

complexity and limited requirements on system knowledge with sub-optimal perfor-

mance for WSN. Further, the noise level is significantly reduced (close to zero) in the

ED-based fusion using massive antenna arrays that results in a very high gain in the

sensor network. Hence, the low error probability of event estimation can be achieved

at very low SNR. Further, the impact of number of sensors, antennas, and various

other system parameters are analyzed. The proposed system based on low power

UWB technology can be used for precise localization in indoor and short-range sce-

narios such as picocell and femtocell networks in assisted living, body-to-body, and

many 5G based IoT applications.
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Chapter 6

Conclusion and Future Work

This thesis addressed some issues relevant for UWB communication systems. This

chapter summarizes primary contributions and insights of the work addressed in this

thesis, and proposes some directions for future research.

6.1 Summary of contribution

This thesis carried out extensive performance evaluation of low power and ultra

wideband UWB system using the sparsity-based signal processing methods.

Firstly, a robust UWB receiver design is carried out that utilizes the received

UWB signal cluster sparsity characteristics to mitigate IN. The proposed cluster

detection algorithm-based receiver’s BER performance is theoretically analyzed and

compared with some popular existing non-linear receivers in the presence of IN over

standardized IEEE 802.15.4a channel models.

Next, the sparsity of the UWB signal is used to remove the NBI effect in the co-

herent receiver. Since both NBI and UWB signals are sparse in time and frequency

domains, respectively, the proposed NBI mitigation method exploits distinct char-

acteristics of UWB signals and NBI, and does not require a nonlinear operator such

as a limiter or a blanker. Improved performance of the proposed coherent receiver

has been validated in both AWGN and multipath fading channels in the presence

of NBI.
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Further, to reduce the sampling rate, to have precise synchronization, and for

low power requirement, UWB systems are implemented using compressive or sub-

Nyquist rate measured samples by exploiting sparsity of the UWB signal. A (par-

tially) deterministic UWB waveform-matched measurement matrix is proposed. The

proposed measurement matrix has circulant structure and is sparse in nature. The

proposed matrix is easy to implement in hardware and is operationally time efficient

as needed in a practical system. Improved BER performance with reduced imple-

mentation complexity is observed with the use of the proposed measurement matrix

as compared to the existing measurement matrices.

Finally, UWB-based WSN using MAAs at fusion center for distributed detection

is proposed and analyzed. Both the coherent and energy based fusion rules are con-

sidered for the proposed WSN over multiple access channels. The trade-off between

the performance and the implementation complexity of the coherent and energy

based fusion is studied. Further, it is shown that MAAs at fusion center and various

levels of channel knowledge can enhance the performance of the energy-based de-

tector in UWB sensor network with simple system design. Impact of various design

parameters such as the number of sensors, receiver antennas, sensor quality, and

integration interval on the WSN system’s performance are also examined.

6.2 Future work

Sparsity-based signal processing is an emerging research area in the wireless commu-

nications. In line with this, all the algorithms and systems developed in this thesis

work are novel approaches to improve the throughput of UWB link. The high-

frequency communication schemes such as mmWave and terahertz (THz ) channels

are time sparse. Thus, the work covered in this thesis, based on channel sparsity,

can be helpful for high-frequency communication schemes to reduce the receiver

complexity and to enhance system performance for next-generation communication

networks. The work of this thesis can be extended for THz communication, since
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both the UWB and THz are pulse-based communications and are suitable for short

range.

Further, the co-channel interference, pulse distortion during transmission and

imperfect channels estimation can also be considered in the system model to in-

vestigate their effects on the UWB system’s performance. Furthermore, detection

performance of non-coherent UWB receiver discussed in this thesis can be analyzed

in the presence of NBI and IN environments and to propose new methods for further

improvements

The impact of finite resolution-based ADC on the discussed UWB coherent and

non-coherent receivers can be analyzed. Since finite resolution (e.g.1-bit) ADC have

low power consumption and high sampling rate, this would result in simple hardware

system implementation.

Lastly, UWB is a potential technology for wearable and implantable biomedical

devices due to low power and wideband width. Thus, the proposed methods in this

thesis can be analyzed for the WBAN using IEEE 802.15.6 standard.
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