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Abstract

A chirp waveform is a frequency modulated signal in which the signal duration and bandwidth
can be adjusted independently. It finds applications in the fields of radar, sonar, and properties
such as high processing gain, low power requirement, robustness to multipath interference make chirp
based modulation an attractive alternative for wireless communication and Internet of Things (IoT)
applications. Introduction of massive multiple-input multiple-output (MIMO) and 5G technologies
make radio-frequency based wireless energy transfer (WET) a key enabling technique to effectively
prolong operational lifetime of energy-constrained sensors. However, most works on WET are based
on fixed-frequency waveform, and there exists scope to explore chirp waveform as a potential superior
candidate. In this thesis, we perform an exhaustive study on the design of chirp waveforms and the
analysis of associated systems employing the waveforms for wireless communication, radar, IoT, and
WET applications. The design and analysis studies are broadly divided into three parts.

The first part covers chirp waveform design and system analysis for wireless communication where—
(i) Design of linear chirp (LC) waveform and a single user communication system based on surface
acoustic wave (SAW)-chirp devices are proposed to transmit 3-bits per symbol duration. Symbol error
rate (SER) performance of such system is analyzed under additive white Gaussian noise (AWGN) and
Rayleigh fading channels, and its benefit over the available SAW-chirp systems is outlined.

(ii) Design of (a) phase-coded chirp waveforms using LC and nonlinear chirp (NLC) waveforms, and (b)
a set of orthogonal up-chirp and orthogonal down-chirp waveforms are proposed to reduce multiple
access interference (MAI) in a multiuser communication system where the later design minimizes
bandwidth requirement as well. The performances of such systems are analyzed in terms of bit error
rate (BER), for which closed form expressions are derived and evaluated over AWGN channel and
over Rayleigh fading channel for (b).

(iii) We present a PSK-chirp-BOK system, to double the transmission rate while using only two
correlators. Design of a set of completely orthogonal LCs is proposed to eliminate MAI in a multiuser
system. Extending the design, a time domain multiplexing of orthogonal LC sets and associated
signal demodulation using fractional Fourier transform are proposed to reduce the required system
bandwidth. Analytical expressions of SER are derived for the system, and the associated performances

evaluated under the effect of co-channel interference over Nakagami-m fading indicate a superior SER
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performance over the reported chirp-BOK systems.

The second part covers chirp waveform design and system analysis for radar and IoT applications

where— (i) Design of a set of discrete frequency-coding waveforms (DFCWs) using LC and pseudo-noise
code sequence (DFCWs-PNLC) is proposed for MIMO and multiuser radar. A two stage optimization
process is presented to improve autocorrelation sidelobe peak (ASP) and cross-correlation peak (CCP)
levels of the waveforms. Analytical expressions of ambiguity functions are derived to analyze waveform
performances, and it is observed that the DFCWs-PNLC outperforms other available DFCWs-LC.
(i) We propose a parameterized mathematical model for designing NLC waveform and present an
optimization process based on genetic algorithm for appropriate selection of parameters value. Design
of a set of DFCWs using parameterized NLC (DFCWs-NLC) is proposed for MIMO and multiuser
radar, and a joint optimization of pulse type and frequency-ordering of DFCWs-NLC is performed
that results in major improvement in ASP and CCP levels over the reported DFCW designs while
attaining an increase in the number of available waveforms as well.
(iii) Design of a new symmetry chirp waveform with multiple chirp rates (SC-MCR) is proposed for
low-earth-orbit satellite IoT application. Extending the design, we present a time domain multiplexing
of SC-MCR waveforms to improve the system data rate. For an M-ary system in a multiuser scenario,
analytical expression for SER is derived and the system performance over a Rice-lognormal satellite
channel indicates improved MAI as compared to SC waveform.

In the third part, the potential of chirp waveforms is investigated for downlink (DL) WET from a
multi-antenna access point (AP) to a group of sensors over orthogonal subbands based on their channel
estimates while maintaining the peak transmit power constraint. We propose a general design of chirp
based waveforms and establish key properties required for optimizing WET. New analytical expressions
using order statistics are derived for the average harvested energy based on DL-WET via superposed
chirp waveforms, and max-min optimal power control coefficients in closed form are evaluated to ensure
that the sensors placed at different distances from the AP harvest the same amount of energy. For
comparison, we also present the corresponding analysis for fixed-frequency waveform. Furthermore,
we analyze the max-min information transmitted on the uplink by the sensors. Through analysis and
simulations, it is proved and elucidated that DL-WET via superposed chirp waveforms improves the
max-min harvested energy, extends the operating range of WET, and widens the energy-information

transfer region in comparison with DL-WET via fixed-frequency waveform.
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1. Introduction

A chirp is a frequency modulated (FM) waveform whose frequency varies with time [1]. Chirp
waveform and associated pulse compression technique find wide applications in the field of radar,
sonar and ultrasound [1,2]. Advantages such as high processing gain, low power requirement, robust-
ness to multipath interference and Doppler frequency offset make chirp based modulation an attractive
alternative for wireless communication applications [3, 4], and recently, it has been successfully ap-
plied for LoRa (Long Range) communication intended for Internet of Things (IoT) applications [5].
It is also adopted as a physical layer implementation of IEEE 802.15.4a, the standard for wireless
personal area network (WPAN) applications [6]. With the advent of wireless technologies such as
massive multiple-input multiple-output (MIMO) and 5G, the operational lifetime of sensor nodes in
an energy-constrained wireless sensor network (WSN) can be increased effectively through wireless
energy transfer (WET) [7], and it holds enormous potential to power a massive number of IoT de-
vices that are likely to get connected to the next generation wireless network [8]. It is expected that
with appropriate design, chirp waveform can play an important role to address some of the design
challenges associated with WET, and improve the harvested energy at the sensor nodes and energy
transfer efficiency (ETE) of the WET system. In this thesis, we present chirp waveform designs for
communication, radar, IoT, and wireless energy and information transfer (WEIT) systems to achieve
an improved performance and analyze the associated systems to evaluate the corresponding improve-
ments. In this introductory chapter brief overview of some of the associated technologies is presented
to cover the background of the thesis. In the subsequent sections, a review on some of the available
designs of chirp waveforms for the applications in communication, radar, and IoT systems along with
the analysis of performance is presented followed by the discussion on some of the existing works on
WET and WEIT. Thereafter, motivation, contribution, and organization of the thesis are outlined in

this chapter.

1.1 Background

This section covers brief descriptions on chirp waveform, wireless communication and performance

analysis, radar, IoT, WET, and highlights key properties of each of these technologies.
1.1.1 Chirp Waveform and Properties

A chirp is a waveform in which the instantaneous frequency varies as a function of time and it

is categorized as up-chirp and down-chirp. For an up-chirp waveform, the instantaneous frequency
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1.1 Background

increases with time, while for a down-chirp signal the instantaneous frequency decreases with time [2].

A chirp waveform of unity amplitude and having a duration of T' (in second) can be expressed as
s(t) = cos [2mp(t)], 0<t<T, (1.1)

where instantaneous frequency f(¢) of the waveform is defined as

()= 229, (1.2

and the associated chirp rate p(t) that defines the rate of change of instantaneous frequency [9] is
given by

u(ty = L. (1.3)
Therefore, for an up-chirp p(t) > 0 and for a down-chirp p(t) < 0. Based on the variation of chirp rate,
chirp waveforms are primarily categorized as linear and nonlinear, i.e., for a linear chirp (LC) or linear
FM (LFM) waveform, p(t) remains constant throughout the signal duration whereas for a nonlinear
chirp (NLC) or nonlinear FM (NLFM) waveform, p(t) varies with time [1]. Following (1.1) and (1.2),

instantaneous frequency for a linear up-chirp having bandwidth B (in Hz) [10] can be written as

ft) = fu+ ut, (1.4)

where B = fy — f1, fi, is the starting frequency and fy is the final frequency, and the chirp rate
W= % is a constant. Furthermore, the product of B and T is known as the time-bandwidth product

of the chirp signal. Accordingly, the linear up-chirp waveform is given by

s1(t) = cos [Zw (th+%ut2)] , 0<t<T. (1.5)

Following similar steps a linear down-chirp waveform is expressed as

s9(t) = cos [27r (th - %,ut2>] , 0<t<T. (1.6)

In case a chirp signal is centered at ¢ = 0, linear up-chirp and down-chirp waveforms are given by

si(t) = cos [Zw <f0t + (—1)(i_1)%ut2>} ) —g <t< g, (1.7)

where fy is the center frequency and i = 1,2. s1(t) and s9(t) denote the up-chirp and down-chirp

waveforms, respectively. Moreover, in equivalent complex form the chirp waveforms of (1.7) can be
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Figure 1.1: (a) Linear up-chirp waveform, (b) Instantaneous frequency variation for up-chirp, (c¢) Linear
down-chirp waveform, (b) Instantaneous frequency variation for down-chirp.

given by [1]

5(t) = e2r (ot D 3p?) (1.8)

S; 9

2| N

<t<T
i _27

and s;(t) = R{3;(¢t)} where R{-} indicates the real part. A linear up-chirp and the associated frequency
variation of the waveform with time are shown in Figure 1.1(a) and Figure 1.1(b), respectively, while
a linear down-chirp and its plot of instantaneous frequency versus time are shown in Figure 1.1(c) and
Figure 1.1(d), respectively, where the chirp rate is considered as p = 35.

Matched filtering of a chirp waveform gives an output signal with a narrow peak at the chirp center
frequency [1,9] and thereby achieving the pulse compression. Further, the same output can also be
achieved through auto-correlation of the chirp waveform [1,10]. Pulse compression, a signal processing

technique, of a chirp waveform allows to accumulate the energy of the signal into a short pulse with
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amplification in amplitude. It improves the range resolution and detection capability which is one of
the main reasons chirp waveforms are widely used in radar applications. Given two signals x(¢) and
y(t), the associated correlation between them can be expressed as [11]
+00
/
R, (r) = / 2yt — 7)dt. (1.9)
—0o0
Further, for a LC waveform given by (1.8), the correlation between up-chirp and down-chirp waveforms
[1,11] can be written in complex form as
“+oo
Rs s, (T) = / 51(t)85(t — 7)dt, (1.10)
—0o0

/

155 (T) = R{Rs,5,(7T)} gives the cross-correlation

where (-)* denotes the conjugate operation, and R
between s1(t) and so(t). Setting $a(t) = 51(t), (1.10) gives the autocorrelation output.
For a LC waveform given by (1.8), the autocorrelation output [1,11] for up-chirp can be written

in complex form using (1.10) as

+o00
R 5, (1) = / 51(t)s7(t — 7)dt (1.11)
—00
:/ 6]27rf076—]27r§7— eg27rut7dt -l e]27rf07—e—]7ru7— / e]27rut7dt
— 00 —00
= (T — |7]) &% oTsinc[ur (T — |7|)], (1.12)

where |7| < T, sinc(-) is the sinc function [1], and the autocorrelation of s1(t) is given by R} . (1) =
R{Rs,s,(7)}. The associated output is shown in Figure 1.2(a) which indicates a sharp peak at 7 = 0.
For down-chirp, its autocorrelation is identical to that of up-chirp [1] and is given by (1.12). Similarly,

the cross-correlation between up-chirp and down-chirp waveforms [1] can be calculated using (1.10) as

+oo +oo - T 2
R3132 (,7_) — / €j27rf07'€j27r%7'2 €j27r,ut2€—j27ry,t7'dt =, €j27rf07'€j27r%72€—j%y,72 / e]f [2\//7t_L\/ﬁ] dt
— 00 —00
1 . - / / / /
= ﬁeﬂ”fm'ejf’”2 C (vy) +3S (1) = C (1) — 38 (1/1)} ) (1.13)

where |7| < T, vy = \/u (T —|7]), 1 = /(=T + |7]), C'(u) and S (u) are Fresnel integrals [10], and
R/

15, (T) = R{Rs,5,(7)} gives the cross-correlation between s1(t) and sz(t). The associated unmatched

output is shown in Figure 1.2(b) where value is normalized to maximum autocorrelation output.
Based on the application, chirp waveforms can be generated in different ways. Chirp waveforms

can be generated using a surface acoustic wave (SAW) device. Advances in SAW technology offer a
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waveforms.
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Figure 1.3: Block diagram of a basic SAW device.

rapid and efficient method for both generation and correlation of the chirp waveforms using completely
passive and low cost SAW-chirp devices. The generation of chirp waveforms can also be realized using
digital signal processor (DSP) or field programmable gate arrays (FPGAs) [12] which provides higher
design flexibility over SAW device. In the thesis we consider ideal chirp waveforms for the proposed
waveform designs and the analysis of the systems.

In its simplest form, a SAW device consists of two comb-like metal electrodes known as input
interdigital transducer (IDT) and output IDT, placed on a piezoelectric substrate [13] as shown in
Figure 1.3. When a radio frequency (RF) voltage is applied at the input IDT, acoustic waves are
generated due to inverse piezoelectric effect [13]. The acoustic waves propagate on the substrate and
reach the output IDT. At the output, the mechanical displacement caused by the acoustic waves

generates a voltage difference due to the piezoelectric effect and produces an electric wave at the
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output IDT. So, the second comb-like structure in the SAW serves as a transducer to convert the

acoustic waves back into an electromagnetic signal. For an IDT structure having electrodes with

A
29

uniform pitch (d), the associated wavelength A of the acoustic wave is related as d = 2a = 4, and
this provides ideally a waveform having a fixed-frequency with A = % where v is the acoustic wave
velocity through the piezoelectric substrate, f is the frequency of RF signal, a is the electrode width,
and w is the aperture [13]. However, by varying the pitch d along the length of the IDT structure,
i.e., by progressively increasing or decreasing the electrodes width of input IDT, the output waveform

can have frequency varying during its propagation time, thereby obtaining a chirp waveform [13,14].
1.1.2 Wireless Communication and Performance Analysis

Wireless communication involves the transmission of information from one point to another wire-
lessly, i.e., without the use of any electrical wire connections. One of the most commonly used medium
for enabling wireless communication is radio waves [15]. Wireless communication provides several ad-
vantages over the wired communication, e.g., it offers greater flexibility, allows constant connectivity
and improves network speed, provides easy accessibility specially in remote areas, improves cost effec-
tiveness of the network etc., and it has a vast range of applications in the fields of telecommunications,
military, space, radar communication, IoT, and wireless power transmission. Wireless communication
can be of two types— analog and digital. In analog communication the information signal modulates
the carrier waveform by varying the amplitude, phase, and frequency. Amplitude modulation and
frequency modulation are the most common form for the analog signal transmission. In digital com-
munication, continuous-time analog signal is sampled and quantized in form of binary numbers, ‘0’ and
‘1’, which gives the digital signal, and the information is transferred in the form of amplitude, phase,
or frequency of the carrier waveform. Advantages of digital communication over analog counterpart
include— (i) more immunity to noise and external interference, (ii) easy storage and retrieval of digital
information, (iii) higher security to the information, (iv) easier implementation of error correction and
detection techniques, (v) cost effective and more reliable. Depending on the distance of communi-
cation, the operational range and type of devices used, current wireless communication systems and
technology are categorized into different types such as (i) cellular communication systems, (ii) wireless
local area network (WLAN) systems, (iii) wireless internet and other personal area network (PAN)
systems, (iv) satellite communication systems, (v) low-cost, low-power wireless communication sys-

tems: Bluetooth and Zigbee [16]. Based on the application requirements, these systems are supported
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by a number of transmission and multiple access technologies including frequency division multiple
access (FDMA), time division multiple access (TDMA), code division multiple access (CDMA), space
division multiple access (SDMA), different spread-spectrum technologies, e.g., direct-sequence spread
spectrum (DSSS), frequency-hopping spread spectrum (FHSS), and other multi-carrier technologies
to serve multiple user terminals and achieve the required system throughput.

During transmission, if the signal is affected by noise only, the associated channel is considered
as additive white Gaussian noise (AWGN) channel. Whereas, if the signal, transmitted over wireless
medium, gets affected by both noise and fading, the associated channel is considered as a fading
channel. Fading indicates to the attenuation and distortion of the transmitted signal power during
wireless propagation and categorized as large-scale and small-scale fading. Large-scale fading refers the
power dissipation and attenuation in the received signal, and can be of two types: (i) path loss, which
attenuates the power of the received signal due to propagation over a long distance, (ii) shadowing,
which delineates the reduction in power of received signals due to the obstructions in the path of
propagation. Small-scale fading refers to the fluctuations in signal strength and phase due to scattering,
reflection, and diffraction of a signal during propagation and causes the reception of multiple replicas
(or multipaths) of the signal at the receiver. Depending on the mobility of the transmitter/receiver
with respect to each other, small-scale fading can be categorized as fast fading and slow fading. In fast
fading channel condition varies rapidly, whereas in slow fading the channel experiences relatively slow
variation over the symbol duration. Depending on the effect on signal frequency, small-scale fading
can be further categorized as frequency-flat and frequency-selective fading. In case all frequency
components of the signal observe almost the same amount of fading, it is termed as frequency-flat
fading otherwise it is called frequency-selective fading.

Performance analysis process of a wireless communication system is broadly divided into two
categories and can be performed either following a communication theoretic approach that includes
evaluation of bit error rate (BER), symbol error rate (SER) etc., or following an information theoretic
approach that includes evaluation of outage probability, channel capacity etc. Average BER or SER
indicates the ratio of the number of erroneous bits or symbols detected at the receiver to the total
number of transmitted bits or symbols. On the other hand, outage probability indicates the probability
that the signal-to-noise ratio (SNR) level of the signal falls below a predetermined threshold, while

channel capacity refers to the maximum data rate at which information can be transferred over a
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communication channel with minimal probability of error. In this thesis, performance analysis of the
communication systems using chirp waveforms is carried out in terms of BER, SER, and channel

capacity.
1.1.3 Radar

Radar stands for radio detection and ranging and it performs operations such as detection, tracking,
and recognizing objects, to name a few, for both civilian and military applications [17]. It works by
transmitting RF electromagnetic (EM) signal towards a object, commonly known as the target, and
studying the echo or waves reflected back from the target. The basic principle of a radar is shown
in Figure 1.4. The radar signal, an RF EM wave, is produced at the transmitter. Output of the
transmitter is delivered to the antenna where the signal is radiated. Use of a duplexer allows the
same antenna to be used for both transmitter and receiver on a time sharing basis. After reception,
the receiver amplifies the radar echoes and transfers them to the signal processing module. The
processing block performs signal processing operations and decides whether a target is present or
not (target detection). In case a target is present, other information about the target, i.e., range is
estimated. If a target is present at a distance of D, from the radar and the transmitted signal has

taken time 7, to travel from radar to target and back to radar, then [17]

Ol

2D, =Cy, xT, = D,= 5

(1.14)
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1. Introduction

where C, denotes the speed of light.

Performance of the radar systems mostly depends on the radiated waveforms, and thereby appro-
priate design of the radar waveforms is crucial for faithful detection of the targets [1,11]. Based on
the type of waveforms, radars are classified into pulse radar and continuous wave (CW) radar. As the
name suggests, pulse radar operates with pulse type waveforms and CW radar operates with continu-
ous waveforms. In case a CW radar incorporates frequency modulation for the design of the waveform,
then the radar is termed as frequency modulated continuous wave (FMCW) Radar. Thereby, signal
frequency for a FMCW radar varies with time, e.g., a chirp waveform [10,17]. Use of FMCW in
radar provides following advantages over CW (i) it can measure the target range and relative velocity
simultaneously, (ii) it can determine very high accuracy of range measurement, (iii) it can operate
with low peak power, (iv) it simplifies the realization of signal processing circuits as the processing
can be performed at low frequency range. Therefore, chirp is a popular choice and is used widely
for the design of radar waveforms [1,10,17]. Moreover, based on application requirements, different
waveform modulation patterns through FMCW such as sawtooth modulation, triangular modulation,

stepped modulation [1,11] can be designed to attain an improved detection performance.
1.1.4 Internet of Things

The Internet of Things refers to a system of interrelated, internet-connected objects— sensors and
devices, or “things”, that have the ability to collect and transfer data over a wireless network with-
out requiring human-to-human or human-to-computer interaction. With the emerging numerous new
IoT applications spread across the areas of consumer and commercial to industrial and infrastructure
including applications such as (i) smart home, (ii) wearables, (iii) smart cities, (iv) smart grids, (v)
autonomous vehicles, (vi) industrial automation, (vii) smart retail and supply chain, and (viii) smart
farming [18], thereby it is expected that more and more devices and sensors are to be connected to
IoT networks and the number will exceed 20.4 billion by 2022 [19] as IoT offers numerous advan-
tages including (i) easy monitoring and communications between devices, (ii) digitally and centrally
controllable automation, (iii) improved system efficiency and operational time etc.

A number of wireless technologies have emerged for enabling the above mentioned IoT applica-
tions, and based on the coverage range the technologies are broadly categorized into two types— (i)
short-range wireless technology, (ii) long-range wireless technology. Short-range technologies include
Bluetooth, Zigbee, and WiFi, and intended to cover a maximum range of 100 m. Long-range technolo-

TH-2806-156102017

=0T o

10
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gies include LTE and 5G, and low power wide area networks (LPWAN) technologies [20]. While LTE
and 5G are intended for power and data intensive applications, LPWAN technologies are intended
to provide wide-area communications and large-scale connectivity for emerging IoT applications with
low power, low cost, and low data rate devices. Further, LPWAN are divided into unlicensed and
licensed LPWAN based on the operating spectrum resources (bands). LoRa and Sigfox technolo-
gies come under unlicensed LPWAN, whereas LTE-M and NB-IoT technologies come under licensed
LPWAN [20].

Out of different enabling technologies for low power IoT networks, here, it is of particular interest
to LoRa as it provides the following advantages over other LPWAN technologies for IoT— (i) re-
duced cost of deployment, since unlicensed bands are used, (ii) higher flexibility in terms of data rate
and bidirectional communication over Sigfox, (iii) better security and mobility. Furthermore, LoRa
performs signal modulation and demodulation employing chirp waveform [5] that spreads the signal
over a wider channel bandwidth. It enables the transmitted waveform to become highly interference
resilient and reduces the required signal-to-interference-plus-noise ratio (SINR) level for accurate data
decoding, thereby improving the overall energy efficiency of the system [18]. LoRa supports a spread-
ing factor (SF) from 7 to 12, which allows the system to achieve a variable data rates and tradeoff

between throughput and coverage range or energy consumption [20].
1.1.5 Wireless Energy Transfer

The evolution and progress in silicon technology have helped reduce the power consumption and
the size of wireless sensor nodes. Usually, these nodes are energy constrained because they depend
on their batteries, which have limited capacity, to perform specific tasks in a wireless network. A
convenient way to increase the lifetime of these sensors is by charging their batteries through WET [7].
WET is the transmission of energy from one place to another without wires. Nikola Tesla pioneered
high-voltage, high-frequency electricity in wireless power transmission in his Colorado Springs lab
in 1899 [21]. WET or wireless power transfer (WPT) is attractive and promising as it can provide
seamless, constant and controllable on-demand energy to energy-constrained nodes and it provides a
reliable way to energize nodes which may be placed at remote or hazardous locations. It does not
require any intermediate grid for connections and can provide both non line-of-sight (NLOS) and LOS
energy transfer at low maintenance cost. WET, also known as wireless charging, mainly falls into two

categories, near field and far-field. For near field, non-radiative wireless charging based on inductive
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coupling and capacitive coupling is used for energy transfer, whereas for far-field, radiative wireless
charging based on electromagnetic waves, i.e., typically RF waves or microwaves are used for energy
transfer [21].

Use of RF signal offers following advantages over non-conventional sources of energy: (i) the
signal is controllable and can provide a deterministic energy harvesting method, i.e., based on the
energy requirement, the transmit power level of the signals can be adjusted dynamically, and (ii) both
information and power can be transferred simultaneously, independently or jointly. Thus, WET via
RF signal can enable wirelessly powering energy-constrained nodes placed at a longer distance while
effectively prolonging the operational lifetime and makes it more attractive for WSN. Electromagnetic
energy carried via RF signal can be converted into electrical energy by employing rectenna at the
energy-constrained nodes. Rectenna is basically formed by concatenating antenna and rectifier [22].
The received RF signal at the antenna is processed through a rectifier, which comprises of a diode, a
low pass filter, and load, and converts the received RF signal into DC voltage. Integration of WET
and conventional wireless information transfer (WIT) in a communication network is categorized
into simultaneous wireless information and power transfer (SWIPT) networks and wireless powered
communication networks (WPCN) [23] and it enables the wireless devices to perform simultaneous
energy harvesting (EH) and information decoding (ID) using two practical receiver designs based on
power-splitting (PS) and time-switching (TS) protocols [24]. Further, EH and usage techniques are
broadly categorized into three protocols— harvest-use, harvest-store-use, and harvest-use-store [21].
In harvest-use technique, the incoming energy is directly used to power the communicating node and
harvested energy is not buffered for future use. In harvest-store-use technique, harvested energy is
first stored in a buffer and communication is initiated once a minimum amount of required energy is
accumulated. In harvest-use-store technique, a fraction of the harvested energy is used to power the

communicating node while the remaining energy is stored in a buffer for future use.

1.2 Literature Review

In this section, related works on the design of chirp waveform for the applications of communication,
radar, and IoT are presented followed by the discussion on some of the reported waveform designs for

WET and WEIT applications.
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1.2.1 Chirp Waveform for Communication Applications

The use of chirp waveform for wireless communication applications was introduced by Winkler
in 1962 [25]. Chirp communication system employing direct modulation scheme through up-chirp
waveform has been presented in [26-30]. In particular, design and performance analysis of a single
user chirp communication system using SAW-chirp delay line has been considered in [26-28] where
transmission of 1 bit per symbol duration through differential phase shift keying (DPSK) modulation is
presented in [26] and transmission of 2 bits per symbol duration through differential quadrature phase
shift keying (DQPSK) and 7/4-DQPSK modulation is presented in [27] and [28], respectively. All the
systems in [26-28] have used a single LC waveform for data transmission. In [29], the authors have
designed a single user chirp communication system considering DQPSK modulation and evaluated
the system performance in presence of broadband jamming signal. The results indicate that chirp
waveform can provide improved performance over a conventional system (without incorporating chirp).
In [30], the authors have designed a single user chirp system with quadrature phase shift keying (QPSK)
modulation and analyzed the performance. As the reported systems are designed and analyzed only
for single user scenario, the effect of interference on the system performance remains unaddressed.

Chirp communication system employing binary orthogonal keying (BOK) scheme, where the trans-
mitter consists of a pair of chirp waveforms— one up-chirp and one down-chirp mapped to binary ‘1’
and binary ‘0’, respectively for transmission of 1 bit per symbol, and the receiver consists of a pair
of correlators for estimation of the symbol, has been presented in [6,9, 31] for a single user and
in [3,25,32-35] for multiuser systems. Specifically, in [6], the authors have shown that chirp-BOK
improves the BER performance over conventional BOK system. The authors in [9] have presented
a chirp-BOK system with a overlap between the transmitted up-chirp and down-chirp waveforms to
improve data rate at the expense of overall increase in signal interference at the receiver. A chirp-BOK
system using nonlinear quadratic chirp has been presented in [31] for underwater communication. The
authors in [25] have designed a set of LCs with each chirp waveform having two different chirp rates for
different time intervals while covering the same bandwidth, and each user has been allocated a pair of
up-chirp and down-chirp waveforms. Since all the generated chirp signals occupy the same bandwidth
are non-orthogonal, multiple-access interference (MAI) increases with the increase in the number of
users. The authors in [32] have extended the design in [25] by combining the waveforms with the

frequency hopping scheme. With the objective of reducing MAI, in [3], the authors have designed a
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set of LC waveforms having the same initial frequency but different chirp rates for different users, and
each user has been equipped with a pair of up-chirp and down-chirp waveforms. However, for both
the designs in [3,32], the system bandwidth is a function of the number of users resulting in higher
bandwidth requirement. Moreover, owing to the fixed waveform duration and different chirp rates,
time-bandwidth product (TBP) of the waveforms in [3] is different for each user and the signals with
lower TBP are affected more by interference. In [33], the authors have extended the waveform designs
of [25] and [3] to form a multilinear chirp signal and presented a waveform detection technique based
on fractional Fourier transform (FrEFT) for underwater acoustic sensor networks. The authors have
extended the design of [3] for NLC waveforms in [34] for quadratic and exponential chirp waveforms,
and in [35] for trigonometric and hyperbolic chirp waveforms.

To increase the data rate, the BOK transmission scheme has been extended to an M-ary data trans-
mission using chirp modulation in [4,36-38] where the receiver uses M correlators for the estimation
of the transmitted symbol. The authors in [4] have presented a single user M-ary chirp communica-
tion system using LLC modulation for coherent and non-coherent data transmission scheme, whereas,
in [36] and [37] the authors have presented the performance of a single user M-ary LC communi-
cation system over different fading channels— frequency-selective and -nonselective fading channels,
respectively. In [38], the authors have presented a single user M-ary chirp communication system
using nonlinear hyperbolic frequency modulation for mobile underwater communication. However,
the increased data rate for the M-ary systems has been achieved at the expense of increased system

complexity, bandwidth and inter-chirp interference.
1.2.2 Chirp Waveform for Radar Applications

Design of radar waveforms having properties such as good Doppler tolerance, large TBP, low
sidelobe level is necessary to achieve good range-resolution for the faithful detection of the target
[1]. Further, the signals designed for MIMO and multiuser radar systems [39, 40] should maintain
low cross-correlation levels as well as low autocorrelation sidelobe levels to enhance the detection
performance. For this purpose, construction of radar waveforms through frequency diversity technique,
i.e., discrete frequency-coding waveform (DFCW) has attracted much attention in recent years as it
offers higher range-resolution with improved detection capability [39]. Design of DFCW involves the
use of subpulses of different frequencies through a frequency hopping technique and the subpulse can

be of fixed-frequency type or chirp type [39]. Various methods have been proposed for designing
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discrete frequency-coding waveforms (DFCWs) to attain radar waveform diversity.

Design of DFCW with fixed-frequency pulses (DFCW-FF) for radar applications and associated
performance have been presented in [40] for multiuser radar and in [41-44] for MIMO radar systems. In
[40], Costas code has been used to determine the sequence of frequency hopping of the subpulses for the
designed DFCW-FF and the subpulse coding has been performed through a process of cyclic shifting to
maintain an acceptable cross-correlation peak (CCP) level. In [41], the authors have designed DFCWs-
FF for netted radar systems where a simulated annealing algorithm based on statistical optimization
technique has been presented for the optimization of the frequency hopping sequences. In [42], the
authors have designed DFCWs-FF where the frequency firing order is optimized numerically through a
genetic algorithm (GA). In [43], the authors have combined DFCW-FF with phase coding to improve
peak sidelobe level (PSL) compared to traditional DFCW-FF. In [44], the authors have designed
DFCW-FF with phase randomization of the subpulses that provides better autocorrelation sidelobe
peak (ASP) and CCP performance over waveforms with polyphase sequences [45].

Chirp waveform offers favourable Doppler tolerance, large TBP, and therefore, is widely used
for the design of radar waveforms [1,39], and combining chirp with DFCW| the advantages of both
DFCW and chirp can be reaped for the design of radar waveforms. Design of DFCW using LC
subpulses (DFCW-LC), for automotive radar application, under the constraints of radar size and
power has been presented in [46]. In [47], the authors have designed a DFCW-LC where the subpulses
are composed of LLC waveforms having random frequencies to improve the anti-jamming capability.
Associated random sequences are generated through a Bernoulli map. Designs of DFCWs-LC to attain
waveform diversity for MIMO radar have been presented in [39,48,49]. Specifically, in [39], the authors
have designed a set of three DFCWs-LC where the associated frequency hopping sequences have been
optimized through GA. Use of LC over fixed-frequency pulse improves the ASP and CCP levels as
compared to DFCWs-FF. In [48], the authors have designed three pairs of DFCWs-LC, independently,
for MIMO-SAR application. The formation of the LC subpulses in the DFCW has been decided by the
entries of a random binary matrix. Although CCP performance of the waveforms in each pair has been
reported, performance among different pairs remains unaddressed. The authors in [49] have designed
a set of DFCWs using piecewise LC waveforms (DFCW-PWLC) with the objective of improvement
in Doppler tolerance performance. However, the waveforms exhibit large CCP levels and limit their

effectiveness.
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Design of radar waveform using NLC improves the PSL performance over LC without using window
functions or mismatch filtering which incurs loss in SNR at the receiver [50,51]. Designs of DFCWs
using NLC subpulses (DFCWs-NLC) for MIMO radar have been presented in [52,53]. In [52], the
authors have considered a nonlinear pulse based on tan-sec function for the design of DFCW-NLC. A
set of three DFCWs-NLC has been designed for which the associated frequency hopping sequences are
optimized using GA and the use of NLC has improved the ASP and CCP performances over DFCWs-
LC. In [53], the authors have designed a set of four DFCWs-NLC using a tangential-type pulse where
the duration of each pulse and its bandwidth have been kept asymmetric, and the associated frequency
hopping sequences are optimized numerically to reduce the ASP and CCP levels. Although partial
CCP performance between the first waveform with others combined has been presented, pairwise
performances are not analyzed. Moreover, the design process has become complex with the increasing

number of waveforms or number of subpulses, and it would limit the applicability of the waveforms.
1.2.3 Chirp Waveform for IoT Applications

Interconnectivity between systems through Internet of Things is gaining popularity around the
world. The concept of IoT involves the interconnection of physical objects and is characterized by
low power consumption, low data rate, ability to collect and transmit data. Chirp waveform has been
successfully applied to design LoRa-based modulation intended for IoT applications for wide area
networks [5]. In LoRa modulation, chirp waveform is used to design an M dimensional orthogonal
signaling space by performing a cyclic shift of the linearly increasing waveform to transmit M-ary
information where the associated SF determines M. The design and analysis of LoRa system have
been presented in [5,54-57]. In particular, the authors in [54] have derived the BER performance for
a LoRa system over both AWGN and Rayleigh fading channels. In [55], the authors have analyzed
the link-level performance of LoRa system while considering imperfect orthogonality between different
SFs. In [56], the effect of frequency offset in the chirp waveform on the performance of LoRa system
has been analyzed for different SF designs. The authors in [5] have designed an interleaved chirp
spreading LoRa (ICS-LoRa) to enhance the data rates of LoRa-based LPWAN. An approximate BER
expression has been derived to evaluate the capacity improvement for the LoRa networks. In [57],
the performance of LoRa has been examined under AWGN channel and in presence of an interfering
signal that is neither chirp nor phase-aligned with the target waveform for which the authors have
derived SER and frame error rate (FER). In addition, an approximation for both SER and FER have
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also been derived to reduce the computation complexity at the expense of performance degradation.

While the reported LoRa IoT systems have been performed for terrestrial communications only,
in [58] the authors have shown that LoRa chirp waveforms are not suitable for the application of
low-earth-orbit (LEO) satellite IoT communication due to high cross-correlation between the chirps
with different starting frequencies. To minimize the cross-correlation, the authors have designed chirp
waveforms that are symmetric in nature, i.e., symmetry chirp (SC), and the associated analysis has
shown improved performance over LoRa chirp waveform. In addition, the authors have presented an
acquisition method for SC waveforms in LEO satellite IoT communication in [59]. However, the cross-
correlation performance of SC waveforms in a multiuser or an M-ary system is currently unavailable
as only one pair of SC waveforms has been considered in [58] for a single user system. Therefore, the

suitability of SC waveforms in presence of interference requires further investigations.
1.2.4 Waveform for WET Applications

In communication networks, such as WSNs, body area network, some nodes are not physically
accessible in order to recharge or replace batteries. Operational life time of these sensor nodes depends
on batteries and it can be increased through WET [7]. RF signal provides a convenient way to perform
WET, in conjunction with information transfer over the same RF medium, in order to prolong the
operational life time of the sensors.

Design of a SWIPT system via fixed-frequency single carrier with single antenna transmitter and
receiver has been considered in [60, 61] assuming perfect channel state information (CSI). In [60],
the authors have investigated the energy-information rate trade-off based on a dynamic PS scheme.
In [61], the authors have studied transmit waveform optimization in a time-slotted SWIPT system,
while considering a nonlinear EH model, to maximize the energy-information rate region in a network
with both information users (IUs) and energy users (EUs). Use of multiple-antennas at the transmitter
provides a promising way to improve the ETE, through spatial beamforming, over single antenna
system [62]. Designs of WET, wireless energy and information transfer (WEIT), and SWIPT systems
using fixed-frequency single carrier with multiple-antennas at the transmitter have been presented
in [63-66]. In particular, the authors in [63] have proved that the effective range of WET can be
improved through the use of massive number of antennas at the base station (BS) while maintaining
a fixed target probability of outage in WET. The authors in [64] have obtained the optimal duration

for channel estimation and WET to maximize the minimum information rate in a wireless powered
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communication network with massive number of antennas at the BS. In [65], the authors have presented
a massive MIMO simultaneous WEIT system to maximize the energy harvested by the EUs while
maintaining the target data rate for IUs. The authors in [66] have designed a SWIPT system with
massive number of antennas at the BS to obtain the max-min optimized rate-energy region for TS
and PS protocols.

Use of multisine waveform [67], consisting of a set of fixed-frequency sinusoidal signals, having the
same phase (e.g., 0°) improves the harvested energy over single carrier signal by enhancing the DC
power level obtained from the received RF signal. Further, replacing multisine signal with orthogonal
frequency division multiplexing (OFDM) which comprises of a set of fixed-frequency signals, transfer
of both energy and information can be made over the same RF medium. Design of single input
single output (SISO)-SWIPT system using OFDM based subcarrier set has been presented in [24,
68,69]. The authors in [68] have considered PS protocol with continuous and discrete PS ratios to
optimize the energy efficiency for the data communication while assuming perfect CSI at the receivers.
However, acquiring CSI and its feedback to the transmitter would increase receiver complexity, energy
requirement and limit the operational span. Assuming perfect CSI, the authors in [24] have obtained
the transmit power policy to maximize the sum data rate subject to a constraint on the energy
harvested by the TS receivers for TDMA based transmission and for PS receivers. For a single user
with perfect CSI, the authors in [69] have designed an OFDM based WEIT system with the objective
of maximizing the harvested energy where the sensor has assumed to have a set of bandpass filters
for extracting the required RF signals to perform both information decoding and energy harvesting
operations. However, the design leads to higher receiver complexity and degrades the ETE.

Use of multisine or OFDM in combination with multiple antennas at the transmitter for the
design of WET, SWIPT systems has been reported in [22,70-72]. Specifically, in [22,70] the authors
have optimized the amplitudes and phases of multisine waveform based on the channel response to
improve the wireless power transfer (WPT) efficiency of a multisensor WPT system while considering
a nonlinear EH model and assuming perfect CSI. For a single user, the authors in [71] have designed
independent power and information waveforms for a single user SWIPT system to maximize the rate-
energy region subject to a constraint on the total transmit power. For a single user, the authors
in [72] have presented a two-phase channel training protocol over OFDM to maximize the harvested

energy through subband selection. The scheme requires double the duration for channel training over
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conventional designs, and the sensor needs to feedback the channel response that consumes additional
energy. For an energy constrained sensor, the scheme poses an energy burden and limits the intended

operational span.

1.3 Research Motivation

The analysis of the reported works described above indicates the importance of waveform design
as appropriate design of chirp waveforms having low or zero mutual cross-correlation level boosts the
performance of the communication and IoT systems. Moreover, chirp waveforms with low PSL for
ASP and CCP lead to the improvement in the detection capability of the radar systems. The analysis
on the design of chirp waveforms, in the above reported literature, indicates several shortcomings that
require further investigation. The main findings and motivation behind carrying this research work

are as follows:

(1) Design of communication systems using SAW-chirp delay line, as reported in the literature, is
limited to a transmission of 2 bits per symbol duration while using single chirp waveform. The
objective of achieving a transmission of symbols with a higher number of bits motivates us to

explore system design using SAW-chirp delay line while maintaining the same system bandwidth.

(2) For an up-chirp and a down-chirp, occupying the same bandwidth, there exist a non-zero cross-
correlation level between them. In the reported works on communication systems using chirp
waveform, the design of waveforms either by changing chirp rate and (or) TBP to limit the cross-
correlation value, leads to higher bandwidth requirement. This motivates us to investigate on the
design properties of chirp with the objective of achieving a set of orthogonal chirp waveforms to
minimize the MAI in a multiuser communication system. In the process, we also analyze possible

designs of chirp waveforms by combining it with binary pseudo-noise (PN) code sequence.

(3) Design of waveform for radar systems depends on various characteristic parameters, e.g., PSL,
main lobe width, Doppler sensitivity etc. From the designs on DFCWs, reported in literature,
we find that the number of available waveforms is limited for many multiuser and MIMO radar
applications. Furthermore, the associated performances can be improved further. These moti-
vate us in the design of DFCWs using both LC and NLC with the objective of attaining a higher

number of waveforms and better performance over the reported designs.
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(4) From the analysis of SC waveforms in a multiuser scenario, for LEO satellite IoT communi-
cation, we observe high cross-correlation peak values at different delay that limit the system
performance. The analysis on radar waveforms provides important insights about the minimiza-
tion of overall cross-correlation levels, and this motivates us to design a new SC waveform with

the objective of performance improvement over the reported designs.

(5) Most of the reported works on WET or WEIT systems perform fixed-frequency waveform based
transmission over single or multiple carriers. Unlike fixed-frequency signal for which the wave-
form bandwidth is inversely related to its duration, waveform duration of a chirp can be varied
independently of its bandwidth. Therefore, with appropriate design it is possible to allocate mul-
tiple chirp waveforms occupying the same bandwidth while maintaining orthogonality over the
waveform duration and peak power constraint. This motivates us to replace the fixed-frequency
waveforms by chirp waveforms with the objective of improving the energy harvested at the sensor
nodes for WET systems and improving the energy-information transfer region in case of WEIT

systems.

1.4 Contribution of the Thesis

The thesis aims at novel designs of chirp waveforms for wireless communication, radar, loT, and
WEIT applications, and the performance evaluation of the associated systems. Furthermore, it in-
cludes comparisons with the reported designs to analyze the improvement in performance. In partic-

ular, the main contributions of the thesis include—

e The design of chirp waveform for a single user communication system using SAW-chirp devices to
achieve a transmission of 3 bits per symbol duration. Initially, we present a SAW communication
system based on fixed-frequency waveform and subsequently extend it for LC waveform with
appropriate modifications. We evaluate the system performance in terms of probability of BER
and SER under AWGN and Rayleigh fading channels, and the results are compared to the

reported designs.

e The design of phase-coded chirp waveforms by incorporating binary PN-code sequence within a
chirp waveform, for both LC and NLC, to reduce the MAI in a multiuser communication system.
We evaluate the system performance in terms of probability of BER and analyze the effects of

the number of users on it.
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1.4 Contribution of the Thesis

1
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1

The design of a set of orthogonal up-chirp and a set of orthogonal down-chirp waveforms for
multiuser chirp-BOK communication systems to minimize bandwidth requirement and MAI. We
present the condition of orthogonality for a set of chirps and derive analytical expressions of BER
for evaluating the system performance under AWGN and Rayleigh fading channels. Moreover,

the results are compared with the reported designs.

The design of a chirp communication system to double the transmission rate compared to a
conventional chirp-BOK systems without increasing the number of correlators at the receiver.
We propose a new design for the construction of a set of completely orthogonal chirp waveforms
to eliminate MAI in a multiuser communication system. Extending it, we present time domain
multiplexing of orthogonal chirp sets to reduce the required system bandwidth and the associ-
ated signal demodulation using FrFT in a multiuser scenario. We derive analytical expressions
for SER and evaluate the system performance under the effect of co-channel interference over
Nakagami-m fading. The effects of waveform type, channel conditions on the performance of

the system are investigated while comparing it with the reported designs.

The design of a set of DFCWs for MIMO and multiuser radar systems by combining LC sub-
pulses and PN-code sequence where the frequency hopping of the pulses is decided according
to hyperbolic frequency hopping (HFH) sequence. We formulate analytical expressions of auto-
ambiguity and cross-ambiguity functions to analyze the performance of the waveforms. We
formulate a two stage optimization process for the selection of appropriate frequency-firing or-
der sequences and PN-code sequences to design a higher number of available waveforms while

maintaining improved ASP and CCP levels over the reported designs.

The design of a set of DFCWs using NLC waveforms (DFCWs-NLC) to achieve further improve-
ment in PSL and an increase in the number of available waveforms. We present a parameterized
waveform design model and derive NLC functions for designing the required NLC waveform. We
perform an optimization process based on GA for the selection of appropriate parameter values
and derive expressions for ambiguity functions to investigate waveform performance. We present
a joint optimization of the NLC pulse type and the frequency firing order of the chirp pulses in
the proposed DFCWs-NLC for improving ASP and CCP performance over the reported DFCW

designs.
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e The design of a new symmetry chirp waveform having multiple chirp rates (SC-MCR) to improve
the cross-correlation performance over SC waveform [58] for LEO satellite IoT communication.
Extending the design, we present a time domain multiplexing of the SC-MCR waveforms to
improve the system data rate. We formulate analytical expressions of autocorrelation and cross-
correlation for SC-MCR, and evaluate the performance of an M-ary system in terms of SER in
a multiuser scenario over a Rice-lognormal satellite (RLS) channel. The effect of elevation angle
on performance of the system is investigated and the results are compared with the reported

designs.

e The design of superposed chirp waveforms for WET and WEIT applications. We establish key
properties required for optimizing WET, and present the transmission strategies for downlink
WET (DL-WET) from a multiantenna access point (AP) to a group of sensors over orthogo-
nal subbands. We derive new analytical expressions for the average energy harvested by the
sensor nodes based on the transmission of superposed chirp waveforms over subbands selected
independently for each sensor based on their estimated channel gain. Further, we derive max-
min optimal power control coefficients in closed form to ensure that sensors placed at different
distances from the AP harvest an equal amount of energy. We also evaluate the max-min infor-
mation transmitted on the uplink (UL) by the sensors. The effect of different system parameters
on the DL harvested energy and the UL achievable rate for the WET, WEIT system, e.g.,
number of antennas at the AP, number of subbands, and number of sensors in the network, are
investigated under Rayleigh fading and the results are compared with the reported designs based

on fixed-frequency waveform.

1.5 Thesis Organization

This thesis is organized into five chapters. The summary of each chapter is briefly outlined as
follows. A structural organization of the thesis is shown in Figure 1.5.

Chapter 1 : This chapter presents an overview of chirp waveform and its properties, wireless com-
munication and performance analysis, radar system, Internet of Things, and wireless energy transfer.
This chapter discusses fundamental concepts and terminologies which are used in the latter part of
the thesis. It covers brief background and literature review of the designs based on chirp waveform for

the applications of communication, radar, and IoT systems along with associated analysis of its per-
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Figure 1.5: Thesis organization.

formance followed by some of the existing works on WET and WEIT that has motivated our present
research. Subsequently, it summarizes the thesis contribution and provides an outline of the thesis
organization.

Chapter 2 : This chapter presents the designs of chirp waveform for communication systems in a
single and multiuser scenario and covers the following: (i) the design of a chirp system using SAW-chirp
devices for transmission of 3 bits per symbol, (ii) the design of phase-coded chirp waveforms and design
of a set of orthogonal up-chirp and set of orthogonal down-chirp waveforms for multiuser system to
minimize MAI, (iii) the design of a set of completely orthogonal chirp waveforms, to eliminate MAI,
and a chirp system with a data rate twice that of a conventional chirp-BOK scheme for multiuser
scenario, (iv) the design of time domain multiplexing of orthogonal chirp sets, to reduce bandwidth
requirement, and its demodulation using FrFT. We derive analytical expressions of BER or SER
for the associated chirp communication systems to evaluate the performance and analyze the effect
of different system parameters such as waveform type, number of users, channel conditions on the
performance of the systems. In addition, the results are also compared with the reported works.

Chapter 3 : This chapter presents the design of DFCWs using linear and nonlinear chirp wave-

forms for MIMO and multiuser radar systems. For the design of DFCW-LC, LC pulses are binary
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phase coded and positioned according to HFH sequence. We perform a two-stage optimization process
to improve the ASP and CCP levels over reported designs. For the design of a set of DFCWs using
NLC, we present a parameterized waveform design model and a waveform optimization process based
on GA to design NLC waveforms and their optimization, respectively. For both the designs, we eval-
uate the performances through radar ambiguity functions and access the improvement over reported
designs. This chapter also includes the design of SC-MCR waveforms and a time domain multiplexing
of the SC-MCR waveforms for an M-ary chirp system, under a multiuser scenario, intended for LEO
satellite IoT communication. We evaluate the system performance under RLS channel and analyze
the effects of elevation angle while comparing it with the reported designs.

Chapter 4 : This chapter presents the design of chirp waveform for WET and WEIT applications.
We present a general superposed chirp waveform design for a given configuration parameter and
establish key properties required for optimizing DL-WET. For a multisensor WEIT system, we present
the transmission strategy, and derive new analytical expressions for the average energy harvested by
any sensor node for DL-WET via the transmission of superposed chirp waveforms as well as fixed-
frequency waveform over the subbands selected based on their estimated channel strength. For both
superposed chirp waveforms and fixed-frequency waveform based DL-WET with subband selection,
we also derive the max-min power control coefficients in closed-form to ensure that sensors placed at
different distances from the AP harvest an equal amount of energy. We also analyze the corresponding
max-min information transmitted on the UL by the sensors. We present extensive numerical results
to examine the joint impact of different design parameters on the system performance and benchmark
our results against DL-WET via fixed-frequency waveform under Rayleigh fading channel.

Chapter 5 : This chapter concludes the research work presented in the thesis and discusses the

scope for future research in the areas of communication, radar, and WET.
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2. Design and Analysis of Chirp Waveform for Wireless Communication Systems

2.1 Introduction

Communication systems using chirp waveform, for single user, have been presented in [6,9,26-28,31,
73] whereas communication systems design using SAW-chirp device have been reported in [9,26-28,73]
to attain a maximum transmission rate of 2 bits per symbol duration while considering single chirp
waveform. On the other hand, multiuser chirp communication systems reported in [3,25, 32, 34, 35]
have employed set of non-orthogonal chirp waveforms that lead to an increase in MAI and limit the
overall system performance. In this chapter chirp waveform designs are proposed starting for a single
user SAW-chirp system to multiuser chirp-BOK system with the objective of improving data rate and
minimizing MAI Investigation on the waveforms design is carried out to improve bandwidth efficiency
without compromising the system performance. The main contributions of this chapter are listed as

follows:

(1) A SAW-chirp system and associated chirp waveforms are designed with a transmission rate of
3 bits per symbol. For the analysis, we consider SER as the performance metric and derive

analytical expressions for quadrature phase shift keying modulated data.

(2) A design incorporating the combination of chirp waveforms and binary PN-code sequence is
presented, considering LC and NLC, to reduce MAI in a multiuser communication system. For

the analysis, we consider BER as the performance metric.

(3) In the process to minimize MAI, the design of a set of orthogonal up-chirp and orthogonal
down-chirp waveforms for multiuser chirp-BOK system is proposed. Analytical expressions of

the BER are derived under AWGN and Rayleigh fading environment.

(4) A modified chirp-BOK is proposed to double the transmission rate without increasing the num-
ber of correlators at the receiver. For a multiuser system, set of completely orthogonal chirp
waveforms is designed to eliminate MAI. A time domain multiplexing of orthogonal chirp sets
is proposed to improve bandwidth efficiency. Analytical expressions of the SER are derived un-
der Nakagami-m fading to get a better insight of the dependence of performance on the fading

parameters.

For all the proposed designs and systems, the associated performances are compared with the reported
designs to analyze the improvement in performance. The detailed designs of these waveforms and

systems are discussed in the subsequent sections in this chapter.
TH-2806 156102017
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2.2 Communication System using SAW-Chirp Devices for Multibit Symbol Transmission

2.2 Communication System using SAW-Chirp Devices for Multibit
Symbol Transmission

A SAW device allows an easy generation of waveforms, and based on the designs and arrangements
of the metallic fingers in the form of IDT structure, one can obtain a fixed-frequency or a chirp
waveform [2, 13]. Being a passive device, it consumes low power for the operation. Design of a
single user communication system using SAW devices is reported in [74] for a transmission of 2 bits
per symbol via fixed-frequency waveforms through QPSK modulation. In contrast, use of DQPSK
modulation allows to maintain the same data rate without using any reference signal at the receiver for
demodulation process, thereby simplifying the receiver design. Motivated from the fact that none of
the reported works considered this modulation, in this work firstly we present a communication system
using SAW devices based on fixed-frequency waveform and DQPSK modulation. BER analysis of the
proposed DQPSK system is presented under AWGN and Rayleigh fading channels and the analytical
results are verified through Monte-Carlo simulation. Furthermore, the proposed design acts as a base
model and with appropriate modification the system model is extended for LC waveforms. Accordingly,
in the next step, we present a chirp waveform modulation and demodulation scheme using SAW-chirp

devices, for a single user system, to achieve an improved transmission rate of 3 bits per symbol.
2.2.1 System Model Based on Fixed-frequency Waveform

In a DQPSK signal, the symbol information is encoded as the phase difference of two consecutive
transmitted signals. The receiver calculates the corresponding phase change instead of decoding
each individual received signal to retrieve the transmitted symbol information, and eliminates the

requirement of a reference carrier signal.
2.2.1.1 DQPSK Modulation using SAW Device

For DQPSK modulation, the input bits are grouped into 2-bit symbols. For a Gray encoded
input bits, four possible combinations of 2 bits b;by € {00,01,11,10} and associated phase mapping
(0) is given as 00 = 37”,01 = 7,11 = 7,10 = 0. The corresponding mapping for DQPSK is shown
in Figure 2.1. Accordingly, block diagram of the proposed DQPSK modulator using SAW device is
shown in Figure 2.2. The pre-phase coder performs the mapping from the 2 bits binary input to the
required phase difference based on the current input bits and the previous phase coder output bits.

The phase of the current transmitted signal is calculated such that the phase difference between the
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Figure 2.1: Two-bit encoding for DQPSK and QPSK.
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Figure 2.2: Block diagram of the DQPSK modulator using SAW device.

current and previous signals is equal to the phase assigned to the corresponding transmitted dibits.
Therefore, from the calculation of the phase difference, the information about the transmitted bits
can be extracted without the requirement of a local carrier. Based on the above criterion, the output
of the pre-phase coder is formulated as given in Table 2.1 where b;(n) and bg(n) are the current input
bits, b1(n — 1) and by(n — 1) are the phase coder outputs in the previous symbol duration, and b1 (n),
Bo(n) are the current phase coder outputs. In terms of phase, the pre-phase coder outputs can be

presented [15] [16] as
O(n)= 0(n—1), it b1bo =10
O(n) = O(n—1)+ g i biby = 11
O(n)= 6(n—1)+m, if b1bgp =01

B(n) = O(n—1)+ =, if biby = 00. (2.1)
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Table 2.1: Calculation of phase for DQPSK transmitted signal

blbo(n — 1) 9(71 — 1) blbo(n) 9(’!2) blbo(n) YA,

00 270° 01 90° 11 180°
01 180° 01 0° 10 180°
11 90° 01 270° 00 180°
10 0° 01 180° 01 180°
00 270° 11 0° 10 90°
01 180° 11 270° 00 90°
11 90° 11 180° 01 90°
10 0° 11 90° 11 90°
00 270° 10 270° 00 0°

01 180° 10 180° 01 0°

11 90° 10 90° 11 0°

10 0° 10 0° 10 0°

00 270° 00 180° 01 270°
01 180° 00 90° 11 270°
11 90° 00 0° 10 270°
10 0° 00 270° 00 270°

To realise DQPSK signals using SAW device, the design of IDT is presented in Figure 2.3. To introduce
phase delay, the gaps between the input and output IDTs are adjusted appropriately for the 4 pairs
of IDTs which introduce a phase delay of 0, 5, m, 37", respectively, in the output signal. According to
the output phase of the pre-phase coder, appropriate input IDT of the SAW device is excited to get

the corresponding phase delayed output signal
si(t) = cos (2w fot + 0,(t)), 0<t<T, (2.2)

where fj is the carrier frequency, T is the symbol duration, and 0(t) is the DQPSK transmitted signal
phase that is equal to the corresponding pre-phase coder output phase for any particular transmission.
Further, | = 1,2 corresponds to the previous and current transmission instances, respectively. The

appropriate input IDT of the SAW device is selected as

m; = j= (2b1 + bo), where by,by € {0, ].} (23)
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Figure 2.3: Schematic of the modulator SAW device. The gap between input and output IDTs corresponds
to the 4 possible transmitted signal phases.

2.2.1.2 DQPSK Demodulation using SAW Device

The block diagram of the proposed DQPSK demodulator system using SAW device is shown in
Figure 2.4. After amplification, the received DQPSK signal is fed to the SAW device which estimates
the phase difference by the addition of two consecutive received signals. The output amplitudes of
the SAW device are detected by the peak detectors and passed through the thresholding and decision
block. Finally, the decoder estimates the transmitted bits from the output of the decision block.

The proposed SAW device for the demodulation of DQPSK signals is shown in Figure 2.5. It
consists of two stages. The output of ‘Stage 1’ is the addition of the incoming signal and the signal
obtained after introducing an additional delay of T, i.e., the signal received in the previous symbol

duration. Mathematically, it can be written as

Ry = cos (wot + 02(t)) + cos (wot + 01 (t — 1))

= 2cos <92(t) — Zl(t — TS)) cos <w0t + (92(t) * 921(t — TS))) , (2.4)

where wy = 27 fg. The output of the peak detector of the added output signal is given as

2 cos (92(t)_91(t_T5)>' = [2cos <%>' (2.5)

Dy = :
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Figure 2.4: Block diagram of the DQPSK demodulator using SAW device.
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Figure 2.5: Schematic of the SAW device in the demodulator.

From (2.5) it can be found that the amplitude of the resultant signal is a function of the phase
difference between two consecutive received signals. The detector is used to detect the peak values
of the output signal having different phase values. From Table 2.1, it can be found that the phase
difference between two consecutive incoming signals can have 4 possible values and from (2.5) the
peak value can be one of 2, v/2, 0. For the phase difference of 5 and 37” the values of D; are equal
to v/2, which creates ambiguity in the decision block. In order to overcome this difficulty ‘Stage 2’
is introduced. The output of ‘Stage 2’ is the addition of the incoming signal and the signal received
in the previous symbol duration delayed by an additional phase of 5 which corresponds to additional

path length of %. Mathematically

Ry = cos (wot + 02(t)) + cos (wot +01(t — Ty) + g)

s (BOBOE) 2 (g (BOEOET 1YY g

The signal of the peak detector is given as

2605(92(t>_921(t_Ts) —%)‘ = ‘2605 <%—%>‘. (2.7)

Dy =
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Table 2.2: Output of decoder based on detector and decision logic output for DQPSK

AN D, Dy Q1 Q2 Q3 Q4 bi by

0° 2 V2 1 0 0 0 1 0
90° V2 2 0o 0 1 0 1 1
180° 0 V2 0 1 0 0 0 1
270° V2 0 0 0 0 1 0 0

In this case the value of Dy for Af = 7, 37” are distinct and can be used to remove ambiguity in D,
explained above. The value of the peak detector are fed to the decision block. Table 2.2 summarizes
the outputs for 4 cases of phase differences. If output of D is 2 or 0, then it would select bits according
to the logic of Af. If the output of Dy is other than 2 or 0, the decoder does not make any decision
on the transmitted symbol. The decoded takes up the the output of Dy to make decision in that case.
Therefore, as a whole, the decoder uses the outputs from Dy and D for the estimation of the symbol.

Next, the proposed DQPSK demodulation process using SAW device is extended for the demod-

ulation of a QPSK signal given by
si(t) = cos 2w fot + 6;(t)), 0<t<Ty, (2.8)

where 6; indicates the phase value that is constant for each dibit of the input bit stream [15] and
associated phase mapping (6;) is given as 00 = 37”,01 = m,11 = 3,10 = 0. Conventionally, the
QPSK demodulator systems require an additional local synchronizing signal. A QPSK demodulator
system reported in [74] uses SAW device to add the incoming signal with the locally generated reference
carrier. Here, we propose a QPSK demodulator using SAW device without the need of locally generated
reference carrier. It may be noted that, the proposed demodulation scheme requires a preamble of a
dibit as reference which is known apriori to both transmitter and receiver. Therefore, these two bits
are the overhead in addition to actual data stream to be sent and it may be negligibly small when long
streams of data are transmitted. The main difference between the proposed QPSK demodulator and
the DQPSK demodulator described above is the modification in the logic of the decision block. The
transmitted signal can have any one of the four possible phases based on the transmitted dibit. The
structure of the receiver SAW device is shown in Figure 2.5, similar to the structure used in DQPSK.
The amplitudes of the two outputs of SAW device are determined by the peak detectors and feed

them to the decision block. As the phase of the previously transmitted signal is known to the receiver,
TH-2806 156102017
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Table 2.3: Decoder output for different phases of the received QPSK signal

92'”71 (t) b1 bo(n — 1) Ozn (t) AO D1 DQ b1 bo (n)

Previous Current
received bits received bits
180° 01 0° 180° 0 V2 10
180° 01 90° 270° V2 0 11
180° 01 180° 0° 2 V2 01
180° 01 270° 90° V2 2 00
90° 11 0° 270° V2 0 10
90° 11 90° 0° 2 V2 11
90° 1dl 180° 90° V2 o2 01
90° 11 270° 180° 0 V2 00
0° 10 0° 0° 2 V2 10
0° 10 90° 90° V2 2 11
0° 10 180° 180° 0 V2 01
0° 10 270° 270° V2 0 00
270° 00 0° 90° V2 2 10
270° 00 90° 180° 0 V2 11
270° 00 180° 270° V2 0 01
270° 00 270° g 2 V2 00

from the phase difference between current and previous received signals, current received bits can be
estimated using Table 2.3. Therefore, normal QPSK signals also can be decoded and transmitted bits
can be extracted at the receiver side without the use of local reference carrier.

Simulation of the demodulator operation using SAW device for DQPSK is presented considering
the sequence of transmitted bits by = [0,0,1, 1] and by = [0, 1,1, 0] and reference bits b1by = 10. Two
outputs R; and Ry of the SAW device are shown in Figure 2.6(a) and Figure 2.6(b), respectively. The
corresponding outputs D; and D9 of the peak detectors are shown in Figure 2.6(c) and Figure 2.6(d),
respectively.  Addition operation performed by SAW device is also verified through simulation by
designing a SAW structure using COMSOL Multiphysics as given in Figure 2.5. The substrate material
for the SAW device is chosen 128° Y — X LiNbOgs with a surface acoustic wave velocity 3979 m/s [13],
interdigital periodicity (A) of 16 pm, and center frequency of 249 MHz. Split-electrode configurations
are considered for input and output IDTs to minimize mechanical reflection [13]. The input and output

IDTs have a length of 3\ and 2\, respectively. Distance between the input and output IDT (©g) is
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chosen 3\ for simulation purpose. The input signal consists of 7 cycles having different starting phase
and Ty = 7A. The SAW device output is simulated for ‘Stage 1’ configuration. The added output at Ry

is shown in Figure 2.7 and its envelope closely matches with the ideal output shown in Figure 2.6(a).
2.2.1.3 Performance Analysis and Numerical Results

Performance of the proposed DQPSK system is evaluated in terms of BER firstly under AWGN
channel followed by under Rayleigh fading channel. For the DQPSK system, at the receiver input the

signal can be expressed using (2.2) as
yi(t) = Acos (wot + 0;(t)) +wi(t), (1—1)Ts <t <IT, (2.9)

where | = 1,2, A = /2§ is the amplitude, S is the signal power, 6; is the phase values associated
with consecutive two transmitted signals, and w(t) is the noise with zero mean and variance % It
is assumed that the phase of the received signal varies slowly and thus it is considered constant over

two symbol duration. Accordingly, the output R; of ‘Stage 1’ and Ry of ‘Stage 2’ of the SAW device

is calculated using (2.4) and (2.6) as

Ri = v/2Acos <92(t) — 921@ - TS)) cos <w0t+ (92@ L 921(t — TS))) + wh (1), (2.10)

where w)(t) = %(uq (t = T5) + wa(t)), and

Ry = V2A cos <92(t) - 021“ =T) . %) cos <wot + (92@ i 021“ —5) %)) +uh(t), (2.11)

where wh(t) = %(wl ((t—T3) + 5) +w2(t)). The corresponding peak detectors outputs are given by

D, = ‘\/iAcos <%> +wi (t)|, (2.12)
Dy = l\/EAcos (% + g) +wh (t)], (2.13)

where w/(t) and wf(t) are the noise present in the output signal at D; and Ds.

Using the symbol encoding process as shown in Figure 2.1 the probability regions for detection of
correct symbols are presented in Figure 2.8. As 0 < cos(f) < 1, in absence of noise, from (2.12) and
(2.13) it can be found that D; or Dy can have values of 0, A, and v/2A for the 4 phase-difference
values as shown in Table 2.1. In order to distinguish different transmitted symbols, the decision region

is sub-divided in 3 parts having two threshold levels 81 and By for Dy and two threshold levels 83 and
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Figure 2.8: Schematic diagram of threshold levels for (a) D; and (b) Dy. P, denotes the probability of correct
detection and P. denotes the probability that the symbol will fall in the erroneous decision region.

B4 for Do as shown in Figure 2.8. Each phase-difference A6 corresponds to specific symbol as shown
in Figure 2.1. Assuming that the 2-bit symbols {00,01, 11,10} are equally likely, the probability that
the symbol will fall in the erroneous decision region as shown in Figure 2.8 can be calculated for both

the peak detector outputs as

PeD1 = P’I”{ﬂl <D< 52} (2.14)

PeD2 = Pr{ﬂ3 <Dy < 54} (2'15)

As the decoder uses the outputs from D; and Ds for the estimation of the transmitted symbol,

therefore, the symbol error probability (SEP) is given as
Pe = P€D1P€D2' (216)

As Dy follows a Gaussian distribution, P.p, can evaluated using (2.12) and simplified as

o = o (AW 3 (B WEkom 1)
2 202 2 202

where 02 = Ny, erfc{-} is the complementary error function [15], and representing 3 and S» in terms

(2.17)

of bit energy, 81 = x1v E} and 2 = x2v/ B}, where x1, 2o are positive real numbers and Fj, is the bit

energy. Substituting A/v202 = /S/0? = \/2E, /N in (2.17), the bit error probability is given as

A N] [EGA-C]

1
P.p, = 3 erfc
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Similarly the bit error probability for Dy can be calculated as

1erf(: @ &—QCOS &—z —lerfc
V' No V2 2 4 2

where 83 = x3v/Ey, and 84 = x4/ Ey, and x3, x4 are positive real numbers. Finally from (2.18) and

1 Eb I AG Eb )
P, = = |erf 2 (L2 - — erf el et )
4 lerc< No <ﬁ COS< 2 >|>) erc( No (x/i

x [erfc Q/% <% — 2|cos <% = %)1)) — erfe <\/§:Z <% —2

Considering the DQPSK signal is received over a flat Rayleigh fading channel, it can be written as

P6D2 =

[\

(2.19)

(2.19), the BER is expressed as

()

(2.20)

yi(t) = aAcos (wot + 0y(t)) + wi(t), (1—1)Ts <t <IT, (2.21)

where « is the channel fading coefficient with mean square value of o2. The average BER of the
proposed DQPSK modulation over a Rayleigh fading channel is computed by integrating the error

probability in AWGN over the Rayleigh fading distribution [16] and is given by

7= 0/ Py () dy = 0/ Pzl an, (222)

where 7 is average SNR and P, () is the probability of bit error in AWGN channel and is a function

of SNR ~. From (2.17) P.p, can be represented as
PeD1 = L'eDj1 — PeDlg' (223)

Simplifying P.p,, using (2.22) the average value is given by

- 1 p1
P =—(1—-,/— 2.24
eD11 2 < 1 _|_p1> ) ( )

_ 2
where p; = a2k, ( ri_ — 2|cos (%) |> . Similarly P.p,, can be calculated and P.p, is given by

No vV 2a2

(O N )
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_ 2
Q* Ly (_z2 —Q‘COS(A€)|> . In a similar way using (2.19) and (2.22), P.p, can be

where py = N> <\/E 3

calculated and the average BER. for Rayleigh fading channel P, is given by

eDq 6D2

( \/;>_<1_ 1?;»)] Kl_ 1i3p3>_<1_ 1i4p4>]’ (2.26)

_ 2 2
a?E x A6 T o2E T Af T
where p3 = “5b (\/ﬁ — 2fcos (57 - z)\) and ps = Tt (\/ﬁ — 2Jcos (5 - z)\) :
The DQPSK demodulation process using SAW device is extended for the demodulation of QPSK

signal and the main difference in the proposed QPSK demodulator and DQPSK demodulator is the
logic of the decision block. As the symbol information in QPSK is encoded according to the symbol-
phase mapping as shown in Figure 2.1, QPSK demodulation becomes prone to error-propagation if
conventional method of DQPSK demodulation is employed. The decoding logic presented in Table 2.3
for the proposed QPSK demodulator prevents error-propagation as explained in the following example
shown in Figure 2.9. The solid path line represents the correct scenario, i.e., the last correctly received
signal phase 6,,_o(t) is 0° corresponding to bits b1bg(n — 2) as 10. The received signal phase 6,,_1(t)
in the subsequent time duration is 180° and the estimated bits b1bg(n — 1) are 01. If the present
received signal phase 6,,(¢) is 270°, the present bits b1bg(n) will be estimated correctly as 00. In case
of error, the received signal phase 6,,_1(t) may be 0°, 90° or 270° as indicated with dotted path in
Figure 2.9. For the present received signal phase 6,,(t) of 270°, all 3 dotted paths lead to correct

estimation of present bits b1byg(n) as 00. Thus, the decision logic given in Table 2.3 leads to achieve

Last correctly Received signal phase Estimated received Received signal Estimated received
received signal phase in previous time bits in previous time phase in current bits in current time
On_o(t) (b1bo(n — 2)) duration, 8, (t) duration, b;by(n —1)  time duration, 8,(t)  duration, b; by (n)

NS S~
RN S~o - ~ - PR -
NS 2700 == - - m - >( 00 ;m==========>(270%- - === - >( 00
\\ ~ N - - — - -~ ——
\\ ~ o~ - PERN .
oo 00 mmmm e >( 10 j========= == > 2700) = == = == — - >( 00
N -7 - - - -
\Q =~ = LSRR =
(900 )—====———= > R S O R et LCZAUEE >( 00

Figure 2.9: Flow diagram of the proposed QPSK demodulation process shows that though 6,,_1(¢) is received
incorrectly (dotted paths), the estimated bibg(n) are correct if 8, (t) is received correctly.
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Figure 2.10: BER performance of the proposed DQPSK/QPSK systems employing SAW device.

correct estimation irrespective of erroneous bits estimated in the previous time duration. As the
proposed demodulation processes for QPSK and DQPSK differ only in the decision logic, the BER
performance of the proposed QPSK system would remain unchanged.

BER performance of the proposed DQPSK system using SAW device is shown in Figure 2.10
for AWGN and Rayleigh fading channels. Empirical BER based on Monte-Carlo simulation is also
calculated and the results follow the theoretical counterpart. Performance of the proposed DQPSK
system using SAW device is compared with conventional DQPSK system performance and found that
its performance is almost similar to the conventional DQPSK system. It may be noted that the delay,
multiplier, and integrator blocks in the conventional DQPSK system are replaced in the proposed
design by a single SAW device, which performs the required delay and addition operations on the
received signals in real time. The proposed QPSK system using DQPSK demodulator requires an
additional ~ 2.4 dB and ~ 3 dB SNR as compared to conventional QPSK system to attain similar
BER performance over AWGN and Rayleigh fading channels. It may be noted that the performance
of the conventional QPSK system is calculated assuming the availability of a perfectly synchronous
noise-free reference carrier at the receiver while the proposed QPSK has the advantage of performing

the demodulation without the requirement of local reference carrier.
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2.2.2 System Model Based on Linear Chirp Waveform

An up-chirp and the corresponding down-chirp covers the same signal bandwidth, thereby both
waveforms can be used simultaneously without requiring additional bandwidth. Therefore, instead of
using only single chirp waveform [26-28, 73], the system model presented in the previous section is
extended in this section for LC waveforms, and a phase-coded chirp signal modulation-demodulation
technique using both up-chirp and down-chirp through SAW-chirp devices is proposed to achieve a
transmission rate of 3 bits per symbol duration. To the best of author’s knowledge, design and perfor-
mance analysis of such system has not yet been reported. Analytical expressions of SER performance
of the system is derived and the performance of the system is evaluated under AWGN and Rayleigh

fading channels.
2.2.2.1 Design of the Transmitter

For the proposed phase-coded chirp modulation using a SAW-chirp device, the input data stream
is divided into 3-bit symbols, i.e., bab1by and possible combinations of a group of 3 bits can be
bab1by € {000,001,011,010,110,111,101,100}. It can be found that for each possible symbol, the
most significant bit (MSB), i.e., by can be either 0 or 1. Thus, out of 3 bits, by is encoded as the
chirp-type of the transmitted signal, i.e., for bo = 1, up-chirp waveform is transmitted and for by = 0,
down-chirp waveform is transmitted. Modifying the encoding process of the previous design, b1bg is
encoded as the phase (07) of the transmitted signal. The complete encoding process is presented in
Table 2.4 and the block diagram of the proposed modulation for 3-bit symbol transmission is shown
in Figure 2.11.

For a given signal duration and bandwidth, LC signal is generated through appropriate design
of the IDT structures, i.e., changing the electrodes width and the spacing between the electrodes of

the IDT of the SAW device [2, 13,26, 28]. The schematic design of the SAW-chirp device is shown

. b my/my hi
Binary 0 —y Up-chirp Select Quadrature
3 .
data bl Pulse m /m SAW Down_chirp Chlrp type > phase-coded
symbol generator 1/M7 | device based on chirp signal
(bzbbo) b|z mo/mMe — b,

Figure 2.11: Block diagram of the proposed quadrature phase-coded chirp signal modulator using SAW-chirp
device for 3-bit symbol transmission.
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Table 2.4: Relation between input bits with signal phase and chirp type

Input MSB  Carrier type Input dibit Carrier Value of

(b2) (b1bo) phase (f7) jin m;
0 down-chi 0
own c. irp 00 37”

1 up-chirp 4
0 down-chi 1
own-chirp o1 -

1 up-chirp )
0 down-chirp 3

11 5
1 up-chirp 7
0 down-chi 2
own-chirp 10 0
1 up-chirp 6

in Figure 2.12. On applying an impulse, the same IDT structure provides both up-chirp and down-
chirp waves traveling in opposite directions in a compact device as shown in Figure 2.12. To realize
quadrature phase-coded chirp (QPCC) signal using SAW device, the gap between the input IDTs and
the output IDTs is adjusted appropriately to introduce 4 possible phase delays of 0, 7/2, 7, 37/2,
respectively, in the output signal. Considering gray coding for input bits, four possible combinations
of 2 bits are b1by € {10,11,01,00}, and the corresponding mapping between b;by and signal phase is

shown in Table 2.4. Based on bsb1 by, the appropriate input IDT of the SAW device is selected as
mj = 4by + 2b1 + by; b, b1, bg € {0, 1}, (2.27)

where j = 0,1,2,...,7. The selected IDT is excited by an impulse and based on by either phase
encoded up-chirp or phase encoded down-chirp is selected. Here, O is the spacing between the input
and the output IDT for j = 2 and 6. Using (1.7) and Table 2.4, a phase-coded up-chirp or down-chirp

signal can be expressed as

T
9’

si(t) = cos [wot + (=) Ve 4 OT] st < (2.28)

where i = 1,2, wg = 2n fy, fo is the center frequency of the signal, T is the symbol duration, B is the
signal bandwidth, u = % is the chirp rate, and 07 is the phase of the transmitted signal. s;(¢) denotes

phase-coded up-chirp signal and sy(t) denotes phase-coded down-chirp signal.
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Quadrature phase-
m,/my |Output IDT Input IDT Output IDT|  coded up-chirp
- 3 g Quadrature phase-
0, — — 0,—0 coded down-chirp
AN AVAVse
m3/m5 — M —— —
I

SIS

m1/m7 ™ M e /V\/_) -t
@O_g Qp—m

- <./\/\/I | ‘ N\

@0 - 0 @0 —_ 7
N\, NS
Up-chirp<— —> Down-chirp [~ SAW device

Figure 2.12: Block diagram of the modulator SAW-chirp device for quadrature phase-coded chirp signal
modulation.

Impulse voltage ._‘1'
Quadrature R D |Chirp-type estimation
SAW 3 3 ’ _.
phase-coded device| R, (]?ntveltop D, Thresholding &  |>p,b, b,
chirp signal B etector D, Decision block

Figure 2.13: Block diagram of the demodulation process of quadrature phase-coded chirp signal using SAW-
chirp device.

2.2.2.2 Design of the Receiver

The block diagram of the proposed QPCC signal demodulator using SAW-chirp device to demod-
ulate 3-bit symbol is shown in Figure 2.13. The received signal is fed to the SAW-chirp device to
estimate the phase of the transmitted chirp by addition of the received chirp signal with the locally
generated chirp signal. The amplitudes of the output signals, obtained from the SAW device, are
detected by the envelop detectors and passed through the thresholding and decision block. Based on
the output of the decision block, the decoder estimates the transmitted bits.

The proposed SAW-chirp device, as shown in Figure 2.14, consists of two sections. In ‘Section 1’
addition of the incoming chirp signal with the locally generated chirp signals, cos (wot + mut? + 90)

and cos (wot — wut? + 90), is performed. Considering that a quadrature phase-coded up-chirp is trans-
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mitted, SAW-chirp device output, R; can be expressed as

Ry = cos (wot + 7T,ut2 + HT) + cos (wot + 7T,ut2 + 90)

Or — 0 Or + 6
:2cos< T2 0>cos [w0t+7rut2+< T;— Oﬂ, (2.29)

where 6 is the phase encoded in the locally generated chirp signal. Similarly, Rs can be calculated as

R3 = cos (wot + 7T,ut2 + HT) + cos (wot — 7T,ut2 + 90)

Or — 0 Or + 0
:2cos< T2 4 +7T,ut2> CcoS [w0t+< T;— 0)} (2.30)

Output of the SAW device is passed through an envelop detector and the corresponding detector
outputs for Ry and R3 are given by

2 cos <9T _ 90)‘ = |2 cos <&>
2 2

O — 6 A6
2 cos (% + wut2> 2 cos <7 + 7T,ut2>

where A0 = 0p — 6. Considering 6y = 0 and using Table 2.5, it can be found that the value of D;

Dy = , (2.31)

D3 = : (2.32)

can be one of 2, v/2, 0, and becomes equal to v/2 for transmitted signal phase 7 of /2 and 37 /2
which creates ambiguity in the decision block. Therefore, following a similar scheme from our previous
design, ‘Section 2’ is introduced which performs the addition of the received signal with reference signal

encoded with additional phase of 7/2 as shown in Figure 2.14. The outputs, Ry and Ry, of ‘Section

,— Section 1
Impulse voltage y
Input IDT OutputIDT Input IDT / Output IDT InputIDT
Ry T R,
cos(wot + mut? + 05)
e+ e R3

SAW device —

\— Section 2
Figure 2.14: Schematic of the SAW-chirp device in the receiver.
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Table 2.5: Outputs of envelop detectors for different phase differences

Up-chirp - D; Dy bubo D3, Dy
Down-chirp— D3 Dy Dy, Dy
NG|
0° 2 V2 10
90° V22 11 ~
180° 0 V2 01 ~
270° V2 0 00 ~ 2

2’ can be calculated as

Ry = cos (wot + 7T,ut2 Al HT) ~+ cos (wot + 7Wt2 + 6y + g)

=2 cos <0T — _ E) cos [wot + mut® + (M + E)} . (2.33)

2 4 2 4

Ry =cos (wot + Tt + 6’T) + cos (wot — Tut? + 0y + g)

Or — 6 Or + 6
:2cos< T2 0 —g—i-ﬂMtQ) Ccos [wot+< T;_ 0 ~|—g>} (2.34)

Corresponding detector outputs are given by

A0 T
2 — — — . 2.
cos< . 4>‘ (2.35)

A w 9
2 ———
cos(2 4—1-7r,ut>

It can be found that for A@ = 7 /2,37 /2 the values of Dy become distinct as given in Table 2.5 and

Dy =

D, = . (2.36)

solves the problem associated with D;. Furthermore, as 0 < cos(f) < 1, D3 and D4 remain close to 2
due to the presence of the term 7ut? as given in (2.32) and (2.36). Table 2.5 summaries the outputs
of envelop detectors for different phase differences Af considering g = 0. It also includes the envelop
detector outputs if down-chirp is transmitted.

The outputs of the detectors are fed to the decision block for estimation of the chirp type as well as
the phase of the transmitted signal. To identify the chirp type of the transmitted signal containing the
information of b, the output of D; and Ds is subtracted, i.e., D12 = |D; — D3| and the output of D3

and Dy is subtracted, i.e., D34 = |D3 — Dyl. It can be found using Table 2.5 that, for transmission of
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an up-chirp signal D9 > D34 and D34 &~ 0 whereas for transmission of a down-chirp signal Dgy4 > D19
and D19 =~ 0. Thus, by comparing D15 and D34 one can find out the type of the transmitted chirp
signal, and by is estimated from the chirp type. The dibit, b1bg, is estimated according to Table 2.5
from the appropriate detector outputs— D, D in case of up-chirp signal, i.e., if the output of D; is
2 or 0, then it would estimate the bits according to the logic of Af, else logic block would consider

the output of Dy for the estimation of the dibit, and D3, Dy in case of down-chirp signal.
2.2.2.3 Performance Analysis over Rayleigh Fading Channel and Numerical Results

At the receiver, the received QPCC signal is given using (2.28) as

N[~

yi(t) = V/Escos (wot + (—1) T Vrpt? + 07) +w(t), [t <=, (2.37)

where FEg is the symbol energy and w(t) is AWGN with mean zero and variance %. Considering an
up-chirp signal is transmitted, in absence of noise, D; and D, can have values 0, v/2E; and 2v/Eq
while {Ds, D4} ~ 2y/E5. Thus, a symbol error will occur if the receiver estimates the chirp type as
down-chirp instead of up-chirp. Accordingly, the SEP can be expressed using (2.31), (2.32), (2.35),
(2.36), and (2.37) as

1 E
P., = Pr(|Ds4| > |D12| |up-chirp) ~ Eerfc <\/4—]\%> ) (2.38)

where Ep is the difference in energy from the outputs of Djs and Dsy, and erfc{-} is the comple-
mentary error function [15]. Further, a symbol error will also occur when the chirp type, i.e., by is
estimated correctly but Dq or Dy is estimated incorrectly. To distinguish different transmitted dibits
b1bg, encoded as the phase of the transmitted signal, a similar process described in Section 2.2.1.3 is
considered, i.e., the decision region for Dy and D5 is divided into 3 parts with 2 threshold levels as
shown in Figure 2.15. Thus, the probability of D and Ds to be in the erroneous decision region can

be calculated as

P.p, = Pr{f < D1 < B2}, (2.39)

P.p, = Pr{B3 < Dy < 4}, (2.40)

where 81 and By are threshold levels for D; and 3 and (B4 are threshold levels for Ds. Similarly,
in case of transmission of down-chirp signal, the probability of D3 and D4 to be in the erroneous

decision region can be calculated using Figure 2.15. Therefore, the probability of symbol error for the
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D, /D3 D, /D,
S 2 S ———————-
2‘/FS Pcp, (D1 > B5]10,up — chirp) ‘/_S Pcp,(Dy > B4|11, up — chirp)
Pcp, (D3 > B,]10,down — chirp) Pep, (D > B4]11, down — chirp)
- o el ol b A A e e et et e ar el e = P
/ Pep, (B2 > Dy > By |up — chirp) / Pep,(Ba > Dy > B3|up — chirp) 4/
Pep, (B2 > D3 > f1|down — chlrp) / Pep,(Bs > Dy > B3|down — chirp) .~
Wil it By Wittt L Bs
Pcp, (D1 < B1]01, up — chirp) Pcp, (D, < B3]00, up — chirp)
. Pcp, (D3 < p;1]01, down — chirp) 0 Pcp,(Dy < B3]00,down — chirp)
v Time N Time

(a) (b)

Figure 2.15: Schematic diagram of threshold levels for (a) D; and Ds, (b) D2 and D4. P. denotes the
probability of correct detection and P, denotes the probability that the symbol will fall in the erroneous decision
region.

communication system using SAW-chirp device for 3-bit symbol transmission can be expressed using
(2.38), (2.39), and (2.40) as
P.=1-(1-P.,)[1— (P.p,P.D,)]- (2.41)

As the noise is considered to have Gaussian probability density function (PDF), P.p, can be simplified

as

1
202 2 202

P.p, :% erfc ( ‘2\/_COS (AT)‘) — — erfc </82 _ ‘2\/_COS (%)‘) , (2.42)

where 02 = Ny.

Expressing (1, B2, 83 and 4 in terms of symbol energy, using (2.37), (2.39), and (2.42), P.p, can
be given by

P.p, = % erfc [\/ 2?\;0 (ml — 2|cos <%> D] —+ % erfc 2%0 <m2 — 2|cos <%> D] ,  (2.43)

where 81 = x1v/ Es, P2 = x2v/ Es, and x1, x9 are positive real numbers. Similarly, from the outputs of

(2-9))

(2.44)

the ‘Stage 2’ of the SAW-chirp device, P.p, can be evaluated as

A0 Lo
COS B 4 2€C

where 3 = x3v/ Es, B4 = x4/ Es, and x3, x4 are positive real numbers. Substituting (2.38), (2.43),

P.p, = - erfc

2

Eq
_9
2N, <x4

Eq
_9
2N, <‘T3
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(2.44) in (2.41), the SER of the system is expressed as

P—1- [1 ~ 5 arfe ( %) [1_ %([erfc <\/%(x1 —p1)> _ erfe <\/%(:C2—p1)>]
’ [erfc (ﬁ(gg?, —p2)> ~ erfe <\/%(ac4 _p2)> D] (2.45)
where v, = %2, p1 = 2|cos (4F)],

— 2leos (4 - 7)|.

Considering the signal is received over a flat Rayleigh fading channel with channel fading coefficient
o and Q = o2, the average SER P. for the system is calculated by integrating the error probability in
AWGN, given by (2.45), over the Rayleigh fading distribution [16] and can be evaluated as

_ 1 QFp
Fe=1- [1_5 (1_ 4N0+QED)

- EEE) ()
A\ [\2V + QB (22 — 1)’ 2Ny + QE (25 — 1)’

1

XKQNOQfQ(Ef(\FpQ)m) )§_<2Nogf§z(]3f(fp2)p2) )1)] (2.46)

SER performance of the proposed quadrature phase-coded-SAW-chirp system for transmission of

N

D=

3-bit symbol using LC signals is shown in Figure 2.16 under AWGN and Rayleigh fading channels.
System performance is also evaluated considering that the system is using LCs generated from SAW
devices through finite element simulation in COMSOL Multiphysics. Simulation parameters for the
SAW device are as follows— the substrate material is chosen as 128° Y-X LiNbOgs having a surface
acoustic wave velocity of 3979 m/s [13], the center frequency is considered as 80 MHz with a signal
duration T" of 5 us and bandwidth B of 3 MHz. The performances match closely with the corresponding
analytical results. Performances of the proposed system are compared with that of the SAW-chirp
communication systems reported in [27,28, 73], considering that the systems transmit 3-bit symbol
using 8-PSK modulation as the systems used single chirp carrier. The systems [27,28, 73] provide
similar level of SER performances, as shown in Figure 2.16, and the performance curves get overlapped.
The simulation results in Figure 2.16 indicate that the proposed system provides better performance
over the SAW-chirp systems in [27,28,73], e.g., for an SER of 1072, a gain of 2.5 dB and 3.2 dB in
SNR, %, is observed for AWGN and Rayleigh fading channels, respectively. Improved performance is

achieved mainly due to less number of comparisons as two carriers— up-chirp and down-chirp are used.
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Figure 2.16: SER performance of the proposed quadrature phase-coded-SAW-chirp system for transmission
of 3-bit symbol using linear chirps in AWGN and Rayleigh fading channels.

Moreover, the system does not require additional bandwidth. Chirp communication systems employing
chirp-BOK type scheme [9] would require three sets of up-chirp and down-chirp waveforms [4] for the
transmission of 3-bit symbols and thus, it would require much higher bandwidth as compared to the
proposed design which requires only one set of up-chip and down-chirp. The data rate of the system

will depend on the symbol duration and can be varied according to the application requirement.

2.3 Phase-Coded Chirp Waveforms for Multiuser Communication
System

The system presented in the previous section is intended for single user scenario, whereas in
general, most of the communication systems operate in a multiuser scenario. Inclusion of multiple
users, operating simultaneously, leads to the fact that along with the required signal, the receiver also
receives signals intended for other users resulting in interference at the receiver and thereby affecting
the performance of the system. To enable serving multiple users through chirp waveform, in this
work, design of phase-coded chirp waveform is presented considering both linear and nonlinear chirp
waveforms in which a PN-code sequence is embedded within a single chirp signal. The associated
system performance is evaluated in a multiuser scenario where the use of PN-code helps to reduce the

TH-2806-156102017
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MAL In this context, firstly, a general design for n*® order chirp is presented.
Given a bandwidth B with starting and ending frequencies fi, and fg respectively and the disper-

sion time T, a chirp waveform with n*® order can be constructed as follows:

(1) The chirp function ¢ is defined, e.g., for an n'" order chirp, ¥, (t) = (%)n with n > 1. In case

of LCn=1.

(2) Perform the integral

on(t) = /Ot Un(T) dr = ni : <%>n+1. (2.47)

(3) The up-chirp and down-chirp waveforms can be represented using (1.5) and (1.6) as

(n+1)
s1(t) =cos [2m (fLt + Yon(t))] = cos [27r (th + nl’l <%> i )] , 0<t<T, (2.48)

(n+1)
s5(t) =cos [27 (fut — Yon(t))] = cos [277 (th — nﬁ—fl <%> )] , 0<t<T, (249

where the parameter ¥ is equal to fyg — fi, i.e., B for an n'" power chirp.
2.3.1 Proposed Design of Phase-Coded Chirp Waveform

The principle for designing the proposed phase-coded chirp waveform lies in calculating the number
of cycles present in the waveform and the associated time instant at which each cycle starts so that

the phase of each cycle can be adjusted according to the entries of a binary PN-code sequence.
2.3.1.1 Using Linear Chirp
The chirp waveform in (2.48) can be expressed for LC by substituting n = 1 and is given by

2 T
s1(t) = cos [271(th+@<%>> rect(t;7>, 0<t<T

T

— cos [27‘(‘ (th + gﬂ)] rect (t ;5) , (2.50)

where y = B2 — B rect (L) indicates a rectangular function with |¢ < L and center at t = 0.
H T T T 8 2

Now, if the number of cycles present in the chirp waveform is N, it can be related to the phase of the

signal and expressed using (2.48) and (2.50) as

2N, = 27 [(fLT + Yo(T)) — (90(0))]

(fa+ fu)T

5 ~ foT, (2.51)

= N, =
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where fy is the center frequency. Moreover, maximum number of possible phase transitions in a LC
signal would be the number of cycles N, present in it and the phase-transition points at time instants

tn, n=0,1,2,..., N. — 1, can be evaluated using (2.50) and (2.51) as

27 (thn + gt%) =2mn

-

_1+-<1+-g%?>2]. (2.52)
fi

Considering a binary PN-code sequence C of length N such that N, = zN, i.e., change in phase
happens after every z number of cycles in the signal. Using (2.50) and (2.52) a binary phase-coded

linear up-chirp waveform can be represented as

Nc.—1

pi(t) = nz:;) C(n') cos [Zw (th + th)] rect ) —tn

], 0<t<T, (2.53)

where n’ = |2], 2 > 1, || denotes the floor operator, C'(n') = £1 denotes the n’ ™ index value of C,
and T, = t,4+1 — tp. Similarly, a binary phase-coded linear down-chirp waveform can be expressed

using (2.49) and (2.51) as

& B o (t= %) —tn
pao(t) = Z C(n') cos [27‘(‘ (th — =t )} rect B 0 <8N < il (2.54)
S 2 T,
where 1), = t, 11 — t, and t, is calculated as
1
92 2
PR 1+<1—%> ] n=0,1,2,...,N.— 1. (2.55)
H

The associated autocorrelation and cross-correlation for phase-coded LC waveforms p;(t), i € {1,2},
can be expressed using (1.9), (1.10), and (1.13) as
400

Rly(r) = /_ (ol (2.56)

where i,7' € {1,2} and for a given C, N, and z, the value of R.,(7) can be evaluated numeri-

cally. For i = i/, R};(T) gives the autocorrelation output of p;(t) while for ¢ # 4/, R],(7) gives the

cross-correlation output p;(t). Examples of phase-coded linear up-chirp and down-chirp signals are

illustrated in Figure 2.17(a) and Figure 2.17(b), respectively, considering z = 3.
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Figure 2.17: (a) A linear up-chirp signal phase-coded with sequence [1 0 100 110 1 1], (b) A linear
down-chirp signal phase-coded with sequence [101001 101 1].

2.3.1.2 Using Nonlinear Chirp
For an exponential type NLC, the instantaneous frequency f(t) can be expressed as
ft) = v, (2.57)

where the parameters ¥ = {c—z and ¢(t) = %, and the associated chirp waveform is given using (1.1) as

s(t) = cos [2mp(t)] rect ( ;%> 0 < 1.4, (2.58)

where ¢(t) = fg ft)dt = ﬁ(T_ll) , In(-) denotes the natural logarithm. Accordingly, simplifying (2.58)
In( 9T
gives the exponential up-chirp waveform as

Bl —1 t— 1L
s1(t) = cos |:27TfL <hi(ﬂl)>] rect ( T2) , 0<t<T, (2.59)

1

where 81 = IT = (J}—IL{) " is the chirp rate of the exponential chirp signal. Following a similar design

process as that of phase-coded LC waveform, the number of cycles V. and the phase transition time
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instants t¢,, for an exponential up-chirp waveform can be given by

Bl —1 fu—fu
N, = fi, <ln > = —, (2.60)
(B1) <<fH)T>
In <H
fu
1 nln(ﬁl) + 1
tﬂ—n< St ) n=01,... N.—1, (2.61)

111(,81) ’

and using (2.59), (2.60), and (2.61), a binary phase-coded exponential up-chirp waveform can be

represented as

n(t) = ]g: C(n') cos [271 i (fj (5)] _

], 0<t<T, (2.62)

3

where C' is a binary PN-code sequence of length N with C'(n’) = +1 such that N, = zN, n' = | 2],

z

z > 1, and T), = tp41 — tn. Similarly a binary phase-coded exponential down-chirp waveform can be

expressed as

va(t) = Ni_:l C(n') cos |27 f, fi—1 rect w 0<t<T (2.63)
2 par H ln(,BQ) Tn ) =1L .
1
where By = <}r—;) T, T, = tn+1 — tn, and t, can be calculated as
In (—nlI}f2) + 1)
t, = n=20,1,..., N, — 1. (2.64)

111(,32) i
The associated autocorrelation and cross-correlation for phase-coded exponential chirp waveforms

vi(t), 1 € {1,2}, given in (2.62) and (2.63) can be evaluated numerically from (2.56).

2.3.2 System Model

A multiuser communication system is considered with K pairs of transmitters and receivers com-
municating simultaneously. The block diagram of the system using binary phase-coded LC signals
shown in Figure 2.18 is essentially a multiuser chirp-BOK system. In case, the communication system
is using NLC waveforms, the phase-coded LCs will be replaced by the phase-coded exponential chirp
waveforms. It is considered that binary data symbol b = {1,0} is independent and equally likely

)

where ‘1’ is represented by phase-coded up-chirp signal (i = 1) and ‘0’ is represented by phase-coded
down-chirp signal (i = 2). It is assumed that the chirp waveforms have the same center frequency and

bandwidth for all the communicating users. To distinguish between signals transmitted for different
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Figure 2.18: Block diagram of a multiuser communication system using binary phase-coded LC signals.

users, PN spreading codes having low cross-correlation values are used [75]. At every transmitter, the

linear up and down chirp signals are modulated with a unique PN-spreading code, e.g., C1,Cs,...,Ck

and can be expressed for k™ transmitter as

Nc—1

= 2, Gkl

(t=3) -

n

plk

3ol

cos [ T ((fL +(—-1)B)t+ (—1)i_1gt2)} rect

t

”] , 0<t<T,
(2.65)

where ¢ € {1,2} and k = 1,2,..., K. Accordingly, the received signal at the k™ receiver can be

expressed using (2.65) as

Z\/_ pi, (t) + wi(t), (2.66)

where p;_(t) is the transmitted signal for " receiver and can be either p;(t) or ps(t) depending upon
the transmitted data symbol. Fj is the signal energy and wy(t) is white Gaussian noise with zero mean
and variance Ny/2. Each receiver consists of a pair of correlators— up-chirp correlator and down-chirp
correlator. The received signal is fed to the correlators to compute the cross-correlation of the input
signal with the reference chirps, given by (2.65) for k" receiver, and the outputs are compared to
estimate the transmitted data symbol by, for k" receiver, i.e., if l1, and I, are the sampled outputs of

up-chirp correlator and down-chirp correlator, respectively, then by, will be estimated as ‘1’ for I, > Io,

else by, will be estimated as ‘0’. In case of phase-coded NLC, exponential chirps are modulated using
201
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C), and are expressed for k™ transmitter as

Ne—1 T
v, (t) = E Ci(n’)cos |2m (f, + (i — 1)B) rect |—=——|, 0<t<T, (2.67)
n=0 ’ |: - <ln(167«) >:| Ty

where i € {1,2}. The associated yx(t) in (2.66) is obtained by replacing p;, (t) with v;, (¢).
2.3.3 Performance Analysis

At the k'™ receiver, as shown in Figure 2.18, the received chirp signal is fed to both up-chirp
correlator and down-chirp correlator. Each correlator performs multiplication of the input signal
yr(t) with respective reference chirps, given in (2.65) for phase-coded LC or in (2.67) for phase-coded
NLC, followed by integration. The sampled output of the up-chirp correlator, considering for the

transmission of b = 1, can be expressed as

K
hy, = VECu, + Y, VB +uh,, (2.68)

r=1;r#£k
where (1,1, C1,i,, and w’lk are the sampled correlation outputs corresponding to the desired signal,
the signal for other receivers, and the noise, respectively, and are evaluated using (2.56). Similarly,

the sampled output of the down-chirp correlator can be expressed as

K
loy = VEsG, + Y VEsCoy, + wh,, (2.69)

r=1;r#k
where (2,1,, (2,i,, and wék are evaluated using (2.56). At the receiver, the transmitted symbol
is estimated by comparing the outputs of the correlators, i.e., according to the following decision
logic [76]

bp=1

hy, 2 l. (2.70)

bk:()

Considering that by = 1 is transmitted (i = 1), the associated probability of bit error for k" receiver

can be expressed as [36, 76]

P, = Pr(llk <ly, | plk(t))7 (2'71)

and following [3,76,77], the BER for the k'" receiver can be evaluated using (2.68), (2.69) as

1

Es (]- - plsk) ?

P, =Q {N (| (2.72)
0o+ Zr:l;r;ﬁk sP
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where pF" = p’fr — ,0'2““, and pgk, p'f’“, and ,0'2““ are the normalized values of (2,1,, (1,4, and (2,4,,
respectively. Q{-} is the Q-function [16]. Under the scenario of multiple users (K), following central

limit theorem the interference at the receiver is expected to be Gaussian for large value of K.
2.3.4 Numerical Results and Discussion

The BER performance of the proposed multiuser communication system using binary phase-coded
linear and nonlinear chirp signals are simulated through Monte-Carlo simulation. We have considered
a TB product of 43 with z = 8 for the phase-coded chirp waveforms while for the phase encoding Gold
code sequences of length N = 63 are used. The results shown in Figure 2.19(a) and Figure 2.19(b)
present the system performance for different number of users under AWGN channel considering phase-
coded LC and phase-coded NLC waveforms, respectively. Results indicate that with the increase of
the number of users, the performance of the system degrades due to the increase of interference as
the up-chirp and the down-chirp are not strictly orthogonal. Further, it is found that, the system
performances under phase-coded linear and nonlinear chirp waveforms are nearly similar, and use of

NLC waveform does not particularly provide any additional advantages over LC waveform.

0O 2 4 6 8 10 12 14 0O 2 4 6 8 10 12 14
E/N, (dB) E/N, (dB)
(a) (b)

Figure 2.19: BER performance of multiuser communication system employing (a) Binary phase-coded LC
waveforms, (b) Binary phase-coded NLC waveforms.
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2.4 Chirp Waveforms of Equal Chirp Rate for Multiuser Commu-
nication System

The analysis on phase-coded chirp waveforms indicates that the correlation between the waveforms
for different users depends on the properties of the associated PN-code sequences which in turn con-
trols the MAI. As a suitable alternative, use of orthogonal waveforms can improve the overall MAI.
Therefore, in an attempt to minimize the cross-correlation between chirp waveforms, in this work a
set of orthogonal up-chirp and orthogonal down-chirp waveforms is designed for multiuser chirp-BOK

system and associated system performance is evaluated.
2.4.1 Proposed Design of Chirp Waveform with Equal Chirp Rate

An LC waveform having bandwidth B and dispersion time 7" can be expressed, following (1.7), as
1 T T

sie12(t) = cos [% (fot+ <—1><@—”5ut2)] C Tl (2.73)

In the proposed set of LC waveforms, it is considered that all up-chirp or all down-chirp signals have
the same chirp rate and bandwidth. The associated frequency variation of the waveforms is shown in
Figure 2.20 where each pair of up-chirp and down-chirp waveforms shares the same center frequency
and adjacent pairs maintain a frequency separation of Af. Considering the signal set consists of
K number of up-chirp and down-chirp waveforms, using (2.73), k*® pair of chirp waveforms can be

represented as

s, () = cos [271 <fokt + %(—1)(i_1)ut2>] , —g <t< g, (2.74)

where ¢ = 1,2, k = 1,2,..., K, fo, is the center frequency of the k™" chirp waveform with Af =
Jor1 — Jo,» 51, (t) and sy, (t) indicate the up-chirp and down-chirp waveforms, respectively, and Bigtal
is the overall bandwidth. In addition, keeping A f constant for adjacent chirp signals and an overlap
between their bandwidths restricts the total bandwidth Bista requirement as shown in Figure 2.20.

In equivalent complex form the chirp waveforms in (2.74) can be given using (1.8) as

T T
<t <=,
-T2

y ; 1(_1)6-1) 2
Siy (t) = ej27r(f0kt+2( 1) pt )7 3

(2.75)

where s;, (t) = R{;, (t)} and R{-} indicates the real part.
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—— Up-chirp
———— Down-chirp

B total

Figure 2.20: Plot of instantaneous frequency of the proposed linear chirp signals having the same chirp rate

( %) and constant difference (Af) in initial frequency between the adjacent up-chirp or down-chirp signals.

2.4.1.1 Correlation Analysis of Waveforms

Given the proposed chirp waveforms having equal chirp rate, the cross-correlation between any
two up-chirp waveforms sy, (t) and sy, (t), n,m € {1,2,..., K}, n # m, can be evaluated using (1.11)
and (2.75) as

R (r) = / 05 ()t (2.76)

—00

+o0
— 2o T =i / 327 (fon — fom )t 2t gy
—00

_ ej27rf0m7'e—j7rp,7'26j7r{(f0n—fom)—‘ruT}T sin [ﬂ((f()n i fom) + :U’T) (T _ 7_)]
T((fo, = fon) + 17)

= (T = |7]) & Joatfou)sine[((fo, — fo,.) +u7) (T = |7])], 7| < T, (2.77)

where (-)* denotes the conjugate operation, sinc(-) denotes the sinc function [1], and R} | (1) =

R{R1,1,,(1)}. For n =m, (2.77) reduces to the autocorrelation of sy, (¢) and is given by
Ri,1,(7) = (T — |r|) /> onTsinc[ur (T — |7))], || < T, (2.78)

where R} | (7) = R{Ry,1,(7)}. Similarly, it can be found that the correlation between any two down-
chirp waveforms R’Qan (7) is the same as that of the correlation between any two up-chirp waveforms,
and can be given by (2.77).

For the proposed waveforms the cross-correlation between any up-chirp and down-chirp waveforms

=
ol
o
=
O
)
O
=

~N
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s1, (t) and sq,,(t), n,m € {1,2,..., K}, can be evaluated using (2.75) and (2.76) as

+oo
Riya, (7) = / $0, (0%, (t — )t

—0o0

+oo
— I2mfor T pimHT / 327 (for, = fo )t i2mpt? j—j2mptr 1y
—0o0

2
ej27rf0m7'ej7r,u7'2 4T (fop, =f0y, ) =147 , o , o,
= Te ? { vE } [C (12) + 7S (12) — C (v1) — jS (1/1)] , (2.79)

where |7| < T, vy and vy are given by vy = /uT + M\/M and v1 = 20 (=% +|7]) +

m
M\/W’ respectively and the Fresnel integrals C’(u) and S’ (u) [10] are defined as

/ 2 “ / 2 z
C’u:—/ cos(t?)dt, Su:—/ sin(¢?)dt. 2.80
(1) = <= [ eost?) () = —= [sine) (280
1.2 (T) = R{Ry,2,,(7)} gives cross-correlation between sy, (t) and sz, (t). For n = m, (2.79) reduces

to

ej27rf0n7-ej %MT2 ’ Y, ’ Y
R, 2,(1) = =5 [€'(0) + 8 (12) = €'(1) = 58 ], Ir=T @8

where vo = /it (T — |7|) and vy = /i (=T + |7]).

2.4.1.2 Condition for Orthogonality

In case all the chirp signals are provided with a bandwidth not overlapping with any neighbor
user’s signal, unlike for the waveforms shown in Figure 2.20, ideally the system would be interference
free. However, this type of design would lead to a higher requirement of bandwidth. The total system
bandwidth requirement can be restricted by keeping the instantaneous frequency difference of the
adjacent chirp signals constant and allowing an overlap between their bandwidths. Although, the
condition for which the interference between chirp signals gets minimum needs to be evaluated which
in this case is the condition for orthogonality.

For two chirp waveforms to be orthogonal, the cross-correlation output between them at the
sampled instant, i.e., at 7 = 0 should be zero. Hence substituting 7 = 0 in (2.77) the correlation

output for any two up-chirp waveforms gives

Ri,1,,(0) = Tsinc|(fo, — fo,,)T], (2.82)
and setting (2.82) to zero gives
a
fou = fon = Af = 1 (2:83)
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Linear up-chirp

b=1 ; — s1.(t) Up-chirp correlator XN l
with fy = f; 1y 1,
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b—(;\‘A Linear down-chirp Down-chirp correlator device data b
- corresp. to user 1 | A7 Lo,

with fy = f01 \'\ wy(t)
R
: Channel
A
Linear up-chir /
b=1 . P p s1,.(t) 7/ Up-chirp correlator ;V l
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Figure 2.21: Block diagram of a multiuser communication system based on the proposed chirp signals having
the same chirp rate and different initial frequency.

where a > 1 can be any integer number. As the minimum separation between the center frequency of
two adjacent up-chirp or down-chirp waveforms can be Af, satisfying the condition Af = 7 allows
to design a set of mutually orthogonal up-chirp waveforms as well as a set of mutually orthogonal

down-chirp waveforms.
2.4.2 System Model

A similar system model based on chirp-BOK scheme as considered for phase-coded chirp waveforms
is also adopted here by replacing the phase-coded chirps with the proposed set of orthogonal up-chirps
and orthogonal down-chirps given in (2.74). The system is having K pairs of transmitters and receivers
that are communicating simultaneously where each transmitter is allocated a pair of up-chirp and
down-chirp waveforms for transmission of 1-bit data symbol by € {1,0}, k =1,2,..., K. Binary ‘1’ is

)

represented by up-chirp signal (i = 1) and binary ‘0’ is represented by down-chirp signal (i = 2) and
system block diagram is shown in Figure 2.21. Accordingly, the received signal at the k' receiver can

be expressed using (2.74) as
K
yk(t) = Z Or Essir (t) + wk(t)7 (284)
r=1

I receiver and can be either si(t) or so(t)

where i € {1,2}, s; (t) is the transmitted signal for r®
depending on the transmitted data symbol. Ej is the signal energy, o, is the channel fading coefficient
between k' receiver and r'" transmitter, and wy(t) is white Gaussian noise with zero mean and

variance Ny/2. It is considered that at k' receiver the received interfering signals from the other users

are originated from approximately the same distance and are assumed to be mutually independent

156102017
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and with equal power. As shown in Figure 2.21, at the k' receiver, the received chirp signal is fed
to up-chirp correlator and down-chirp correlator to perform the cross-correlation of the input signal
yi(t) with the reference chirps, given by (2.74) for k' receiver. The sampled output of the up-chirp

correlator, considering for the transmission of b, = 1, can be expressed as

K
hy, = oeVEC 1, + Y eV BsCuy, +wh,, (2.85)

r=1;r#k
where (1,1, C1,i,, and w’lk are the sampled correlation outputs for the desired signal, the signal for
other receivers, and the noise, respectively. Similarly, the sampled output of the down-chirp correlator

can be expressed as

K
by, = bV Bl + Y e/ Boloyi, + wh,, (2.86)

r=lr#k
where (2, 1, is the sampled correlation output between up-chirp and down-chirp of the same user, and
the outputs (1,1, (2,1, Clyirs G24irs Wi, and wh, can be evaluated using (2.77), (2.79), and (1.9).
Following the decision logic [36,76] given in (2.70) and using (2.71), (2.72), (2.85), (2.86), at k'P
receiver, the probability of bit error [3,76,77] can be expressed as

1

Py =Q { il (=78 ) }2 (2.87)

€L K ) .
No + Zr:l;r;ék a%rESka

where p*" = phm — phand pk*) pk" and ph" are the normalized values of (o,1,, (1,i,, and (o,

respectively.
2.4.3 Performance Analysis Over Rayleigh Fading Channel

From (2.87), the signal-to-interference plus noise ratio (SINR) 7 corresponding to the k" receiver
can be given in the following form

- a%kEs (1 - Pék) . S - Xy
B K B K - K
No + Zr:l;r;ﬁk a%rESka No + Zr:l;r;ﬁk I I+ Zr:l;r;ﬁk Ve

, (2.88)

where X} denotes the instantaneous SNR corresponding to the desired signal and V,. denotes the
instantaneous interference-to-noise ratio (INR) corresponding to the r*® interferer. Considering the

fading channel as a flat Rayleigh fading channel, the desired instantaneous SNR of the output signal
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is exponential distributed random variable with PDF given by [16]

fx (@) = _ie(_{k), x>0, (2.89)

Sk

Qi Es (1-ph*
where 7 = %{)p”, Q=E {az} denotes the mean square value, and E{-} denotes the ex-

pectation operation. It is assumed that the interfering signals are mutually independent and having
equal power. This assumption helps in obtaining the closed-form expression which otherwise become

K
difficult to obtain analytically. Then, Z = 3.V, follows gamma distribution with PDF [16]

r=L;r#k
L -1 z
) ()
fz,(2) = <__> e\ M/, 220, (2.90)
* Y,/ L)
K
where L = K — 1, I'() is gamma function [16], and 7;, = > %ripk’” is the average INR at the
r=1;r#£k

k™ receiver. Therefore, the PDF of the SINR, v = HLZ given in (2.88) (without subscript), can be

written as

£(7) = /0 TQ 4D fx (14 2) f2(2)dz 20, (2.91)

Substituting (2.89) and (2.90) in (2.91) gives [78]
Ko = [ sz S0 *
v) = 2)—e s —————e Tidz
! 0 Vs ’YILF(L)

1 —_= 0 =% =7 ;
=TI )¢ " / (1+ z)zL_le[ (JSJ”I)]dZ- (2.92)
VsV F(L) 0

Expressing Q-function in terms of the complementary error function [16] as Q(u) = %erfo (%), u > 0,

and using (2.87), (2.88), (2.92), the average BER for k' receiver can be obtained as

Pe, = /0 Pey, (Vi) fo. (i) dye (2.93)
[e¢) _ k. oo —z 24 L
= / 1erfc ( E) %e Vs / (1+ z)zL_le[ <”Sk M, )} dz dyy,
0o 2 V. 2 ) 3,7, T(L) 0
1 1 o0 —= oI (3 2(1
P — —— / (]. + Z)ZL_le M, M2F]_ <]., é, 2, —M> dZ, (294)
25,7, T(L) Jo VT 2 Vs

where o F} (m, m + %; m+ 1; v) is the hypergeometric function [78]. From (2.94), for m =1 it can be

expressed as [79]

1 ) VAL(m+1) -1
2F1 <m,m—|— §7m—|—17v> = W [(1 —U) 1. (295)
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Substituting (2.95) into (2.94) and after simplification average BER for k*® receiver can be written as

€k 2 [1 <271k > 5( ) < ) 9 ’ g)] ) (296)
247, _

where £ = = Vs and 7y, are the average SNR and INR, respectively corresponding to Eth receiver
k

and U(a; b;v) is the confluent hypergeometric function of the second kind [80].
2.4.4 Numerical Results and Discussion

The BER performance of a multiuser communication system using the proposed LC signals having
the same chirp rate but different center frequency is simulated. The presented chirp signal set consists
of five up-chirp and five down-chirp signals as shown in Figure 2.20. Total signal bandwidth Biotal
of 36 kHz with each chirp signal is having a TB product of 40 and B = 20 kHz is considered. The
center frequency separation Af between two consecutive up-chirps or down-chirps is set to 2 kHz.
The result shown in Figure 2.22 presents the system performance for single user and multiuser K =5
communication under AWGN and Rayleigh fading. Results indicate that system performance has
degraded with increased number of users due to the increase of interference as the up-chirp and the

down-chirp are not strictly orthogonal.

10° —+Singleuser_proposed (Analytical)
—<Multiuser_proposed (Analytical) ||
o Proposed (Numerical) ]
1 -a-Multiuser [3] |
107} & Multiuser [25] ’
% ’ ‘:\5’1\;\?5
107
2
< L
103 i
104E ‘ _
0 5 10 15 20 25

EJN, (dB)

Figure 2.22: BER performance of a chirp-BOK system employing the proposed chirp signals having the same
chirp rate and different center frequencies for K = 1, 5, and performance comparison with two different multiuser
LC communication systems, one using the technique given in [3] and the other using the technique given in [25],
considering K = 5.
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2.5 PSK-Chirp-BOK Waveform for Multiuser Communication System Under Co-Channel
Interference

Performance of the presented multiuser system is compared with two different multiuser LC com-
munication systems, one using the technique given in [3] and the other using the technique given
in [25]. From [3] the required bandwidth for a K user system is given by Bx = (2K — 1)B;, where
By is lowest bandwidth for user 1. With B; = 20 kHz, the system would require a bandwidth of 180
kHz for five users. From the results simulated for five users under AWGN and Rayleigh fading as
shown in Figure 2.22, it is found that performance of the proposed system is on a par with the system
in [3] in spite of using much less bandwidth and is better than the system in [25] while using the
same bandwidth, e.g., we observe an improvement of 0.18 dB in % for a BER of 0.2 x 1072 in case
of AWGN channel and an improvement of 0.4 dB in % for a BER of 0.3 x 1072 in case of Rayleigh

fading channel.

2.5 PSK-Chirp-BOK Waveform for Multiuser Communication Sys-
tem Under Co-Channel Interference

The analysis on chirp waveforms having equal chirp rate in a chirp-BOK system indicates im-
provement in MAI performance in a multiuser scenario, as it is able to cancel out the interference
between the up-chirp waveforms or the down-chirp waveforms while serving a transmission rate of 1
bit per symbol. However, from the fact that up-chirp and down-chirp waveforms are non-orthogonal,
interference remains present in the system. In an attempt to improve the data rate, in this work,
firstly, a chirp communication system is proposed to double the transmission rate over conventional
chirp-BOK system [6] without increasing the number of correlators at the receiver for demodulation.
Secondly, for a multiuser system, the design of a set of orthogonal chirp waveforms is proposed to
eliminate the MAI and a time domain multiplexing of orthogonal chirp sets is presented to reduce the
required system bandwidth. In addition, system performance is analyzed under Nakagami-m fading

and in presence of co-channel interference.
2.5.1 Proposed System Model incorporating PSK-Chirp-BOK Waveform

Incorporating the phase shift keying (PSK) in a chirp-BOK scheme, a modified chirp-BOK sys-
tem is presented where PSK modulation is combined with the pulse compression property of the
chirp signal. The modified system namely ‘PSK-chirp-BOK’ system along with binary PSK (BPSK)
modulation is capable of supporting data rate twice that of a conventional chirp-BOK system [6]

and can perform demodulation using only two correlators instead of four. Accordingly, the proposed
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Figure 2.23: Proposed BPSK-chirp-BOK communication system for ™" user for transmission of 2 bits per
symbol using linear chirp signal.

PSK-chirp-BOK system is designed considering binary phase shift in the chirps and termed as ‘BPSK-

chirp-BOK’ system. For a K-user environment, block level design of the proposed BPSK-chirp-BOK

system for k" user is shown in Figure 2.23. Each user is allocated a pair of chirps— up-chirp and

down-chirp. Therefore, a total of 2K chirps are required to design the K-user system. For the design

of the waveform, initially, it is considered that all the up-chirps and all the down-chirps have equal

chirp rate of p while center frequencies fo, of the chirp signals sy (t) for different users k = 1,2,..., K
a

are separated by a frequency offset of Af = 7, a > 1 and an integer. Following (2.74), the chirp

waveform set can be rewritten as

1 T T
Se, () = cos [2% (fokt + E(_l)(l_c)/ttzﬂ , -5 <t< <3 (2.97)

[+

where ¢ = 1,0, s1, () and s, (t) indicate the up-chirp and down-chirp waveforms, respectively, p =

is the chirp rate, and the total required bandwidth is given by Biota = B + (K — 1)Af.
2.5.1.1 Design of the Transmitter

From an implementation aspect of the proposed system as shown in Figure 2.23, for each individual
user, at the transmitter the input data stream is grouped into 2-bit symbols represented as b;;; = b1bg
where 4,7’ € {1,0}. The data symbols b;» = {11,10,01,00} to be transmitted, are considered as
independent and equally likely. Out of two bits obtained through the serial-to-parallel (S/P) converter,

b1 decides the chirp type to be transmitted and by decides the phase of the selected chirp. Two chirp
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signals, from the up-chirp and the down-chirp waveform generators, are used to uniquely map b1, i.e.,
for by = 1, the up-chirp signal is selected, while for by = 0, the down-chirp signal is selected. bq is
fed to a polar non-return-to-zero (NRZ) level encoder to obtain +1 or —1 levels corresponding to the

)

input binary ‘1’ or binary ‘0’, respectively. Finally, the selected chirp waveform is multiplied with
the output of polar NRZ level encoder (PNLE), using a multiplier, to obtain the phase-coded chirp
waveform. Accordingly, the transmitted chirp signal for b;; is obtained as follows: b1 — up-chirp, b1g—
inverted up-chirp, bg; — down-chirp, bgpg— inverted down-chirp where i € {1,0} determines the chirp
signal type, i.e., up-chirp or down-chirp and i € {1,0} determines the phase of the selected chirp

signal. Thus, for k' user, based on the input bits b1, and by, , corresponding phase-coded chirp signal

for b;;; is given by using (2.97) as

2|~
2|~

, (2.98)

Sidl, (t) = (—1)(1—i') cos [27r (fokt 4 %(—1)(1_“%2)] -

where k =1,2,... K.
2.5.1.2 Design of the Receiver

Considering D number of interferers are present in the network, the corresponding received signal,

at the k™ receiver, in presence of co-channel interference can be written as

K D
e(t) = o/ Essiir (8) + > ana/Erua(t) + wi(t), (2.99)
r=1

d=1
where E is the symbol energy, wg(¢) is noise with zero mean and variance %, and ay, is the channel
fading coefficient between k*® receiver and r** transmitter. Ej is the energy of the co-channel interfering
signals ug4(t), d = 1,2,...,D, and agq is the channel fading coefficient between k™ receiver and dt™
interferer. Data demodulation at the receiver can be considered as a combination of chirp and PSK
demodulation schemes. Frequency sweep of the chirp signal is considered to be equal to the chirp signal
bandwidth. At the receiver, as shown in Figure 2.23, the received chirp signal is fed to the up-chirp
correlator and the down-chirp correlator to perform the cross-correlation of the input signal yi(¢) with
the reference chirps, given by (2.97) for k' receiver where ¢ = 1,0. Accordingly, the sampled value of
the output of the up-chirp (¢ = 1) correlator and down-chirp (¢ = 0) correlator corresponding to the

k™ user can be expressed as

K D
lop = ik VEC + 7 anp VECE, + 3 araVEICH + ', e=1,0, (2.100)
d=1

ii!
r=1;r#k
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where ij/’ f;,, é“d, w' ’j are the sampled cross-correlation output of the reference chirps s, (t) with
the desired signal, the signal from other users, the interfering signals, and the noise, respectively and
are evaluated in next subsection 2.5.1.3. The correlator outputs, I, , are fed to two threshold detectors
and passed through the mod-value block to obtain the ‘mod’ value |, |. Using |l.,| and the outputs of
the threshold detectors, estimation of bu‘;c is performed in the comparator and decision block (CDB)
that contains a comparator along with a data selector. As an example, considering b1, is transmitted,
in absence of noise and interference, |l;, | from the up-chirp correlator will be greater than |lo, | from
the down-chirp correlator. Comparing the outputs, |l1,| and |lp,|, in the CDB, b;, among the two
transmitted bits can be estimated, i.e., /b\lk = 1if |ly, | > [lo, | else glk =0 (|lo,| > |l1,])- The estimation
of by, can be done using PSK demodulation scheme. For the input /., , each threshold detector with
a threshold ‘0" provides an estimated bg, as shown in Figure 2.23. Depending on the estimated by,
(glk), data selector selects the output of the corresponding threshold detector as the final estimated

bo, (gok), ie., if Zlk = 1, the output of threshold detector 1 is chosen as gok else the output of threshold
detector 2 is chosen as gok- Thus, the conditional probability of symbol error for k" user is given by

Pf=1—|(1=PE()) - PL(3)]| (2.101)
where P (vF) = Q(y/7%), n = 1,2, and Q(-) denotes the Q-function [16]. PF and P are the

€1

probabilities of incorrect estimation of by, and b, , respectively, and

_ s (1 — |o§*)

No + Zv{(zl;r;«ék i, Es|pkr| + S a2  Ey|gkd|
't a2, 2Fs
~ No+ Zf:l;r;ék af, Ephm + POy aj Bt

o (2.102)

o (2.103)

where pF" = |ph7| — | ph"| and ¢Fd = |¢kd| — |gkd|. pkr] pFFand €59 are the normalized value of ¢, ¢F¥,
and (¥ respectively (subscript ii’ omitted). Block level implementation of the system is described
here and for actual hardware implementation, based on the application requirement, the scheme can
be realized using DSP or application-specific integrated circuit (ASIC) or FPGA which is out of the
scope of the current work.

From the aspect of hardware complexity overhead, compared to a conventional chirp-BOK system
with a transmission rate of 1 bit per symbol [6], the proposed system requires additional hardware
blocks of P/S converter, polar NRZ level encoder, multiplier at the transmitter side, and threshold
detector, mod value detector, multiplexer (data selector) at the receiver side. It can be seen that
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all these additional blocks do not introduce much hardware complexity while realizing the proposed
system to achieve data rate twice that of a conventional chirp-BOK system. Further, a chirp-BOK
system with a transmission rate of 2 bits per symbol uses four correlators and two sets of up-chirp and
down-chirp waveforms [3,4]. In comparison, the proposed system has offered reduction in hardware
complexity as only two correlators are needed for the design at the receiver and at the same time it
saves valuable spectral resources as only a pair of chirp waveform— one up-chip and one down-chirp

is required.

2.5.1.3 Correlation Analysis of Waveforms

For the calculation of Cf}’“ g

il ) Ci4 )

and (¥, the chirp waveforms s, (t) given by (2.97) and s;; (t)

given by (2.98) can be expressed in equivalent complex form as

o, (t) = 2ot (DO 3ut%), (2.104)

Siar (8) = (—1) =2 (ot (DO 5%) (2.105)

where [t| < L, ¢ = 1,0, and sz (t) = R {8 (t)}. R{} indicates the real part. Given the chirp
waveforms, the cross-correlation between s; () and 5, (t) is given using (1.10) as

“+oo
R (r) = / S5 (£)30 (¢ — 7)dt

—00

— /+Oo(—1)(l—i’)ejzw(fo,«tJr(—l)(l‘i) 2h8%) o=32m (for (E=m)+ (1= 3u(t=1)?) gy (2.106)

—00

where (-)* denotes the conjugate operation. For i = ¢, R’Ci_’;, (1) can be simplified using (2.77) as

: 1—c
Rlcfr (T) _ (_1)(1—i/)€j27rf0k7'€j7r(f0r—fok)T Sin [”((for — fOk) + (_1)( )MT) (T _ |T|)] , (2107)
o 7((fo, — for) + (=1)0=pu7)
where |7| <T. Now, for i = (1 —¢), R’C“;, (1) can be evaluated using (2.79) and (2.106) as
by = CDUT) o (10 - oo )+ )0
% PN
x| C'(wa) 435 (v2) = €' (1) = 35" ()] (2.108)

_ _1\(1—c¢) _ _1\(1—¢)
where [t| < T, vy = \/uT + (o, fok)t}ﬁl) MTI, v =2/ (=% +I7) + (o, fO’“)J:/(ﬁl) M7l The

required output Cf;, is obtained from (2.107) and (2.108) as éf/ = %{R’ji’;/ (1)} and by setting 7 = 0.

For r =k, Cf:, can be calculated from (2.107) and (2.108).

Considering co-channel interferer (u4(t)) can be both up and down type chirps, using (2.99) and
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(2.100), R*?(7) can be written as R/*(1) = f_t;o uq(t)se, (t — 7)dt, and (¥ is calculated from R*¥(7)

by setting 7 = 0. Accordingly the normalized value for ¢*¢ would lies between 0 < ¢*4 < 1.
2.5.2 Proposed Design for Set of Orthogonal Chirp Waveforms

Up-chirps and down-chirps that are used in the multiuser system have overlap in bandwidth and
as they are not completely orthogonal, cross-correlation between the chirps results in interference.
A process to design 2K number of orthogonal chirps using the same bandwidth of Biya that is
used in the K-user system is presented below. It is considered that the chirp rate u for all the
chirps is equal, frequency separation A f between two adjacent chirp or chirp-component is fixed and

% — (K = 1)Af = Af. Accordingly, the design process is stated as follows:

(1) First, determine all the up-chirps covering individual bandwidth in a continuous manner and let

the number of this type of chirps be K.

(2) For each up-chirp, to replace the corresponding down-chirp, a two-segment up-chirp namely
‘segmented up-chirp’ within the same signal bandwidth is designed such that the first segment
covers the upper half of B from t = —% to t = 0 and the second segment covers the lower half

of Bwitht=0tot= % The associated frequency variation is shown in Figure 2.24.

The instantaneous frequency of the up-chirp and the ‘segmented up-chirp’ for k*" user are given by

1 A oy I ey
fer(t) = Un + (L =0)) 70 (2.109)
(fok_(]'_c) )+Nt7 OStS%’

ro|

where ¢ = 1 is for up-chirp and ¢ = 0 is for ‘segmented up-chirp’, respectively, Af = 7, a > 1 and an
integer, fo, is the center frequency for k'™ user’s chirp, and k = 1,2,..., K. The corresponding chirp

signals are given using (1.1) as

2| N

Se, (1) = cos 2, ()], — , (2.110)

where ¢, (t) is calculated using (1.2) and (2.109) as

1_ § t l t27 - g 0,
e, (1) = /t for (r)dr = Voo + L =a3) E+ on (2.111)
’ (fo.— A=) t+3ut?,  0<t<

Nl
~
N

N

It ca

n be readily proved that, any two chirp signals s, (t) and s, (t), k, k" € {1,2,..., K}, k # k', are
TH-2806
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— Up-chirp
——- Segmented Up-chirp

Btotal

Figure 2.24: Plot of instantaneous frequency versus time of the proposed set of orthogonal linear chirp
waveforms.

mutually orthogonal, i.e., f_%z Scy (t)se,, (t)dt = 6(k — k') where 0(-) is Kronecker delta function [15].
Therefore, using the proposed2 design, within each chirp-signal bandwidth two orthogonal chirps— up-
chirp and ‘segmented up-chirp’ can be formed as shown in Figure 2.24. In addition, for a given signal
bandwidth B, proposed design can provide double the number of orthogonal L.Cs, in continuous-time
domain, as compared to [81] where only set of up-chirps are considered, i.e., considering B = 10 kHz,
T=1ms,and Af = %, Biota1 would be 14 kHz for 5 chirp waveforms according to [81], whereas a set
of 10 chirp waveforms can be designed within the same B, using the proposed design technique.
2.5.3 Time Domain Multiplexing of Orthogonal Chirps: A Transmission Scheme
for Multiuser System

For the design of the proposed K-user BPSK-chirp-BOK system, a set of 2K orthogonal chirps
and a bandwidth of By, are required. Use of LCs enables us to transmit a set of chirps before
the completion of previously transmitted chirp-set and accordingly, a transmission technique of time
domain multiplexing (TDM) of set of only K orthogonal chirps is proposed. Two set of chirps, setl
having K orthogonal chirps and designed according to (2.109) and a time shifted version of setl, i.e.,
set2, with a time separation of % is considered as shown in Figure 2.25. Thus, a total of 2K chirps
can be obtained within a duration of T" + % and for large number of repetition (M) of the chirp sets,
MT + % — MT which means effectively 2K chirps can be obtained within a duration of 7" while

B mt“l_zB +Af — K QAf . Although K chirps in every set are mutually

achieving a bandwidth gain of B, =
orthogonal and cover the signal bandwidth B, within 0 to 7' duration the chirps of set2 (given by
dashed lines in Figure 2.25) do not cover the entire signal bandwidth while the chirps from setl do.

Due to the partial coverage of bandwidth by the chirps of set2, as can be seen from Figure 2.25,
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Figure 2.25: Time domain multiplexed orthogonal chirp sets.

cross-correlation between the chirp waveforms of setl and set2 gives non-zero values and it makes the
chirps of setl and set2 non-orthogonal to each other.

Fractional Fourier transform (FrFT) and inverse FrFT (IFrFT) processes [82] are used to remove
the undesired chirps and attain orthogonality for each set. FrE'T can be considered as a generalization
of conventional Fourier transform. FrFT performed at an optimal order p on an LC signal gives an
impulse in FrFT domain, and p is related to the chirp rate u of the signal as p = —% tan—! (&f)
where f; is the sampling frequency, Cs is the number of samples, and in FrFT domain the position of
the impulse will depend on the starting frequency of the chirp signal [83].

Block diagram of the FrFT process at the receiver of k™ user is given in Figure 2.26. After the
reception of the composite signal yy(#), considering that setl is the desired set for k™" user, signal
duration is divided into two equal halves corresponding to the two segments of the segmented up-
chirp set where the 15 half y;, (¢) is from 0 to £ and the 224 half ys, (¢) is from Z to 7. As the chirp
rate (u) is same for all the chirps, fractional Fourier-based rotation, i.e., FrFT §,(-) performed at an
order p on each half y., (t), ¢ = 1,2, gives set of impulses y, (u) parallel to v axis in FrFT domain and
makes the chirps separable along u axis due to different initial frequency as shown in Figure 2.27(a)
for the 15 half. A rectangular window (II(-)) can be used for masking the unwanted peaks by setting

the sample values as 0, in turn removing the undesired signals. After masking operation, IFrFT at an

V() Divide signal in two y, (u)| Masking |y (y)|IFrFT at order
——>| halves & perform k operation in £ —p & joining
FrFT at order p FrFT domain of two halves

Vi (t
k(1) towards
correlator

Figure 2.26: Block diagram of the FrFT based filtering process at the receiver.
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Figure 2.27: (a) Masking operation on the output of FrFT of 15* half of set1 chirps mixed with the chirps of
other sets, (b) Concatenation of two halves of setl after IFrFT process.

order —p (§,(-)) is performed to get back the filtered signal y., () in time domain and concatenation
of two halves gives the required time domain signal v, (¢) as shown in Figure 2.27(b). Mathematically

it can be expressed as

Yo, () = Fp [ [§p (v, (®))]], e=1,2 (2.112)
Y (t) = y1,, (t) + o, (t)rect <t = %) : (2.113)
where
Yer (1) = Tp (ye, () = /_ Z Yeo (), (L, u)dt, (2.114)
Yer (1) = §—p (4e, (u)) = /_ Z Ye, (WK (t,u)du, (2.115)

and K;,(t,u) is the FrFT kernel defined in [82]. Thus, FrFT based filtering removes the undesired

chirps from the required chirp set and can also partially remove the co-channel interference.
2.5.4 Performance Analysis Over Nakagami-m Fading Channel

Considering that the transmitted signal is received over slowly varying flat fading channel, from

(2.102) and (2.103), ¥, n = 1,2, can be rewritten as

,Yk: _ aiknEsﬁIrfzk
n = K - D ~
No+ 2 sk g, Bsphr + 3041 g &R
Xk Xk
- - = T (2.116)
156102017
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where an = a%knEsﬁﬁk /Ny is the SNR of the desired output signal for k" user, Wkd = o? dEIS,’?Ld /No
is the INR of the d'" co-channel interferer, V;F" = o2 Espk" /Ny is the INR due to r*f'th user. Zlkn =

D K
S Whand YF = Y VF. Moreover, from (2.102), (2.103), and (2.116)
d=1 r=Lir#k

Q) for n=1, p* = 1= o], ot = 1], & = e

(ii) for n=2, ph* =1, g =pl", &' =¢f.

Considering Nakagami-m fading channel where m is the fading severity parameter, using (2.116)
cumulative distribution function (CDF) of X¥ can be given as F° Xk (x) = %’y (ms, ﬁ) where
I'(-) is gamma function, 7(-,-) is lower incomplete gamma function [78], 2 = E{a2} is the mean

square value and 9% = (nEsﬁﬁk) /Np. The associated PDF of an can be given by

/7= msx
ms |  ameT! —EE
ka (l‘) = = e Tsn 5 x 2 0, (2117)
sn, ,yécn F(ms)

where E is the average SNR. Assuming equal power and mutually independent interfering signals,

D - K
the PDF of Zf = Y o2, Eiék and Y = 3 of Ep is given as [84]
d=1

=14k
mID myz
B mi zmID—l _’Yk
fZM_(?) TmD)” 720 (2115)
moL o
[ mo ymoL—l _WT?/
hw=(Ze) Fpe ® vz @119

where E is the average co-channel INR, E is the average INR caused by other users and L = K — 1.
ms, Mo and my are the Nakagami fading parameters for desired signal, other users’ signals and co-
channel interfering signals, respectively. From (2.116), total INR can be given by Gﬁ = Yok; + Zlkn’
and using (2.118) and (2.119) PDF of G{“n can be calculated as

g
fer (9) = /0 Fzr (9 =y)fye (y)dy (2.120)

m1D Mo L moL+miD—1 — g
_ (i) (L) g B s D 4 (2 ) 2)4,
", 1, ) TmD+mel) ok

(2.121)

where 1 F (+; ;) is confluent hypergeometric function of the first kind [78]. Thus, using (2.116), (2.117),

k

and (2.121) the PDF of signal-to-interference plus noise ratio (SINR), 7% = 1fé"k can be calculated
I,
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as
o
Fi( 2/0 (1+9)fxz, ((1+9m> fer (9) dg (2.122)
-
()" () ()
%n vk L'(ms)I'()
><§: s r(¢4—oA—@H”5fq[¢-+i7noL~¢-K] (2.123)
ZZO Z' ) ) ) A b
where ¢ = miD +moL, A = M + =L, x = 2L — L2 and 2Fi(+, ;) is the Gauss hypergeometric

'st 'YIn ’yIn on

function [78]. Expressing Q(\/fyn) in terms of upper incomplete Gamma function [84], I'(+,-), and

using (2.93), (2.101), and (2.123) average PF (%) for k'™ user can be expressed as

FF - (m)’”m (%)’”"L( oA >§ D(ms + 3)
€n 'VIkn ,Y(I)gn 2ms ) T(ms+ DI'(p)

E

© (L+g)meget - 1 1+
X / ( g) : € ’Yb" lFl [mOL7 2 Xg] 2F1 |:1 ms + 53mg + 1 g dgv (2124)
0 2/7(V 4 g)m=t2 2’ Uty
where U =1 + ;;’; , and oF (-, +;+;+) can be simplified as [79]
7 1 me + 1 il VTl(ms + 1) (1 )_% mi_:l 2i (a)i (2.125)
,Ms + =;m ol ==———"1(1—a) 2 — =) )
2471 S 2 S F(ms L %)ams . 7 4

Substituting (2.125) in (2.124), solving the integral, and after simplification P—kn can be evaluated as

&
1/ mg T, e vk N2 2ms\2 (mp\ ¥ X
3% (R) (e =) \5p) ffmebvieia
’YIn ’}/On s ’YSTL ,yln ’YT

In

(L OO BOS Rtz iz

n

(2.126)
where ¢ = miD + moL + j + uw and U(-;+;+) is the confluent hypergeometric function of the second
kind [78]. When set of orthogonal chirps or time domain multiplexed set of chirps along with FrF'T
based filtering is used at the receiver of k'™ user, cross-correlation with the chirps of other users become
negligible. Thus, considering pF" = 0, Gk = Zk and after modifying (2.126) accordingly Pk’ can be

expressed as

1mg—1 S . 1
1 my m1D< ,Yk > 5 Ms <21> <1>7, <Z> P(ﬁ)\llz i—3 1 . my
Fe :__< ) - Z ; 4 ) ——=—U |l + - —; V=], (2.127)
"2 Wf“n 2ms =\ 4 =\ 2I'(m1D) 2 Wﬁ
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Figure 2.28: Average SER performance of the proposed BPSK-chirp-BOK communication system in a mul-
tiuser environment affected by co-channel interference under a Nakagami-m fading channel using (i) up and
down chirp sets, (ii) proposed orthogonal chirp set, (iii) proposed time domain multiplexed chirp sets and
FrFT based filtering at the receiver. Performance of the BPSK-chirp-BOK system is compared with different
chirp-BOK systems reported in [3,4, 6,25, 36, 38].

where ¢ = m1D + j. Using (2.101), (2.126), and (2.127) average SER of BPSK-chirp-BOK system for

k™™ user can be calculated as
PF=1— [(1—13—@’2) (1—P_§2)]. (2.128)
2.5.5 Numerical Results and Discussion

Average SER performance of the proposed PSK-chirp-BOK system using binary phase modulation
for transmission of 2-bit symbol in a multiuser environment and in presence of co-channel interference
is presented in Figure 2.28 under Nakagami-m fading channel. LC signal having B = 32 kHz, T = 0.4
ms with K = 6 and 8 are considered. A group of 5 interferers (D = 5), each with INR of 3 dB at the
receiver input are chosen. Signals from other users and co-channel interfering signals are assumed to
be Rayleigh faded (m, = 1,m; = 1). It is observed that the system performance improves with the
improvement in channel condition (mg) of the desired signal. Use of the proposed set of orthogonal
chirps indicates substantial improvement in SER performance over a system using up-chirps and down-
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2.6 Summary

chirps, i.e., for K = 6, a gain of 2.8 dB and 7.5 dB in SNR for a SER of 1072 is observed considering
AWGN and Rayleigh fading (mg = 1) channels, respectively and the gain increases as SER decreases.
The results of Monte-Carlo simulation, with the average value, match closely with the corresponding
analytical results and the amount of variation obtained with individual values is also indicated. System
with the proposed time domain multiplexed chirp sets and FrF'T based filtering at the receiver performs
as good as to the system having orthogonal chirp waveforms without time overlap and it indicates
that the proposed transmission scheme is able to successfully eliminate the interference due to the
chirps from other users. The value of order p for FrF'T process is calculated as 0.95. As a special
case, performance of the proposed system using orthogonal chirps with no interference is also given in
Figure 2.28 and the system provides best performance, as expected.

Considering single user case, performance of the BPSK-chirp-BOK system approaches the per-
formance of a conventional 1-bit chirp-BOK system [6] for high SNR in AWGN channel, in spite of
double transmission rate. For 2-bit symbol transmission, compared to single user [4,36,38] and mul-
tiuser (K = 6) [3,25] chirp-BOK systems, the proposed PSK-chirp-BOK system performs better as
can be seen from Figure 2.28 due to the requirement of fewer comparisons and use of set of orthogonal
chirps in spite of using less system bandwidth. Further, adopting M-PSK modulation along with set
of orthogonal chirps, design of a M-ary M-PSK-chirp-BOK system is possible to provide high speed

data communication.

2.6 Summary

In this chapter, design of chirp waveforms for wireless communication applications is investigated
and analyzed. Particularly, in the first work, presented in Section 2.2, the design of a SAW communi-
cation system for single user is presented considering fixed-frequency waveform and it is extended for
chirp waveform where an LC waveform modulation and demodulation scheme using SAW-chirp de-
vices incorporating quadrature phase modulation capable of transmitting 3-bit symbols is preformed.
It has been shown that, use of both up-chirp and down-chirp in the proposed design allows to map
additional bit in a single symbol which in turn increases the data rate without increasing modulation
order or use of additional bandwidth. Analysis on the SER performances under AWGN and Rayleigh
fading channels has indicated that the system provides improved SER performance over the reported

SAW-chirp communication systems adapted for transmission of 3-bit data symbols. The second work,
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in Section 2.3, has presented the design of binary phase-coded linear and nonlinear chirp waveforms
for multiuser communication system. The associated analysis on the system performance has indi-
cated that the performance is dependent on the number of available users in the network. Design of
chirp waveforms with equal chirp rate to attain set of orthogonal up-chirp and orthogonal down-chirp
waveforms has been described in the next work, presented in Section 2.4, to improve the MAI perfor-
mance. The condition of orthogonality for the chirp waveforms is derived and analytical expressions
of correlation values between different chirp signals are presented. Closed-form expressions have been
derived to analyze the average BER performance of the system under Rayleigh fading channel, and
the results indicate that employing the proposed waveform has allowed to attain better performance
while using the same bandwidth over reported work [25]. In the fourth work, a PSK-chirp-BOK sys-
tem and associated chirp waveform design are presented in Section 2.5 and the proposed system is
capable of doubling the transmission rate as compared to conventional chirp-BOK system while using
the same number of correlators, and thus saving valuable spectral resources. In addition, a design of
2K orthogonal chirps within By, using up-chirps and segmented up-chirps for K-user chirp-BOK
system has been presented to eliminate MAI in a multiuser system, and a transmission scheme using
TDM of the same chirp sets along with FrF'T based filtering at the receiver has been presented to
attain bandwidth gain without compromising system performance. Moreover, closed-form expressions
of the average SER performance of a BPSK-chirp-BOK system, in a multiuser scenario and affected
by co-channel interference, have been derived under Nakagami-m fading. The associated results have
shown considerable improvement in SER performance by using the proposed set of orthogonal chirps
which provide zero cross-correlations between chirps of different users. Thus, the PSK-chirp-BOK
system along with set of orthogonal chirps and TDM transmission scheme provides a flexible way to

design a chirp communication system to meet the required data rate or bandwidth or both.
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3. Design and Analysis of Chirp Waveform for Radar and IoT Systems

3.1 Introduction

The previous chapter presented the design of chirp waveforms and systems to achieve improvement
in data rate and performance compared to the reported works in literature. Apart from communi-
cation, chirp waveform has also been widely used in radar applications as it provides improved pulse
compression, low sidelobe levels, good Doppler tolerance, large TBP etc. at the radar receiver [1,17]
over fixed-frequency type waveform. Design of radar waveforms through frequency hopping technique,
i.e., DFCW has attracted much attention in recent years [39], as it offers higher range-resolution with
improved detection capability. Since the reported DFCW designs are limited in number of available
waveforms [39,46,48,49], in this chapter design of DFCWs using chirp subpulses is proposed for mul-
tiuser and MIMO radar applications with the objective of designing higher number of waveforms along
with improved performance over the reported designs. Investigation on the waveforms design is carried
out to improve the ASP and CCP performances among the waveforms, and the associated analysis
provides important insights about the minimization of overall cross-correlation levels in the design of
a new set of SC waveform, for LEO satellite IoT communication, to improve the system performance

over the reported SC waveform [58]. The main contributions of this chapter are as follows:

(1) A set of DFCWs by combining LC subpulses and PN-code sequence is designed, to attain
waveform diversity, for MIMO and multiuser radar systems. A two stage optimization process for
the selection of appropriate frequency-firing order sequences and PN-code sequences is proposed
for which appropriate radar ambiguity functions are formulated in order to maintain improved

ASP and CCP levels over reported designs.

(2) Another DFCW design incorporates NLC waveform for further improvement in PSL and increase
in the number of available waveforms where a parameterized waveform design model and an
optimization process, based on GA, are proposed for designing NLC. A joint optimization of
NLC pulse type and the frequency firing order of the chirp pulses, of the designed DFCW-NLC,

is proposed for improving the ASP and CCP performance over the reported DFCW designs.

(3) In the process to minimize the cross-correlation peak values of SC waveform occurring at different
delay, the design of a new symmetry chirp waveform having multiple chirp rates, i.e., SC-MCR is
proposed for an M-ary multiuser chirp system for LEO satellite IoT communication. Extending

the design, a time domain multiplexing of the SC-MCR waveforms is proposed to improve the
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system data rate. Analytical expressions of SER of the system are derived under RLS channel,
and the system performance is analyzed to get a better insight of the dependence of performance

on the fading parameters.

For all the proposed designs and systems, the associated performances are compared with the reported
designs to demonstrate the improvement in performance. The detailed designs of these waveforms and

systems are discussed in the subsequent sections in this chapter.

3.2 DFCW-PNLC for MIMO and Multiuser Radar Systems

Design of DFCWs to attain waveform diversity for MIMO and multiuser radar application is
performed in this work, where firstly, a set of DFCW is designed using LC pulse and PN-code sequence.
Secondly, a two-stage optimization process is proposed to achieve minimum cross-correlation levels
between different waveforms and improve the ASP and CCP levels for the designed DFCWs over the
reported LLC based DFCW designs.

3.2.1 Design of DFCW-PNLC

An LC signal (up-chirp) having bandwidth B and signal duration 7', in complex form, can be

expressed using (1.5), (1.8) as
p(t) = 2 (Btant®) g <<, (3.1)

where fs is the starting frequency and p = % is the chirp rate of the signal [1]. Considering a DEFCW-
LC waveform to consist of N chirp subpulses, a total of N waveforms can be formed by performing
frequency-hopping of the available pulses. Thus, i*" subpulse of n'" waveform can be expressed using

(3.1) as
pu(t— (G —1)T) = ej2w((fs+Hn(i)Af—Af)(t—(i—l)T))ejw(t—(i—l)T)Q7 (i — 1T <t <il, (3.2)

wherei =1,2,..., N, Af indicates the frequency step size, H,, is the n*" hyperbolic frequency hopping
(HFH) sequence [85] for determining the sequence of frequency-firing of chirp pulses, n denotes the
sequence number, 7 is the index number of the sequence, and the corresponding index value is given

by H,(i). The HFH sequence can be formed as [85]

H, (i) = ni~!(mod g), (3.3)
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where g is a prime number and 1 < i, n < g — 1. Therefore, a set of N = g — 1 HFH sequences with
each sequence having a length of N = g —1 can be generated. Using (3.2) and (3.3) n** DFCW-PNLC

can be written as N
sult) = 3" Cliypalt — (i — 1)T), (3.4)
i=1

where C'is the PN-code sequence of length N, and C(i) = 1. The instantaneous frequency of one of
the DFCW-PNLC is shown in Figure 3.1.

For radar applications, Gold codes are preferred as the desired PN-code sequences due to their
low cross-correlation property [75]. Gold codes can be generated by combining the outputs of two
maximal-length sequence generators [75]. As the length of the PN-code sequence is N, the PN-code
set would consist at least N number of Gold code sequences. Moreover, any DFCW-LC can be encoded
with any available PN-code sequences. Therefore, the general form of n® DFCW-LC encoded with

™" PN-code sequence can be expressed using (3.2) and (3.4) as

N
sh(t) =Y Ci(D)pa(t — (i — DT). (3.5)
i=1

It is considered that no two DFCW-LC, s, (t) and s,,(t), are encoded with the same PN-code sequence,

i.e., for two waveforms s (t) and s, (¢), [ # q.

f
—> PN-code value +1
NAf / i %APN-E;ZZEZ:
/D
S
@)
/@ Btotal
QD /
20f / S/
Af S)
S
0 T 2T 3 - - - - - - NT't

Figure 3.1: Instantaneous frequency versus time of one of the DFCW-PNLC.
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3.2 DFCW-PNLC for MIMO and Multiuser Radar Systems

3.2.1.1 Analysis of Ambiguity Function for DFCW-PNLC

The performance of the proposed DFCW-PNLC can be evaluated from the analysis of its auto-
ambiguity function and cross-ambiguity function (CAF) [86]. CAF between two waveforms s, (t) and

sh(t) is given by

o0

X () = [ shsti e - e, (36)
—00

where (-)* denotes the conjugate operation, ¢ accounts the Doppler shift, and 7 is the delay time.

Using (3.5), (3.6) can be simplified and expressed as

Yot 51, (72 ) / Z 10 ()2 (UsHHn DA T AN (= DT)+ (- (=1)T)?)
B 3 —1
o o2 ((fot-Hon (i) A= A ) (t—(i =) T) 7)) g—impu((t— (¥ ~1)T)~7)? 2t gy (3.7)
Z Z Cl eg27rf5[(z —Z)T+T] —ji2r A f[(i' —i)T+7] ]27rAf[T(Hm(z V(@' —=1)—Hy (1) (i—1))+Hm (i) 7]

=1 ¢'=1

% ejw[((z'—n?—(i’—1)2)T2—2(z"—1)TT—T2] /Oo 32 A f[Hn (8) = Hn ()]t o g2 (V' =) T+7)t o527t g

N N
=50 S Cui)Cyi)e 2= ADIE =T+

i=1¢'=1

I 2m AF[T(Hn (i) (@ 1) = Hn (i) (i—1))+Hom (i) 7] ggmpl (i—i") i+ =2)T? =2(i' —1)T'r—77] Xii (3.8)

where ;i = fttf 127 Biar Af It 32 (¢ =DTHD gt and B0 = Hy, (i) — Hn (i'). In every subpulse duration,
for 0 < 7 < T, the lower and upper limits of x; can be given by t; = 7 and t9 = T. For [ = ¢ and

n =m, (3.6) reduces to auto-ambiguity function and using (3.7) it can be simplified as
X (e = [ sl - e (39)
N N
= Z Z Cy(i)Cy (i) 2 s = AN =) T+7]
x @I2m AT (Hn (i)@' =1)=Hn (i) (i= D) Hn (¢)7] gmpl (i) (i =2)T2 =72 =2('=1)T7) -, (3.10)
where (= fttf eI (e A+t ei2mi((P =0T+ gt and g = H,, (i) — Hy ().

3.2.2 Proposed Optimization for Waveform Selection

In a multiuser radar system, consider that K users are operating simultaneously where K is less

than the number of pulses N. Considering that all the waveforms transmitted from different radar
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users are different, for a particular user the received echo from a target not only consists of the required
signal but also have the signals of other radar systems. Thus, minimization of the cross-correlation
levels between transmitted signals is required for optimal detection performance. The multiuser radar

h

ambiguity function for v* user can be expressed as

Multzuser ,7_ 90 / Zuk )e]2ﬂgptdt (311)

k=1
where uy(t) is the radar signal for k™ user, ugy(t) = sl (t), with k,v € {1,2,..., K}, nj, denotes n'"
HFH sequence and I;, denotes I** PN-code sequence selected for k' radar signal. Simplifying (3.11)

gives

K
X{)Jultzuser (1, ) = Z/ Sizkk (t)sff: (t - 7-)6]27wtdt. (3.12)
—0o0

The values of n and [ of the radar signals corresponding to different users will be different. Therefore,
replacing nyg, lp and n,, l,, related to user k and v, with the corresponding selected n and [ values,
the inner integral of (3.12) takes a similar form to that of (3.6) and it can be evaluated using (3.8)
(An example of n and [ values, selected for different values of k is presented in Table 3.2). In order
to achieve optimal detection performance the ASP level and CCP level of the correlated output of

the composite received radar signal, yMultiuser(

7,¢), should be as low as possible. Further, for a
MIMO radar system where K radar signals are operating simultaneously through multiple antennas,
the received composite signal is processed through a bank of matched filters. The associated MIMO

radar ambiguity function can be expressed as [44]

w K K

W) = [T S wtup e = (3.13)

°°k 1k'=1
Z/ sf{“;/ t — 1)l 2™t (3.14)

Similar to (3.12), the inner integral of (3.14) can be solved using (3.8). Minimum cross-correlation
between different transmitted signals allow maximum contribution from each of the signals as achieving
complete orthogonality between different received signals is nearly impossible in practice [44]. Thus,
appropriate selection of proposed discrete frequency-coding waveforms with phase-coded linear chirp
pulses is necessary.

From (3.8) and (3.10), for a given B, Af and T, it can be observed that the maximum level of
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ASP and CCP between two waveforms depends upon the HFH sequence H,, i.e., frequency-firing
sequence and the PN-code sequence C). Thus, an optimization process is presented for the selection
of DFCW-PNLC to minimize ASP level and CCP level of xultiuser () and xMIMO (7, o).

The optimization process consists of two stages. In the first stage, following processes are per-

formed:
(1) Selection of two HFH sequences H,, is performed for which the corresponding DFCW-LC given
by
N
Ba(t) =Y palt — (i = 1)T), (3.15)
i=1

provides minimum cross-correlation peak level, i.e., we need to minimize xj,5,, (7) where

N (7) = / T )t — ), (3.16)

—00

and1<n,m<g-—1.

(2) Considering that a total of K waveforms are to be selected, select the remaining K — 2 waveforms
in an iterative process, e.g., for the 3'4 HFH sequence and corresponding waveform such that

the total cross-correlation level remains as low as possible, i.e., minimize

()= [ TS B (Ot — T, (3.17)

k=1

where z = 2, nj, denotes n'™ HFH sequence for k™" waveform, given by P, (1), and m # ng.
(3) Repeat the process of step 2 for the selection of the remaining waveforms.

Thus, first stage performs the optimization of the cross-correlation between DFCW-LC. In the second

stage, following processes are performed:

(1) Once the selection of discrete frequency-coding waveforms with LC subpulses is completed,
select any two optimized DFCW-LC (out of K) and for these two waveforms select two Gold
code sequences (Cp) such that the two DFCW-PNLC, given by using (3.5) and (3.15) as

N
sb (8) =Y iy (D)pa, (t— (i = DT), k=1,2, (3.18)
=1

provide minimum cross-correlation peak level, i.e., using (3.6) and (3.18) minimize the CAF
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Table 3.1: Design parameters for the construction of the proposed DFCW-PNLC

Parameter Value

Chirp subpulse bandwidth (B) 2 MHz
Duration of chirp subpulse (T) 400 ns

g 127
Frequency step (Af) (Btotal — B)/g
Number of users or radar signals (K) 6

Doppler frequency span (¢) +10 kHz

while considering ¢ = 0 as

(o)
Xy (70) = Ry 1o () = / S () (¢ — 7)dt, (3.19)
—o0

71 R

where 1 <[, < g—1.

(2) After selection of two DFCW-PNLC, similar to the selection of HFH sequences in step 2 of first
stage, encode the next optimized DFCW-LC with PN-code such that overall cross-correlation
peak level remains as low as possible, e.g., for the 3" optimized DFCW-LC with PN-code to
minimize

X (1,0) = /_ S stk (1)sl (¢ — ). (3.20)

X k=1

(3) Repeat the process of step 2 for the selection of PN-code sequences of the remaining DFCW-LC.
3.2.3 Performance Analysis and Discussion

Based on the proposed optimization process, presented in Section 3.2.2, a set of DFCW-PNLC is
obtained. It is considered that the discrete frequency-coding waveforms can cover a total bandwidth
Biotal of 20 MHz. The design parameters considered for the construction of the proposed waveforms
are given in Table 3.1. For K = 6, the output of the optimization process provides the selection
of HFH sequences and code sequences as presented in Table 3.2. It is worth mentioning here that
the length of the Gold code sequences is 2" — 1, r = 2,3,4,5,6,7, and the number of subpulses used
for the formation of the waveform is 126 (V). Thus, we have considered the Gold code sequences
of length 127 and the last element of the code sequence is dropped to match the length with the
number of subpulses. Cross-correlation between two radar DFCW-PNLC w(t) and us(t), selected

though the optimization process, is shown in Figure 3.2(a) with maximin CCP level as —25.33 dB
TH-2806 156102017
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Figure 3.2: (a) Autocorrelation and cross-correlation of two DFCW-PNLC w4 (t) and usq(t), selected through

the optimization process, where u;(t) = s§3(t) and uz(t) = s33(¢). (b) Autocorrelation and cross-correlation of

two DFCW-PNLC chosen arbitrarily.

while for the autocorrelation of u;(¢), maximum ASP level is calculated as —23.82 dB. Performance
of autocorrelation and cross-correlation considering arbitrary n and [ is shown in Figure 3.2(b) with
maximin ASP and CCP levels as —22.14 dB and —22.17 dB, respectively which clearly indicates that
the proposed optimization process effectively minimizes the ASP and CCP levels.

Performance of a radar user (for 3" user, i.e., v = 3) in a multiuser radar system for K = 6
is presented in Figure 3.3(a) where the received signal is mixed with signals from all other 5 users.
The output is shown for zero Doppler scenario. The maximum sidelobe peak level of the correlated

output is calculated as —16.44 dB when the signal of the desired user (v = 3) is present, whereas

Table 3.2: HFH sequence number n and PN-code sequence number [ selected through the optimization process
considering K = 6

Radar signal HFH sequence number - n PN-code sequence number - [

number k (Corresponding HFH sequence - H,,) (Corresponding Gold code sequence - C;)

1 9 13
2 23 95
3 47 26
4 67 69
5 73 102
6 46 96

=
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o
=
O
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Table 3.3: Comparison of maximum sidelobe peak levels for multiuser radar system with K = 6

Waveform type Max. sidelobe peak Max. CCP level (dB)
level (dB) (when signal of (when signal of desired
desired user is available) user is not available)
Proposed DFCW-PNLC —16.44 —17.13
DFCW-LC [39] ~15.01 ~15.65
DFCW-FF [41,42] —14.37 —14.93
DFCW-FF with random phase [44] —15.52 —16.11
Spread spectrum coded chirp [86] —14.62 —15.41
DFPCW [43] —15.57 —16.19

if the receiver receives signals from other radar systems only, maximum CCP level is calculated as
—17.13 dB. Performance of a multiuser radar system using waveforms designed according to different
techniques [39,41-44, 86], considering the same sequence length (), is compared with the proposed
one and the corresponding maximum cross-correlation levels are listed in Table 3.3. It can be observed
that the proposed DFCW-PNLC provides a cross-correlation gain of 1.48 dB, 1.72 dB, 2.2 dB, 1.02
dB, and 0.94 dB as compared to [39], [86], [41], [44] and [43], respectively.

For a MIMO radar system, considering the number of transmitting and receiving antennas as 6,

6 optimized radar signals (uy(t)) are transmitted through different antennas. The received composite

N
o

)
=]

#l Correlation output-
Desired signal present
-0 __Correlation output-

Normalized amplitude (dB)
W
o

-5 0 5
Delay (s) x10°°

(b)

Figure 3.3: (a) Plot of multiuser radar ambiguity function for radar user 3 (v = 3) and considering K = 6.
(b) Plot of MIMO radar ambiguity function considering K = 6.
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3.2 DFCW-PNLC for MIMO and Multiuser Radar Systems

Table 3.4: Comparison of maximum sidelobe peak levels for MIMO radar system with K = 6

Waveform type Max. sidelobe peak level (dB)
Proposed DFCW-PNLC —21.32
DFCW-LC [39] ~19.64
DFCW-FF [41,42] ~18.89
DFCW-FF with random phase [44] —19.05
Spread spectrum coded chirp [86] —17.73
DFPCW [43] ~18.92

signal can be analyzed through MIMO radar ambiguity function given by (3.13). The output correlated
signal at zero Doppler is shown in Figure 3.3(b) with maximum sidelobe peak level is measured as
—21.32 dB. In this context, pairwise cross-correlation between different transmitted DFCW-PNLC
is calculated through simulation and maximum CCP level is found to be approximately —25.41 dB
while maximum ASP level is approximately —23.74 dB. The performance of the proposed waveforms
for MIMO radar system is compared with the performance of the MIMO radar systems designed using
different available radar waveforms such as DFECW-FF, DFCW-LC [39,41-44,86] considering the same
sequence length (V). The comparison is listed in Table 3.4. It can be observed that combination of
PN-code sequence with DEFCW-LC and the selection of sequences through the proposed optimization

process provides better performance in terms of maintaining lower sidelobe peak level as compared to

o -5 1
Z
A
o
c
810 .
O - Output of multiuser ambiguity function
(Normalised max. amplitude)
_. Output of MIMO ambiguity function
(Normalised max. amplitude)
-15 ‘ ‘ ‘
-10 -5 0 5 10

Doppler (kHz)

Figure 3.4: Gain loss due to variation in Doppler frequency.
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other MIMO radar systems designed with different available waveforms.

Considering a Doppler variation of 10 kHz, Figure 3.4 presents the gain loss due to the effect of
Doppler frequency variation in the received signal. It can be found that MIMO radar system is more
resilient as compared to multiuser radar system for the same Doppler variation, while the level of the

sidelobe peaks remains approximately same during the variation.

3.3 Nonlinear Chirp Waveform for MIMO and Multiuser Radar
Systems

It may be noted that for a conventional LC waveform its first peak sidelobe level appears at —13.2
dB [17,50], and this limits the ASP performance of the DFCWs-LC. On the other hand NLC can
provide an improved PSL performance over LC [50,51] without using window functions or mismatch
filtering which incurs SNR loss at the receiver and the reported designs on DFCWs-NLC [52, 53]
indicate the superiority of DFCW-NLC over DFCW-LC in terms of ASP and CCP performances.
However, very limited works related to DFCW-NLC are currently available, and the reported designs
are restricted to three or four waveforms only. In addition, the design of NLC waveform, to be used
as subpulses for DFCW-NLC, influences the performance of the DFCWs. Furthermore, as opposed
to LC waveform, NLC can be of different types [17, 50, 51] and in general depends on the target
application. Thus, unlike the reported works with standalone design of NLC from scratch, design of
the required NLC waveform with desired properties through a parameterized waveform design model
can greatly simplify the overall waveform design process. In this work, to address the paucity of
DFCWs-NLC in attaining waveform diversity for MIMO and multiuser radar applications, firstly, a
parameterized mathematical model is proposed for designing NLC waveform. The adaptive model
can provide the design of different types of NLC functions and associated waveforms, based on the
application requirement, to simplify the overall waveform design process. Secondly, an optimization
process based on genetic algorithm is presented for the selection of appropriate values of the input
parameters for the parameterized NLC waveforms, derived from the parameterized model, to achieve
the desired waveform characteristic, e.g., ASP level, main-lobe width (MLW), and CCP level. After
the waveform design and its optimization, finally, the design of a set of DFCWs using NLC to achieve
waveform diversity for radar applications is proposed where a joint optimization of the chirp-pulse

type and the frequency firing order of the chirp pulses is presented to minimize ASP and CCP levels.

TH-2806156102017

88



3.3 Nonlinear Chirp Waveform for MIMO and Multiuser Radar Systems

3.3.1 Proposed Parameterized Model for Nonlinear Chirp Waveform Design

The parameterized mathematical model is constructed for designing NLC waveform with the con-
sideration that the waveforms have a bandwidth B, starting frequency fi,, ending frequency fyg, center

frequency fy and duration T'. A chirp function f(¢) with second-degree polynomial is given by
fit)=fu+at+pBt?, 0<t<T, (3.21)

where f(t) is the instantaneous frequency variation, « and [ are the parameters to control the variation
with 0 < a,8 < 1, and a + 8 = 1. Extending f(¢) in (3.21) for 2'" degree having normalized time

variable can be expressed as

t t\"
f(t):fﬁB[a(_)m(_H, 0<t<T. (3.22)
T T
The parameterized function f(¢) has the following properties:

(1) For the designed chirp waveform, f(t) always covers the bandwidth B in a duration of 7" while

maintaining appropriate fj.

(2) A polynomial with a variable degree for f(¢) provides design flexibility, and the curvature of f(¢)

can be varied independently within a range to achieve the desired frequency profile.
(3) LC can be obtained as a special form of the proposed designs.

To accomplish the above design properties, the single % term with " degree in (3.22) is split into
two terms of % having independent degrees x; and z9 while maintaining the same number of input

parameters for f(t) by considering = 1 — o. Accordingly, f(¢) is modified into

£t = (fu+ (i = )B) + (—1><Z‘-1>B[a (i) A (i> sl <i)] 0<t<T,

T 2 \T 2 \T
(3.23)

where fip = fi + B, and ¢ € {1,2}. f1(¢t) and fa2(t) represent the up-chirp and down-chirp frequency
functions, respectively. The input parameters «,xq,r2 can have following values while designing
a chirp: 0 < a < 1, and z1,22 > 1. The parameterized function f;(¢) given in (3.23) serves as
the base model for the design of different asymmetric-type NLC (ANLC) functions, e.g., concave
chirp [50], parabolic chirp, exponential chirp [17], quadratic chirp, hyperbolic chirp functions as shown

in Figure 3.5. The associated values of the input parameters are also indicated. It may be noted that
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Figure 3.5: Frequency profiles of different asymmetric-type NLC designed using the parameterized chirp
function given in (3.23). The corresponding values of the input parameters are mentioned.

for 1 <xq,29 <2, a has a range 0 < a < 2. Also, for a = 1, (3.23) reduces to an LC function.
Further, suitable modification in the proposed parameterized mathematical model, given in (3.23),
allows us to design different symmetric-type NLC (SNLC) functions, i.e., tangential, sine, and cosine
chirp functions. Instantaneous frequency variation of a tangential-type and sine-type chirp function
can be viewed as antisymmetric with respect to % in the interval of 0 to T'. Therefore, with appropriate

modification in (3.23), a tangential-type chirp function can be expressed as

fit) =fo+ (-1)V9B [g (219 (% = %)) L 5 2 <219 (% - %)) ] 0<t<T, (324)

where i € {1,2}, 0<a <1, z1,290 > 1,9 = (—1)[mund(1_%)] and round(-) is the round off function.

In addition, using (3.23) and (3.24), a sine-type chirp function can be given by

fi(t) =fo + (=)~ DeRB [% <2§ <% — y>>z1 + 1 ; a <2§ <% — y>>w2 — %] 0<t<T, (3.25)

where i € {1,2}, 0 < a <1, 21,20 > 1, £ = (—1)”, and v = round (:LF)

In case of a cosine-type chirp function, the instantaneous frequency starts and ends at the same

frequency value and has a maximum value at ¢ = % Accordingly, modifying the tangential-type chirp
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Figure 3.6: Frequency profiles of different symmetric-type NLC designed using the parameterized chirp func-
tions given in (3.24), (3.25), and (3.26). The corresponding values of the input parameters are mentioned.

function given in (3.24), the cosine-type chirp function can be expressed as

£ =fo + (_1)@—1)23[% (w <% - %)) 41 -2 <219 <% . %)) 1 ﬂ 0<t<T, (3.26)

where ¢ € {1,2}, 0 < a <1 and z1,z2 > 1. It is worth noting that for small values of x; and zy with

x1 < x2, bound on « for the NLC functions in (3.24), (3.25), and (3.26) can be relaxed and can have
values more than 1. Furthermore, for « = 1 and x; = 1, the NLC functions in (3.24), (3.25), and
(3.26) reduce to LC functions.

For different values of o, z1, and x2, corresponding symmetric-type NLC functions are plotted in
Figure 3.6. Moreover, based on the design requirement, a range of variations on the designed chirp can
be achieved through the proposed parameterized NLC functions which in turn simplify the waveform
design process. As an example, the design of a set of tangential-type chirp functions, using (3.24), are
plotted in Figure 3.7, and the associated parameter values are also indicated.

The corresponding parameterized NLC waveforms are given by

si(t) = 2™ 0 <t < T, (3.27)

=
ol
o
=
O
N
O
=

~N
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Figure 3.7: Frequency profiles of a set of tangential-type chirp designed using the parameterized NLC function
in (3.24).

where i € {1,2}. s1(t) and s2(t) represent the up-chirp and down-chirp signals, respectively, and ¢;(t)

is calculated as

t
¢i(t) = [ filt) dt, (3.28)
0
where f;(t) is given in (3.23), (3.24), (3.25), and (3.26).
3.3.1.1 Correlation Analysis for NLC Waveforms

Given the proposed parameterized NLC waveforms, the cross-correlation between the up-NLC and

down-NLC waveforms can be evaluated using (3.19), (3.27), and (3.28) as

Ry, () = / si(t)sy (t — T)dt = / eI2m9i(t) g3 2m ey (t=7) gy (3.29)
—50 —o0

@ [fL+@—1)B—(—1)(' =D aBr ] o ANLC
— I27 [fr+ (@ =1)B—=(=1) ST e (o, 1, 22,7), (3.30)
() i2m for ; Tan
— el<m]o \IJM/ (04,1‘1,1‘2,7’), (3'31)
(©) j27 for \J,Sine
= /T WP (v, 21, w2, T), (3.32)
@ j27 for yCosine
=¢J 0 \Ijz',i’ (a,ZL‘l,ZL‘Q,T), (333)
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where (-)* denotes the conjugate operation, i,i € {1,2}, and (a), (b), (c), and (d) represent the
cross-correlation outputs corresponding to the chirp functions derived in (3.23), (3.24), (3.25), and

(3.26), respectively. Furthermore,

\IJANLC

t . PR i —1) ar . —a i— z il — x
o (@, w0, T) 2/2632”3[(“’/”(_1)(/ D e m P (DO () - ()
t1

ejWBOZT[( )(z 1) _ —(- 1) i —1)](%) i B(3612+&1)T [(_1)(1'—1)(%)124-1_( 1)(1 —1)(T)12+1]dt

e b
(3.34)
t . « i— o il — —T x
W (0,1, 9, 7) = / ? e [0 (20(5=1)) T () D (201 -1))
) tl
s« g (DD o(E 1) o)y, (3.35)

0,4’

i . o i— x ,L-/_ —T x
U (o, w1, @0, 7) = / * It (DO (@) =D e ()
t1

IR (16D () -0 D a5 )

. BT [(_1\('—1)26G=7) __1\(i—1) 26t
« STV HEED nyen ] (3.36)

t . « i— & i — -7 z
U, 1,05, 7) = [ ARG )
t

0,4’
1

TR v o

]ﬂ'— |:( 1)(2 —-1) "9(t T) (_1)(1'71) vt

X e ﬂdt, (3.37)

where the values of ¢; and t5 for 0 < 7 < T are given as, t; = 7 and to = T. For i’ = i, (3.29)
gives the autocorrelation output for s;(¢). For a given value of «, 21 and x9, the correlation outputs
given in (3.30)—(3.33) can be easily computed numerically using common mathematical software such

as Matlab or Mathematica.

3.3.2 NLC Parameter Optimization

Based on the design requirements of the NLC waveforms, e.g., chirp function type, ASP and CCP
levels, the input parameters of the parameterized NLC waveforms, presented in Section 3.3.1, need to
be chosen appropriately. Hence, it can be considered as parameter optimization problems and can be
solved easily through an optimization process using GA.

GA is a search based algorithm and it is developed on the concepts of natural selection and
genetics [87]. It provides the optimized solution through an iterative search process [39,87] and

consists of the following steps: generation of population, evaluation of fitness function, selection,
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Figure 3.8: Flowchart of the optimization process based on GA.

crossover, and mutation. The optimization process used for the parameter optimization of the chirp

waveform is given in the following steps while a flowchart of the process is illustrated in Figure 3.8.

(1) Based on the application, choose appropriate chirp function type and corresponding chirp wave-
form, presented in Section 3.3.1, since the input parameters related to the selected function are
to be optimized to achieve the target requirement, e.g., ASP and CCP levels. Here, the pro-
cess steps are presented in general form and no specific criterion is considered; however, some
examples are presented in this context as follows— (i) sine and cosine type chirps are used for
communication applications [88], (ii) hyperbolic and exponential chirps are considered for mul-
tiuser communication [34,35], and for sensing and tracking applications [89], (iii) tangential type
chirp is considered for radar, sonar application [51], (iv) concave type chirps are considered as a

means for pulse compression applications [50].

(2) For each input parameter, an equal number of random individuals are generated within the
specified range-level to form an initial population. A method based on random initialization is

performed to initialize the population treated as the candidate solutions in GA. Subsequently,

TH-2806-156102017
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sets of random individuals are formed such that each set consists of one random individual for

each of the input parameters corresponding to the selected parameterized chirp waveform.

(3) For each set of the input parameters, the evaluation of the fitness function is performed. The

formulation of the associated function is described below.

(4) If the target condition is achieved, e.g., if the cost function achieves a predefined threshold while
maintaining the design constraints if any, the process is stopped, and the best set of inputs is
selected. Based on application or design requirement the target condition can be the ASP level,

or CCP level, or MLW value, or a combination of these.

(5) Otherwise, in the selection phase, a portion of the population most suitable based on the fitness
function output is selected, and a new population is formed through crossover and mutation

operations.

(6) During crossover more than one parent is selected and they are combined to form a new offspring
(chromosome). For the present optimization process single point crossover [87] with crossover
probability of 0.6 is considered. Mutation can be considered as a process of altering or tweaking
in the chromosome, to obtain a new solution, and bit-flip mutation [87] with mutation probability
of 0.1 is considered for the present optimization process. Accordingly, the newly formed sets

become the input to Step 3 for the evaluation of the fitness function.

The cost function and fitness function associated with the parameterized NLC waveform can be
formulated as follows: to design an NLC waveform with required ASP level, for the given chirp
type and the values of the input parameters, the corresponding autocorrelation output Rs,s,(7) is
calculated using (3.29). Next, the ASP values are calculated numerically from Ry, (7) and given as
¢ = [¢1,C2,(3,...], and are used to form the fitness function. The associated cost function is given as
E = max(¢). Alternatively, it can be evaluated as E = max|R;,s,(7)|r20. In case of a given MLW
constraint, E is minimized while maintaining the constraint.

The parameter values used for optimization purpose are listed in Table 3.5. These values are
chosen after performing rigorous simulations to ensure the convergence of the search process.

Examples of NLC waveform optimization are presented below. Firstly, we consider a concave
NLC function, i.e., curve model III given in [50], and the associated NLC signal provides an ASP

level of —15.87 dB for a TB = 40 and T' = 5 us. Also, the —3 dB MLW is calculated as 0.028T as
TH-2806_ 156102017
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Table 3.5: Parameter values used for the optimization process based on GA

Parameter Value or type
Population set 150 individuals
Number of generations 100

Crossover type Single point crossover
Crossover probability 0.6

Mutation type Bit-flip mutation
Mutation probability 0.1

shown in Figure 3.9(a). Now, using the proposed NLC function given by (3.23), obtained from the
parameterized model, the associated NLC signal and its ASPs are calculated using (3.27) and (3.30).
Accordingly, optimal values of the input parameters «, x1, 2 need to be obtained to minimize the
peak sidelobe level while maintaining the same MLW. After performing the optimization process, the
values of the input parameters are optimized as a = 0.47, 1 = 1.002, and 2 = 12.8, and it provides
an ASP level of —18.66 dB as shown in Figure 3.9(a) which indicates an improvement of 2.79 dB in
peak sidelobe level over [50].

Secondly, for the optimization of symmetric-type NLC signal, the chirp function type is chosen

as a tangential-type chirp. A tangential-type chirp signal designed using the chirp function given

0 0
o) /\_20 L B
G s
(5} ¢}
°© °©
2 2
= = .40+ .
£-40L AN 3 Al
< il < |
LRV L L
—Proposed chirp -60 ||[—Proposed chirp
60| —Reported chirp[s50] il |- Available chirp [51] |
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

T/T 7/T
(a) (b)
Figure 3.9: (a) Comparison of autocorrelation sidelobe peaks between the NLC given in [50] and the designed
parameterized asymmetric-type NLC with optimized input parameters for TB = 40 and equal MLW. (b)

Comparison of autocorrelation sidelobe peaks between the NLC given in [51] and the designed parameterized
symmetric-type NLC with optimized input parameters for T'B = 40 and equal MLW.
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in [51], for a TB = 40 and T = 5 us, provides an ASP level of —25.81 dB as shown in Figure 3.9(b)
with a —3 dB MLW of 0.037. Now, to design a tangential-type chirp, the proposed tangential-type
chirp function given in (3.24) is used. The associated chirp signal and ASPs are calculated using
(3.27) and (3.31). Compared to the chirp function in [51] which needs to calculate M coefficients with
M = 30, the proposed NLC function requires to calculate only three parameters, thereby providing
a simpler design process. The optimization process output, to minimize the peak sidelobe level while
maintaining the same MLW value, provides the optimized values of the input parameters as a = 0.352,
x1 = 1.084, and xo = 8.212, with an ASP level of —28.84 dB. The output, shown in Figure 3.9(b),
indicates an improvement of 3.03 dB in ASP level over [51]. Thus, the designed parameterized NLC
functions not only provide the required waveforms but also provide improved performance over the

existing ones.
3.3.3 Proposed Design for Set of DFCW-NLC

Construction of discrete frequency-coding waveforms consisting of pulses designed using the pa-
rameterized NLC, given in Section 3.3.1, is presented in this section. Based on the requirement, the set
of waveforms can be used for MIMO and multiuser radar applications. In this context, the correlation
properties of the proposed waveforms are analyzed and are compared with DFCWs designed using

linear and nonlinear chirp waveforms reported in [39,40,46, 48,49, 52, 53].

f
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Figure 3.10: Time-frequency plot of one of the DFCW-NLC designed using the parameterized tangential-type
NLC.
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The waveform, namely discrete frequency-coding waveform with nonlinear chirp pulses, i.e., DFCW-
NLC, consists of NV frequency hopping pulses having a frequency step size of A f, and each pulse having
a duration of T, and bandwidth of B. In the proposed design, in a particular DFCW-NLC, each one
of the N pulses can be either up-chirp or down-chirp, as shown in Figure 3.10. The pulse type is
considered as tangential-type chirp, obtained using (3.24) and (3.27), for the construction of DFCW-
NLC. Considering that the waveform set consists of K DFCWs-NLC, k' waveform can be expressed

as
N—-1
= pia(t—nl), (3.38)
n=0

where i € {1,2}, k= 1,2,..., K, the waveform duration is Ty = NT', and p’fvn(t) and pévn(t) represent

the up-chirp pulse and down-chirp pulse, respectively. Using (3.27) pﬁn(t) is given as
pha(t) =270 g <t < T, (3.39)
The associated instantaneous frequency function fl-]fn(t) is expressed using (3.24) as

) = o+ Gelwadn) + (-0 98 |3 (20 (£ -3) )+ 5% (20 (5 -3)) ] o)

and qbfin(t) is calculated using (3.28) and (3.40) as

$in(t) = (fo+ Grm)Af) t+ (1)

@ t 1\ 1-qa £ 1\ \%2H!
20 | = — = 20| = — = . 41
) [$1+1< (T 2>> +$2+1< <T 2>> ] (3.41)

Here, G, is a sequence of length N and represents the frequency firing order of the chirp pulses for k"

(i-1) BT
1

DFCW-NLC. The sequence is a unique permutation of sequence {0,1,..., N — 1} and n is the index

number of the sequence with the corresponding value given by G (n) where Gi(n) € {0,1,..., N —1}.
3.3.4 'Waveform Optimization and Selection

Performance of the proposed DFCW-NLC can be evaluated through CAF. Using (3.6) and (3.38)

the CAF between two waveforms, si(t) and s;(t), k,1 € {1,2,..., K}, k # [, can be expressed as

+00 )
Nown (1) = / sx(t)s(t — T)ei2 et (3.42)
N—1N-1 ‘
=y / Pyt —nT) ply . (t —mT — 7)e?*™dt, (3.43)
n=0 m=0
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where 4,7 € {1,2} and ¢ accounts the Doppler offset. For [ = k, (3.43) reduces to delay-Doppler
ambiguity function (DAF) given by xs,s, (7, ). Whereas, the CAF between two pulse waveforms,

pfm(t) and pé/7m(t), can be evaluated using (3.31), (3.39), and (3.43) as

400 '
Tpk o, (7_7 SD) :/ pin(t)pi’,m(t _ T)e]2mptdt

LN m —0

—ei2m(fo+Gi(m)Af)T \I,Z(lzicilwl-im)(a’ X1, T2, T, 0), (3.44)

(DFCW-NLC)

where \Ili’km’i,’l’m

(o, 1, 29,7, ) is given by

(]IDCFCYVZ-NLC)(Q 71, ] 2 / o 327[(Gi(n)=Gi(m) A S+t
7’7 7n77' b 7m ? ) ’ ’

—00

« IR (DU (2004 1)) =0 D (20 - ) ]

it (D (@0(E-1) =0 (1)) gy (5 )

and substituting (3.44) in (3.43), xs,s,(7,¢) can be evaluated. Here, for the analysis of correlation
properties of the DFCW-NLC, ¢ is considered to be zero. Accordingly the cross-correlation between

the pulses, pf,n(t) and pé,m(t), can be calculated from (3.44) as

m m

Ry g, =Ty (7,0, (3.46)

Setting | = k, m = n, and ¢’ = i, the autocorrelation of pﬁn(t) can be calculated from (3.46).
Since in the proposed design each pulse can be of up-chirp or down-chirp type, for a given T" and B,
we need to determine appropriate input parameters, «, x1, x2, such that cross-correlation between the

up-chirp and the down-chirp pulse waveforms, i.e., Ry, (7), calculated from Ry 1

i',m

(1) (I,k,m,n
ignored), should be minimized while maintaining chirp autocorrelation, calculated from R, (7) for
7" = 1, within a threshold level. Hence, a joint optimization of ASP level of the chirp and CCP level
between the up-chirp and the down-chirp pulses is performed. The associated cost function can be

formulated as

Epuse = max(Cccp (7)) + max(Casp(7)), (3.47)

where (Asp(7) = |Rp,p, (T)|r20 and (ccp(T) = |Rp,p, (7)| constitute the fitness functions and satisfy the
condition: max({ccp(7)) < max({asp(7)). In radar applications where multiple waveforms are used
simultaneously, CCP level between different DFCWs-NLC should be as low as possible to maximize the

performance. From (3.43) and (3.44) it can be found that for each DFCW si(t), k € {1,2,..., K}, the
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associated sequence Gy, and the chirp type () of each pulse pﬁ ,,(t) needs to be optimized to improve the
overall cross-correlation performance. Accordingly, the optimal sequence for the constructed DFCW-
NLC can be obtained through the GA based optimization process, presented in Section 3.3.2, and

using (3.43) and (3.46) the associated cost function is given by

K K K
Eprow-NLe = Y max|Xee, (T,0)[r20 + 01> Y max|xe. (7,0)], (3.48)
=1 k=1 =112k

where o1 is the weight coefficient to control the relative weight of the two summation terms. The ASP
and CCP levels calculated from (3.48) constitute the associated fitness functions. In the optimization
process, the number of generations is kept large to ensure the convergence of the search process and

is set to 100.
3.3.5 Performance Analysis and Discussion

In this work, the design of a set of eight DFCWs-NLC, i.e., K = 8, is performed and it provides
double the number of waveforms as compared to the designs in [52,53]. For the given design parameters
of N =32, TB =32, and TAf = 4, the optimized values of the input parameters for the tangential-
type chirp pulse, obtained from the optimization process, are a = 0.6598, x1 = 1.0049, xo = 4.6608,
and are used to construct the DFCWs-NLC. The corresponding ASP level is —26.73 dB and CCP
level between the up-chirp and the down-chirp pulse is —15.51 dB. In the next step, the frequency
firing order sequence, G, and the chirp type (i) of each pulse associated with each DFCW-NLC
are optimized considering o7 as 1. The optimized sequences G along with the chirp type i of the
corresponding NLC pulses are listed in Table 3.6. The associated ASP and CCP values of the proposed
DFCWs are presented in Table 3.7. The CCP values indicate a good level of separation, in terms of
cross-correlation performance, between the DFCWs and make them a suitable candidate for MIMO
radar and multiuser radar applications. Further, as an example, the autocorrelation performances of
the eight DFCWs-NLC are shown in Figure 3.11.

Performance of the proposed set of DFCWs-NLC is compared with the reported DFCWs designed
using LC [39], PWLC [49], tansec-type chirp [52], i.e., DFCW-TSC, and tangential-type chirp [53],
i.e., DFCW-TC, for MIMO radar applications, considering the same value of K, N, TB and Af.
Results, given in Table 3.8, indicate that the proposed set of DFCWs, designed using the optimized
tangential-type chirp pulse in combination with the optimized frequency hopping sequence (Gy) and

pulse type (i), provide significant improvement in average sidelobe peak level performances for both
TH-2806-156102017
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Table 3.6: Frequency firing order sequence (Gy) along with the type (¢) of the associated chirp pulses of the

DFCW-NLC with K =8

Gy

Gr

Gs

G5

Gy

Gs

Go

Gy

n

31

27
28
21

16
22

13

28

10

14

17

14
26

23
18
21

18

11

27

25
18
10
19
31

27
24
22
30

10

17
30
25

14
15
31

25
20

26
28
23
20
29
27
19
21

24
12
16
19

15
25
22
24

16
28

20

29

13
18
29

18

27
16

10
11

17
31
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autocorrelation and cross-correlation operations over [39,49,52,53]. The designed DFCWs-NLC pro-

vide an average ASP level gain of 5.45 dB, 7.39 dB, 3.92 dB, 3.44 dB, and an average CCP level gain
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Table 3.7: ASP and CCP values in dB of the designed DFCWs-NLC for K = 8, N = 32, TB = 32, and
TAf =4

S1 52 83 S4 55 56 S7 58
s —27.48 —26.43 —26.62 —26.79 —-26.29 —-26.36 —26.22 —26.20
so —26.43 —27.65 —26.27 —26.22 —26.24 —-26.39 —-26.51 —26.37
s3 —206.62 —26.27 —27.50 —26.26 —26.46 —26.38 —26.29 —26.55
84 —26.79 —26.22 —26.26 —27.66 —26.36 —26.47 —26.53 —26.31
s5 —26.29 —26.24 —26.46 —26.36 —27.81 —26.34 —26.44 —26.27
s¢ —26.36 —26.39 —26.38 —26.47 —26.34 —28.00 —26.49 —26.32
sy —206.22 —26.51 —26.29 —26.b3 —26.44 —26.49 —-27.68 —26.25
sg —26.20 —26.37 —26.55 —26.31 —26.27 —-26.32 —26.25 —28.03

of 5.76 dB, 6.61 dB, 5.90 dB, 3.72 dB as compared to [39], [49], [52], and [53], respectively. Thus, the
improved CCP performance of the proposed DFCWs, while maintaining a low ASP level, makes them
a superior candidate for MIMO radar applications.

For multiuser radar system, considering a pair of waveforms, e.g., sg and sg, the associated ASP
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Figure 3.11: Autocorrelation outputs of the designed DFCWs-NLC with TB = 32, N = 32, TAf = 4, and
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Table 3.8: Comparison of different DFCWs for K =8, N =32, TB =32, and TAf =4

Average ASP level Average CCP level

Proposed DFCW-NLC —27.73 dB —26.38 dB
DFCW-LC [39] —22.28 dB —20.62 dB
Proposed DFCW-PNLC (Sec. 3.2) —23.11 dB —21.03 dB
DFCW-PWLC [49] —20.34 dB ~19.77 dB
DFCW-TSC [52] —23.81 dB —20.48 dB
DFCW-TC [53] —24.29 dB —22.66 dB

Table 3.9: ASP and CCP performance for a pair of DFCWs with N =32, TB =32, and TAf =4

Average ASP level Average CCP level

Proposed DFCW-NLC —28.01 dB —26.32 dB
DFCW waveform [40] —24.13 dB —22.14 dB
DFCW waveform [46] —22.21 dB —21.67 dB
DFCW waveform [48] —24.16 dB —21.93 dB

and CCP performances of the proposed DFCWs are compared with the designs reported in [40,46,48]
while maintaining the same value of N, TB and Af. The results, given in Table 3.9, indicate a
superior sidelobe peak level performance by the proposed DFCWs with an average ASP level gain of
3.88 dB, 5.80 dB, 3.85 dB, and an average CCP level gain of 4.18 dB, 4.65 dB, 4.39 dB as compared
to [40], [46], and, [48], respectively. We find that the designed DFCWs-NLC perform equally good, in
terms of correlation performances, for both MIMO and multiuser radar applications, and this indicates
the effectiveness of the proposed parameterized model and the waveform design process to attaining

radar waveform diversity.

3.4 SC-MCR Waveform for Satellite IoT Communication

Chirp waveform modulation, apart from the radar systems, has recently found its application for
LEO satellite IoT communication where design of symmetry chirp (SC) waveforms [58] is used for
low data rate communication. However, the reported waveform is considered for single user and only
one pair of SC waveforms has been used, therefore it constitutes an interesting opportunity to explore
further about the waveform and its potentiality in M-ary and multiuser environment. Thereby, in

this work, firstly, the cross-correlation performance of multiple SC waveforms is analyzed to find its
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suitability in presence of interference. Secondly, from the analysis and understanding of the proposed
radar waveforms related to minimization of overall cross-correlation level, design of a new symmetry
chirp with multiple chirp rates, SC-MCR, is proposed to achieve improved overall cross-correlation
performance as compared to SC waveforms. Thirdly, a design of time domain multiplexed SC-MCR
waveforms is presented to improve the overall system data rate, and finally SER performance of an
M-ary communication system employing the SC-MCR waveforms is evaluated over an Rice-lognormal

satellite (RLS) channel [90] in a multiuser scenario.
3.4.1 SC Waveform Analysis

In the design of SC waveforms presented in [58], for a given bandwidth B, waveform duration 7,

and spreading factor SF, starting frequency of the waveforms is given by
(3.49)

where B, € {0,1,2,...,2% — 1}, BT = 25F 'and SF = 6,7,...,12. The associated symmetric chirp

waveform in time-domain [58] is given by

. B 42
o/ s> (artttumt) 0<t<Ty,

sa(t) = (3.50)
. B 42
/%6327r(ﬁt +ynt—Bt)’ T,<t<T,
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Figure 3.12: Cross-correlation performance of SC waveforms [58] considering 8 waveforms and SF = 6.
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where T, = (1 — %”) T,nec{0,1,2,...,25F — 1}, and FE is the symbol energy.

Consider a set of 8 SC waveforms, with SF' =6 and B,, = 3,6,9,...,24, operating simultaneously
in a multiuser communication scenario. Cross-correlation of the SC waveform of a particular user
with the received signal comprising of SC waveforms of rest of the users is calculated and is shown in
Figure 3.12. It indicates presence of multiple large cross-correlation peaks, with maximum normalized
peak value exceeding 0.7 at different delay positions. The main reason for the formation of the peaks
is the cross-correlation of chirp sections of one SC waveform with that of the other SC waveforms.
As the chirp rate is the same for different sections of SC waveforms, overlap of the chirp sections of
SC waveforms at different delay generates localized peaks and when multiple SC waveforms operate

simultaneously, accumulation of localized peaks results in a large one.
3.4.2 Proposed Design of SC-MCR Waveform

Fixed chirp rate in SC waveforms leads to high cross-correlation peaks and the cross-correlation
between chirp waveforms can be reduced by keeping the chirp rates different [1]. Thus, minimization
of the localized cross-correlation peak values between the sections of different SC waveforms while
maintaining the symmetry nature of the waveform can be achieved by dividing each half of the wave-
form into subsections and applying different chirp rates for each subsection. Accordingly, the design
of a new set of chirps namely symmetry chirp with multiple chirp rates, SC-MCR, is presented to
reduce the overall cross-correlation level caused by possible delays in LEO satellite communication.
The proposed SC-MCR waveforms, for a given bandwidth B, waveform duration T', and SF, can be

constructed as follows:
(1) Frequency variation of the chirp is symmetric with respect to % in the interval of 0 to T

(2) Each half is divided into two subsections with two different chirp rates and each half of the chirp
covers the entire bandwidth. For each subsection, the out-of-band frequency portion is wrapped

around such that it stays within the signal bandwidth.

(3) Different chirp signals can be designed by shifting the starting frequency of the chirp. The

frequency shift between chirps is integral multiple of Af and Af = 25%.

The plot of instantaneous frequency of the SC-MCR, waveform is shown in Figure 3.13. Based on

the chirp rate of the first sub-section of the chirp having a duration of [, two kinds of SC-MCR are
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designed: up-SC-MCR and down-SC-MCR when the chirp rate is positive and negative, respectively.
A generalized design process of the instantaneous frequency of k" up-SC-MCR waveform can be

formulated as .

KAf+ B 4 pot,  0<t<T &kAf+EB +pt<B

KAf—Z +pt,  t<Ty

EAf +x1B —t, t<Th & kEAf+x1B— it >0

EAf 4+ xoB — uit, t <Th

Ji(t) = (3.51)
EAf —xoB + pit, t<T5 & kEAf —xoB+ it < B

EAf —x3B + uit, t<1Tj

EAf +x4B — pot, t<T & EAf +x4B — pot >0

| KOS+ 5B — pot, ¢ < T

Similarly, the generalized design process of the instantaneous frequency for &** down-SC-MCR wave-
form is given by

KAf—Z —pot,  0<t<Ty &kAf—L —pot >0

EAf+ 8 —pot,  t<T

EAf —x1B+ pit, t<To & kEAf —x1B+mt<B

kAf — 2oB + pit, t<Th

fr(t) = (3.52)
EAf 4+ xoB —puit, t<T3 & kEAf+x9B — 1t >0

EAf + 23B — uit, t<Ts

EAf —xyB 4 pot, t<T & EAf —x4B + pot < B

EAf —x5B 4+ puot, t<T,

where [ denotes the duration of the first sub-section, i.e., T} =1, Ty = %, T3=T—-1],and 0 <[ < %

and | # L. BT =257 k € {0,1,2,...,25F — 1}, Af = &, and SF is an integer with SF > 1.

Values for z1, xo, x3, 14, and x5 are given as x1 = ﬁ - %, Ty = % (%), T3 = % (2—1— %),

Ty = % (% — 1), and x5 = % (% + 1). Different chirp rates are calculated as pug = % and pu; = %.

In each sub-section of the up-SC-MCR and the down-SC-MCR, the out-of-band portion is wrapped
around and the transition time instant T}, for i*® section of k*® chirp, can be obtained from (3.51)
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Figure 3.13: Plot of time-frequency of the proposed SC-MCR. Two up-SC-MCRs (k = n and k = m) are
shown in solid lines and one down-SC-MCR (k = n) is shown in dashed line.

and (3.52), respectively where i = 1,2,3,4. As an example, using (3.51), corresponding T}, can be
calculated as

Ty, =t for k‘Af—i—g-i-#ot:B, 0<t<Ty

Tk, =t for kAf+x1B—mt=0, T1 <t<Ty

T, =t for kKAf —xoB+mt=DB, To <t <13

Tk4 =t for k‘Af +ax4B —pupt =0, Ty <t<T, (353)
where Th = % Corresponding SC-MCR waveforms, in complex form, can be written as
sp(t) =2 o<t < T, (3.54)

where ¢ (t) = fg fr(t)dt, and fi(t) is given in (3.51) and (3.52) for up-SC-MCR and down-SC-MCR,

respectively.
3.4.2.1 Correlation Analysis of Waveforms

Given the proposed SC-MCR waveforms, the cross-correlation between any two SC-MCR wave-
forms s, (t) and s,,(t), n,m € {0,1,...,25F — 1}, given by (3.54) and m > n, can be calculated using
(1.10) in a generalized form as

+o0 3 Tit1
R o (7) = / Su(O)siu(t — )t =3 /T sn(t)s™ (t — T)d, (3.55)
e i=0 v ti
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where (-)* denotes the conjugate operation, 7y = 0 and T = T'. In case there is a transition within
a subsection, the integral for that section can be calculated as the summation of individual integrals,

i.e., using (3.55)

/Tiﬂ sp(t)st (t — 7)dt = /TMZA+l sp(t)sk, (t — 7)dt + /Tﬁl sp(t)sy, (t — 7)dt. (3.56)

T; T; i1
Thus, total correlation can be considered as a sum of correlations between different subsections of the
two chirps. The instantaneous frequency of the subsections of SC-MCRs, given in (3.51) and (3.52),

can be written in a general form, for any up-chirp subsection, as

fE(t) = kAf + & + pet, t1 <t <ty (3.57)
and for any down-chirp subsection as

fi(t) = RAf + & = pet, T <t <ty (3.58)

where ¢ € {0,1} and ¢ incorporates the constant terms. Corresponding chirp signal of the subsection

is given using (3.54), (3.57), and (3.58) as
si(t) = o0, (3.59)

where ¢f(t) = fot fE(t)dt. Using (3.51), (3.52), (3.54), (3.55), and (3.57) cross-correlation between two
subsections of the SC-MCR waveforms s,(t) and s,,(t), considering that both the subsections have

up-chirps, is given by

Ry (7) = / @) (t— 1)t (3.60)

t1

t
_ / ? ej?w[(nAf—i—fn)t—‘rH’%tﬂe—jQW[(mAf—i-fm)(t—T)—i-qum (t—T)z]dt
t1

s [("*m)Af+(§n*§m)+qu 7'}2
I (upn —kgm)

— e_jﬂ'l/«qm 2 ej27"(mAf+§m)Te

2
to Tr—— (”—m)Af+(fn—€m)+quT:|
% / €]7r |: l’LPn uqm + \/Hpn —Bam dt

t1

e_jﬂ—H‘QmT2 e]27r(mAf+§m)T —jﬂ' X2 ’ ’ / /
- e Gipn —ram) [0 (20) + jS (22) — C'(z1) — jS' (z1)],  (3.61)
2(lupn - IU’Qm)

where X = (n - m)Af + (é‘n - gm) + Mgy, Ty Ze=1,2 = \/ m [(an - qu)ta + X] and p,q € {07 1}-
C'(z) and S'(z) are Fresnel integrals [10]. For n = m and p = ¢, (3.61) gives the autocorrelation of
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Figure 3.14: Cross-correlation performance of SC waveforms [58] and up-SC-MCR, waveforms considering 8
waveforms, SF' =6 and [ = 0.37". Also autocorrelation of up-SC-MCR is shown.

sh(t). Similarly, if chirp-types of two subsections are opposite, i.e., one is up-chirp while the other is

down-chirp, the cross-correlation can be calculated using (3.54), (3.55), (3.57), (3.58), and (3.60) as

R

snsgn(

t
5= / ? oi2m (A fhEn) 1B 2] jom(mA fhEm ) (t-7)— L (t-7)2] gy
t1

I2m(MAf+HEm)T eimpam ™ o w2 / / '
_ ¢ ™ Tipn Frigm) [C (22) + §S (22) — C'(z1) — §S (21)] . (3.62)
2(“1771 + /’L‘Im)

where ¢ = (n = m)Af + (€ — &m) — HgnTs Ze=12 = ([ 025 [(Hpo + Hign )te + V).

Cross-correlation of the up-SC-MCR waveforms considering 8 chirps, SF = 6 and [ = 0.37 is
plotted in Figure 3.14. Result indicates that maximum cross-correlation level of the proposed SC-
MCR waveforms is lower than that of SC waveforms. For different delay 7, SC-MCR, waveforms are
able to maintain the normalized overall cross-correlation level below 0.5, whereas for SC waveforms it
exceeds 0.7 for certain delay values. Thus, for a multiuser or M-ary communication scenario, SC-MCR
minimizes MAI compared to SC.

3.4.3 Time Domain Multiplexed SC-MCR Waveforms: A Transmission Scheme
to Improve Data Rate

For a K user environment with each user using an M-ary chirp system where M = 2¢ and

KM = 25F the data rate for the entire system is given by Rigta = % bits/s. In an attempt to
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Figure 3.15: Time domain multiplexed chirps constructed using up-SC-MCR and down-SC-MCR with the
overlap of 0.37'.

improve the data rate a design of a time domain multiplexed (TDM) SC-MCR waveform is presented
here for a the multiuser system. Both up-SC-MCR and down-SC-MCR waveforms are used for the
design as shown in Figure 3.15 with [ is chosen as 0.37". Overlapping of chirp waveforms is the basis of
the proposed design. In time domain, a set of 2°F up-SC-MCR and a set of 257 down-SC-MCR are
placed such that the last subsection of the waveforms in one set overlaps with the first subsection of the
waveforms in the next set. The two sets are repeated to obtain the TDM SC-MCR. Since the chirp rate
of the first subsection of the waveforms in a set is the same as the chirp rate of the last subsection of
waveforms in the previous set, complete overlap of the subsections boosts the autocorrelation output
level for both the chirp waveforms during the demodulation at the receiver. However, for partial
overlap of subsections, the cross-correlation depends on the amount of overlap. The corresponding
chirp waveforms of a subsection for up-SC-MCR and down-SC-MCR can be obtained using (3.51),
(3.52), (3.57), (3.58), and (3.59), and all the correlation values can be evaluated using (3.55), (3.60),
and (3.62). For an overlap of 0.37, it can be found using Figure 3.15 that 6 waveforms can be
transmitted in a duration of 4.57". Thus, the lower bound on the overall data rate for TDM SC-MCR

is Reotal = 245 bits/s which is higher than Riotal.

3.4.4 System Model and Performance Analysis Over RLS Channel
A multiuser scenario with K users (IoT nodes) is considered. Each user is equipped with an M-

ary system, designed using the up-SC-MCR waveforms, and to transmit a d-bit symbol a set of M

SC-MCR waveforms are used for mapping each symbol uniquely [4,36] where M = 2¢. Using (3.51)

TH-2806156102017
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and (3.54), chirp signals corresponding to the k™ user can be written as
s, (t) = 2™ umtn®) 0 < < T, (3.63)

where u denotes the u' chirp out of M chirps allocated for k™ user, u € {0,1,...,M — 1}, and
ke {0,1,..., K —1}. For a given SF, the values for M and K are chosen such that all the available

waveforms can be used, i.e., KM = 25F . At k'™ receiver, the received signal is given by

K-1
Ue(t) = VEssi, () + > V/Eos, (t) + wi(t), (3.64)
r=0;r#k
where i € {0,1,..., M — 1} and denotes the i*" waveform transmitted for r*® user. Fj is the symbol

energy, wg(t) is additive white Gaussian noise with zero mean and variance %, and a process similar
to [59] is assumed for acquisition of the received signal. At the receiver, cross-correlation of the received
signal yg(t) with the reference chirp waveforms, constituted from (3.63), would result in only intended
correlator to produce high output and lead to estimation of d-bit data symbol [4,36]. Accordingly,

following [4] and using (2.87), for k' user the SEP can be bounded and given by

M

1 B, (1— pt¥) 2
Peksyg éf!( Pk )] (3.65)

K-1 ~
NO + Z’r:O;T#k Esp%;)

where gt = pi — p¥i_ ptt pUi - and p¥? are normalized sampled values of Ry 500 (T)y Rsp s, (T)s
and Ry, s, (7), respectively, and are calculated using (3.55), (3.61), (3.62), and (3.64). Q{-} is the
Q-function [16].

Use of the proposed TDM SC-MCR waveforms in the chirp system allows us to increase the number
of users, hence increasing the overall data rate, without increasing SF'. A set of K M-ary users can

be identified by assigning a set of 25

up-SC-MCR waveforms and another set of K users can be given
a set of 297 down-SC-MCR waveforms. Waveforms in each set have a waveform duration of 7' and
the repetition interval for each set is given by 27 — 2I, as shown in Figure 3.15. Accordingly, the SEP
for k"™ user, designed using the up-SC-MCR waveforms of the TDM SC-MCR, can be given, after
appropriately modifying (3.65), as

1
M-1 M-1 ~ 2
1 By (1 — pij; + i)
Pek < — Z Z Q[ ( K—1 - ~ ’ (366)
M u=0 v=0;v#u No + ZT:OW‘#k Ly (’0%71”) + ng)

! U U / / / /
where piv = 77 — g7 % and P = pi? + pi? . pi and pp? are normalized sampled values of
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R, s, (7) and Ry, o (7), respectively, and are calculated using (3.61) and (3.62). For u = v, ,ézgq,
is calculated from ﬁZflql. Within the interval of 0 to T, s;. (t) and s;, (t) corresponding to the last and
the first subsections of down-SC-MCR waveforms, obtained using (3.51), (3.52), (3.54), and (3.64),
overlap with the first and the last subsections of up-SC-MCR waveforms, respectively. Further, p}} is

obtained from p}?

by setting r = k.
The performance of the system is analyzed under an RLS channel model [90] which represents a
LEO satellite channel, modeled for the L-band, and its PDF is given by

fu(h) / * 2K + D | ek (G52) ] Fh(k(m 1>>%] ds (3.67)
= — i - , .
h 0o V2mwgoS3 01's

where h is the envelop of the received signal, K is the Rice factor, S is shadowing, Ij is the zero order

modified Bessel function of the first kind, and g = (In 10)/20. The model parameters K, 1, o are
functions of the elevation angle « as defined in [90]. Using the PDF, performance of the chirp system

is evaluated through numerical simulations.
3.4.5 Numerical Results and Discussion

The SER performance of the multiuser M-ary system, with SF' =6, =0.37, K =8, and M = 8,

for LEO satellite [oT communication, is presented in Figure 3.16. From the results it can be found that

10°5 88, -e-Proposed SC-MCR
S8 -4-Time domain multiplexed SC-MCR
. "B-Symmetry chirp [58]

o0t
n
(<)
<
O
<

102+

103¢
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Figure 3.16: SER performance of an M-ary communication system with transmission rate of 3 bits per symbol
employing the proposed up-SC-MCR waveforms, the proposed TDM SC-MCR waveforms, and the symmetry
chirp waveforms [58] in a multiuser environment considering SF =6 and [ = 0.37.
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3.5 Summary

the use of SC-MCR waveforms result in better performance over SC waveforms for both AWGN and
RLS channels. With the increment of elevation angle «, i.e., from 40° to 60°, the system performances
improve, because of increase in K and decrease in o [90].

The system using TDM SC-MCR, waveforms shows slightly poor performance compared to the
system using up-SC-MCR waveforms, due to increase in the number of users. However, it performs
better compared to the system using SC waveforms while providing higher data rate. For the given
system with SC, the overall data rate Riota1 can be given as 15000 bits/s whereas using TDM SC-MCR,
the overall data rate Rtotal is given by 20000 bits/s , which is 1.33 times higher. Based on application
requirement, data rate of the system can be increased by varying B and SF' appropriately. For SER
level of 2 x 1072 and o = 60°, the systems with up-SC-MCR and TDM SC-MCR provide a gain of
3.6 dB and 2.7 dB in %, respectively over the system with SC, as shown in Figure 3.16, indicating

that SC-MCR, waveforms provide better interference immunity over SC waveforms.

3.5 Summary

In this chapter, design of chirp waveforms is investigated for radar and LEO satellite IoT ap-
plications, and the associated results are analyzed to evaluate the corresponding improvements in
performance. Particularly, in the first work, presented in Section 3.2, design of DFCW with phase-
coded LC pulses is carried out for multiuser and MIMO radar systems where HFH sequences are
used to control the frequency-firing order of the waveforms. The associated auto-ambiguity and cross-
ambiguity functions are derived to analyze the performance of the waveforms. An optimization process
consisting of two stages with the selection of appropriate HFH sequences and PN-code sequences in
the first and second stages, respectively has been presented, and the associated simulation results have
demonstrated the effectiveness of the proposed design technique and the optimization process in terms
of providing improved ASP and CCP level performance over existing DFCW-LC. Design of a set of
DFCWs-NLC is described in the next work, in Section 3.3, for which a parameterized mathematical
model is proposed. Both symmetric and asymmetric type NLC functions can be obtained from the
model and an optimization process based on GA has been presented to achieve optimal values of input
parameters of the NLC waveforms based on the targeted output. In addition, analytical expressions of
autocorrelation and cross-correlation for the parameterized NLC waveforms that have been used in op-

timization process are derived. Related simulation results have indicated that the parameterized NLC
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waveforms in combination with the optimization process are not only able to provide chirp waveforms
with desired properties but also improve the ASP and CCP performances over the existing designs
while using fewer input variables, and thereby simplifying the waveform design process. A set of eight
DFCWs-NLC are designed where the duration and bandwidth of the NLC pulse remain the same
but the chirp type (up-chirp or down-chirp) varies across DFCW. A tangential-type NLC waveform,
obtained from the model, serves as the building block for the DFCW where the input parameters of
the waveform are optimized to improve the ASP and CCP levels. Analytical expressions of CAF and
DAF for the analysis of the sidelobe peak levels of the proposed DFCWs have been derived, and a
joint optimization of the frequency hopping sequences and the chirp type at each frequency slot of
the DFCWs-NLC has been performed to attain further improvement in ASP and CCP levels of the
DFCWs. The numerical results confirm that the proposed design is able to provide a large set of
DFCWs while minimizing the overall ASP levels and CCP levels between the DFCWs. Moreover, in
comparison to the reported DFCW designs, the proposed design provides an average gain of ~ 5.0 dB
and =~ 5.47 dB in ASP and CCP levels while considering waveforms for MIMO radar, and an average
gain of ~ 4.51 dB and ~ 4.41 dB in ASP and CCP levels while considering waveforms for multiuser
radar. Hence, it makes the designed set of DFCWs a superior candidate for high range-resolution
radar applications and indicates the effectiveness of the proposed parameterized model and the wave-
form design process. In the third work, in Section 3.4, design of SC-MCR waveform is presented to
improve overall cross-correlation level over SC waveforms [58] for which high cross-correlation peaks
are observed under multiuser scenario. The generalized design of two types of SC-MCR, i.e., up-
SC-MCR and down-SC-MCR has been discussed and analytical expressions for cross-correlation and
autocorrelation of the SC-MCR. waveforms have been derived. In addition, analysis on the SER per-
formance of an M-ary system over an RLS channel in a multiuser scenario indicates that employing
SC-MCR. waveform reduces cross-correlation and provides better performance over SC waveforms.
Moreover, the proposed TDM SC-MCR by combining the up-SC-MCR and down-SC-MCR has al-
lowed to increase in the overall system data rate with minor degradation in performance. Thus, the
proposed SC-MCR waveforms are able to provide a more reliable LEO satellite IoT communication

and maintain a higher data rate compared to that of SC waveforms.
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4. Design and Analysis of Chirp Waveform for WEIT in Multisensor System over Multiantenna
and Multibands

4.1 Introduction!

Design of waveforms and systems based on chirp for communication and radar applications have
been explored and investigated in the previous chapters. In the era of 5G and massive MIMO wireless
technology, WEIT has recently gained significant attention [71] as it makes use of RF signal for simul-
taneous operation of WET and WIT. WET becomes appealing by essentially providing a perpetual
supply of energy for energy-limited networks, e.g., WSN, IoT etc., low power electronic devices in order
to prolong the lifetime of the energy-constrained nodes [24]. However, most of the existing works have
studied WET or WEIT based on the transmission of fixed-frequency waveform on the downlink (DL)
either for single carrier [63-66] or for multi-carrier systems like OFDM [22,24,69-72]. As a waveform,

chirp exhibits some unique properties which are given below:

(1) Unlike fixed-frequency waveform in which the signal bandwidth is inversely related to its dura-

tion, the duration of a chirp can be varied independently of its bandwidth [1].

(2) Since, the instantaneous frequency of chirps varies as a function of time, with appropriate de-
sign it can be ensured that identical signal frequencies corresponding to distinct chirps do not
appear at a given time instant. This is the reason why the instantaneous power contained at
any frequency satisfies the peak power constraint irrespective of the number of chirps that are
superposed within a subband, in a multiband system, while keeping the waveform bandwidth
equal to the subband bandwidth. Thereby, with appropriate design, the instantaneous frequency
of each of these chirp waveforms that are placed within a subband can be separated by a fixed

amount, and they would remain mutually uncorrelated over the waveform duration.

In this chapter, design chirp waveform has been investigated to exploit its key property for the
applications of WET where a superposition of multiple distinct chirp waveforms is transmitted on
the DL over select subbands with relatively higher channel gains to make use of frequency diversity
without violating the peak power constraint, i.e., the instantaneous power contained at any frequency
of the waveform to improve the ETE and overall harvested energy at the sensor end. To the best of
the authors’ knowledge, this is the first work that (i) proposes application of chirp for DL-WET and
quantifies the gains obtained over DL-WET via fixed-frequency waveform, (ii) presents DL-WET to a

group of sensors placed at different distances from the access point (AP) where energy is transferred

!Dr. Salil Kashyap, Dept. of EEE, IIT Guwahati, is associated with this work.
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over selected subbands with relatively higher channel strengths independently to each sensor in an
OFDM system, (iii) presents the design of optimal power and subband allocation strategies for both
fixed-frequency and superposed chirp waveforms to maximize the minimum harvested energy in the
sensor network. Specifically, a WSN is considered where an AP with M antennas is involved in DL
energy transfer (to) and uplink (UL) information transfer (from) the K single-antenna sensor nodes.
We have focused on a scenario where the entire system bandwidth is divided into multiple orthogonal

subbands (V). Given this set-up, the main contributions are listed as follows:

(1) A general chirp based waveform design with configuration parameter £ is proposed and key

properties required for optimizing DL-WET are established.

(2) Novel analytical expressions for the average energy harvested by any sensor node are derived for
DL-WET based on transmission of superposed chirp waveforms and based on transmission of
fixed-frequency waveform over subbands selected based on their estimated channel strength. The
mathematical analysis exploits the order statistics of the subband channel estimates acquired

through UL pilot signalling.

(3) For both superposed chirps and fixed-frequency waveform based DL-WET with subband selec-
tion, max-min power control coefficients are derived in closed-form to ensure that sensors placed

at different distances from the AP harvest an equal amount of energy.

(4) Given a constraint on the peak power level per subband, two simple algorithms are presented
to compute the number of best subbands for superposed chirp waveforms and fixed-frequency
waveform based transmission while satisfying the max-min fairness on harvested energy and the

peak power constraint.

(5) As a benchmark, the corresponding results with perfect CSI are also presented. In addition, the

corresponding max-min information transmitted on the UL by the sensors is analyzed.

(6) Extensive numerical results are performed to analyze the joint impact of different design pa-
rameters such as the number of chirps that are placed within a subband, number of subbands
selected, number of antennas at the AP, number of sensors in the network, channel estimation
error, distance between the AP and the sensor on WET and WEIT systems. The computed

results are also benchmarked against DL-WET via fixed-frequency waveforms with and without
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subband selection. Furthermore, Monte-Carlo simulations are conducted to validate our derived

analytical results.

4.2 Proposed Design of Chirp Waveform for WET

In this work, signal design for WET based on chirp waveform is investigated. A chirp waveform with
bandwidth B and duration T, over subband n and corresponding to sensor k can be mathematically

expressed using (1.5) as

50, (£) = cos [% ((fs +(n—1)B)t+ ém@)] L 0<t<T, (4.1)

where the subband index n € {1,2,..., N}, the sensor index k € {1,2,..., K}, fs is the initial

1

_ Biotal _
frequency, B = =ial = 7o

and p = T% denotes the chirp rate. Furthermore, the inter-subband
spacing Af is considered equal to B. Note that the instantaneous frequency fc, ,(t) of the chirp

varies with time and is given by
fo @ =fs+(n-1)B+put, 0<t<T,. (4.2)

An important point to note is that based on the chirp factor u, the duration of a chirp waveform,
unlike a fixed-frequency waveform of bandwidth B, can be varied independently of its bandwidth.
We exploit this property so that the duration of a chirp waveform can be varied without affecting its
bandwidth to transmit a superposition of chirp waveforms in a given subband of bandwidth B. This
can be essentially done by designing a waveform that is obtained through a superposition of these
chirps with increased duration within a given subband while ensuring that the superposed chirps
remain uncorrelated to each other and maintain the same signal-bandwidth B. Furthermore, the
waveforms thus designed satisfy the peak power constraint Ppeax, since any instantaneous frequency
corresponding to these superposed waveforms appears at distinct time instants. In a general form, a
chirp waveform with configuration factor £ can be expressed as
cos [271 (fc(n,l,f)t—i—%,uﬂ)] , 0<t<T,
Sl (1) = (4.3)
cos [27 ((fe(n,1,€) — B)t + sut?)], T, <t<T,
where £ is a positive integer, [ € {1,2,...,&}, fc(n,1,€) = fs + @ +(n—-1B, p= %, T! =

T, (1 — 1%1), and T, = £T,. The factor £ denotes the number of chirps that are superposed within the
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Figure 4.1: (a) Instantaneous frequency of chirp waveforms in chirp-2 configuration (£ = 2) in a subbnad of
bandwidth B. (b) Instantaneous frequency of chirp waveforms in chirp-3 configuration (£ = 3) in a subbnad of
bandwidth B.

same time and signal bandwidth B. Furthermore, the separation in instantaneous frequency between
any two adjacent chirp waveforms in this set of ¢ waveforms is % An example of instantaneous
frequency variation of the proposed chirp waveforms with £ = 2 configuration (i.e., chirp-2) where two
chirps are superposed within the same signal-bandwidth of B and with & = 3 configuration (i.e., chirp-
3) where three chirps are superposed within the same signal-bandwidth of B is shown in Figure 4.1(a)
and Figure 4.1(b), respectively. Note that, the lower and upper limit of the y-axis label are considered
as fr, and fyg where f1, denotes the start frequency and fir denotes the end frequency of the waveform,
fu, fu > 0, such that fiy — fr, = B. Next, we have stated two results to highlight the key properties

of these chirp waveforms as described in (4.3).
4.2.1 Properties of the Waveform

Lemma 1. The chirp signals corresponding to different [ € {1,2,...,&} as described in (4.3)

satisfy the following relation over any subband n of bandwidth B:

Te 2 T
/0 (Scln’k(t)+scgnyk(t)—I—...—I—scgn’k(t)) dt = /O (sglnyk(t)+s§2n’k(t)+...+Sg§nyk(t)) dt. (4.4)

Proof: The proof is given in Appendix A.1. U
Remark 1. For £ = 2, the chirp signals within a subband are not only mutually uncorrelated but
also orthogonal to each other. In other words, f(;[c Sc1 i (t)sc2, , (t)dt = 0.

Lemma 2. The superposed waveform S, ,(t) of the set of chirp waveforms over subband m
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described in (4.3) is mutually orthogonal to the superposed waveform S, , (t) of the set of chirp
waveforms over a distinct subband n, where n # m, i.e., they satisfy the following relation:
T

Se i (1) Se,, , (B)dl = 0, (4.5)
0

where Se,, (t) = sc1,,,(t) + 8c2,, (t) + -+ + 5c¢, . (1), i € {n,m} and n,m € {1,2,..., N}.

Proof: The proof is given in Appendix A.2. U

4.3 System Model

We have considered a WSN comprising of an AP with M antennas involved in DL energy transfer
(to) and UL information transfer (from) the K single-antenna sensor nodes in an OFDM system
as shown in Figure 4.2. A time-division-duplexing (TDD) mode of operation is considered so that
the DL channel from the AP to the sensors is identical to the UL channel from the sensors to the
AP. The total system bandwidth B, is divided into N subbands with an inter-subband spacing
Af=B= % < B, where By, is the coherence bandwidth. The complex baseband channel vector
8nk € CM*1 between the M antennas at the AP and the k™ sensor over the n'" subband is given
by gnk = v Bkhnk, where 8, models large-scale fading comprising of distance-dependent path-loss,
h, ;. € CM*1 captures small-scale fading and it is a random vector with independent and identically

distributed (i.i.d.) zero mean unit variance circularly symmetric complex Gaussian (CSCQG) entries,

Sensor;

’ ’ Sensorg
g
i AP with M antennas i

Sensor;

Sensor,

- => (Phase 1) Uplink pilot signals from sensors to AP for channel estimation
—> (Phase 2) Downlink wireless energy transfer to sensors
- - (Phase 3) Uplink information transfer from sensors to AP

Figure 4.2: System model for WEIT system.
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7, (Phase I) Tpr, (Phase II) TyL, (Phase III)
Uplink channel Downlink wireless Uplink wireless

estimation energy transfer information transfer
(Sensors » AP) (AP - Sensors) (Sensors - AP)

Coherence interval 7,

Figure 4.3: Three phase communication protocol for WEIT system.

Le., [hyx]™ = bty ~ CN(0,1). Since, the inter-subband spacing is less than the coherence bandwidth,
the channel over each subband experiences frequency-flat fading. Also, [g,x]™ = Ink = \/Eh?’k,
where m = 1,2,.... M, n = 1,2,...,N, and £k = 1,2,..., K. In matrix form, the UL channel
coefficient matrix G,, € CM*K hetween M antennas at the AP and K sensors over the n* subband
is given by Gy, = [8n.1,8n,2: - - - » 8n.K]-

It is considered that the channel remains time-invariant over a coherence block of length 7,
seconds and varies independently across blocks. Therefore, channel estimation must be done after
every coherence block. In each interval of length 7, the communication between the AP and the
sensors takes place in three different phases as illustrated in Figure 4.3. In the first phase, every sensor
transmits a pilot of length 7, on the UL to facilitate channel estimation at the AP. In the second phase
of length mpr,, based on the estimated channel, the AP beamforms energy to the sensors on the DL.
Subsequently, in the third phase of length 7y, the sensors transmit information on the UL. Note
that 74, = 7 + 7p1, + TyL. For the presented work, the transmission of wireless power is performed
over multiple subbands and the signal transmitted on the DL from AP across multiple subbands and
to multiple sensors is subject to an average transmit power constraint of P, where the averaging is
done with respect to the channel fading distribution. In a multicarrier system having N subbands,
the harvested energy at the sensor can be improved by allocating more power to the subbands having
relatively higher channel gains [72]. Therefore, allocating power to subbands with relatively lower
channel gain will contribute little to power received at the sensor and will degrade the efficiency of
energy transfer of the system due to high signal attenuation over those subbands. By dropping the
subbands having low channel gains and increasing allocation of power to the set of subbands with high
gains will lead to improvement in the harvested energy. For a system performing transmission with
equal power over N subbands and K sensors, the peak power of a signal Ppea over a band can be

given by Pyeakx = %, while in case, a set of N subbands (]v < N) with relatively higher channel gains
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is employed, the new Peax = ]IVD“‘ which is greater than the previous Pyeak. Thereby with N < N the

la ~7 - Furthermore, the instantaneous power P, contained in a frequency of a

value of Pyeax = = L >
signal at a given time transmitted over the n'" subband towards the k" sensor satisfies the condition

0< Pn,k < Ppeak Vn,k
4.3.1 Channel Estimation

The pilot signal sg,, , (t) transmitted over the n'" subband by the k' sensor is given by

Cp
t) =" ®u(p)scr, . (t — (p— 1To), (4.6)
=1

where sc1,,, (t) = 2 [(fsHn=1)B) 50t o1 0 < ¢ < T., denotes the complex form of chirp-1 signal
(¢ = 1) with unit average power and of duration T, = T, = % over the n'® subband corresponding to
the k" sensor. ®;, € C*% denotes the (p-length pilot sequence assigned to the kM sensor. The pilot
sequences assigned to the K sensors are chosen such that

o 1, k=K
— PPy = O = (4.7)
p

0, k£FK, kK e{l1,2,..., K},
where ()H denotes the conjugate transpose operation. To ensure that assigned pilot sequences are
mutually orthogonal, ¢, > K. Note that the duration 7, of the pilot signal s, , (t) equals 7, = (T <
Tch-

Then, the signal received at the AP over the n'" subband and for 0 < ¢ < CpT1t is given by

ypn \/7 Z 8n k'SP k’ —|- Wb, (t) (48)

E=1
where P, denotes the pilot power, g, 1» € CMx1 denotes the complex baseband channel vector between
the M-antennas at the AP and the k" sensor over the n'" subband and 5%, (t) denotes the pilot
signal transmitted over the n'" subband by the k'™ sensor and is given by (4.6). Furthermore, wy, (t)
denotes the thermal noise vector at the AP and is independent of g, 5.

A sufficient statistics for estimating the channel g, ;. to the Eth sensor is

1 wle H E
= — t tydt = 1/ =2 4.9
Yoo = T |7 v 0, 0t = | e, (49)

where prTC s ., (t Sg k( )dt = GT¢ if k = k' and equals 0 otherwise, Ypoi € CMx1 B, = Py(pTe
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is the energy spent in UL pilot transmission by any sensor, and Wp, i € CM*1 is CSCG noise vector.
Furthermore, wyp, , ~ CN(0,0%1,;), where o denotes the noise power spectral density (PSD) and Iy,
indicates an M x M identity matrix.

Based on yp, , in (4.9), the minimum mean square error (MMSE) estimate gy, ), of the channel

vector g, x to the k'™ sensor over the n'' subband equals [63]

Znk = Bnk + Enks (4.10)

where g, ;, denotes the channel estimation error that is uncorrelated to g, 5. Furthermore, g, ~
Ep 52 -
CN(0,vxIns), where v, = % and g, 1 ~ CN(0, (Bx — 7%)Iar). Note that channel estimation
ag N k
remains the same irrespective of whether a chirp or a fixed frequency waveform is used to design the

pilot signal.
4.3.2 Downlink Energy Beamforming and Proposed Transmission Strategy

In a multicarrier system having N subbands, instead of transmitting with equal power over all
the subbands, it is possible to improve the harvested energy at the sensors by allocating more power
to the subbands having relatively higher channel gains [72]. Furthermore, it is possible to transmit a
superposition of multiple chirp signals in each subband while maintaining the P,k constraint. We
exploit these facts to propose the following strategy for DL-WET based on superposed chirp waveforms
in order to beamform energy towards K sensors.

Proposed Transmission Strategy: The estimated channel vectors of every sensor over all subbands
are arranged in descending order of their channel gains. Specifically, corresponding to the k' sensor,

we sort its subband channel gains as

I8l > 8l = - > &l (4.11)

where /g\[nL i denotes the estimated channel vector between the M antennas of the AP and the k" sensor
over its n'" best subband and the subband index associated with the n*" best subband € {1,2,...,N}.
Furthermore, H/g\[n},kw = ‘ﬁ[ln}kf + |§[n]7k|2 + ...+ |§%k|2 where H . H denotes the Euclidean norm.
Based on this, the AP selects the N best subbands out of the total available subbands N for each of
the K sensors. It then allocates power to the subbands of the K sensors such that the transmit power

Py constraint is satisfied with equality. Specifically, Ppearx > ]I\?}X{ and the power P, ; allocated for a

signal over the n'® best subband of the k' sensor is 0 < Pk < Ppeak- Note that, based on (4.3), a
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chirp waveform with unit average power corresponding to the k" sensor over the n'" subband equals
Set, (8) = V2sa, , (t), (4.12)

where the scaling by v/2 ensures that the average power is unity.

The following discussion illustrates the key idea behind the advantage that WET based on DL
transmission of superposition of chirp waveforms offers over conventional DL-WET transmission strate-
gies based on fixed-frequency waveform in which the frequency of the signal does not vary with time.
Figure 4.1(a) shows the instantaneous frequency variation of the waveforms, having a bandwidth B in
chirp-2, i.e., £ = 2 configuration, designed using (4.3), where the two chirp waveforms are superposed
within the same subband bandwidth B while maintaining orthogonality over the waveform duration
T.. From Figure 4.1(a) it can be seen that the instantaneous frequencies of the two chirp waveforms
always maintain a separation of g so that no two equal signal frequencies corresponding to the two
distinct chirps appear at any given time instant. In fact, the proposed design mandates that identical
signal frequencies corresponding to distinct chirps do not appear at a given time instant. In other
words, the instantaneous frequencies of multiple distinct chirp waveforms that are superposed within
a subband are separated by a fixed amount of ? as can be seen from Figure 4.1 and they remain un-
correlated over the waveform duration. This is the reason why the power contained at any frequency
at a given time is limited to Ppeak irrespective of the number of chirp waveforms that are superposed
within each subband while maintaining the waveform bandwidth of B. It is to note that, superposi-
tion of multiple fixed-frequency cosine waveforms, each of bandwidth B, within a subband of width
B cannot be performed while maintaining the peak power constraint or the orthogonality among the
waveforms. As an example, mathematically, a fixed-frequency cosine waveform of bandwidth B for

kM sensor over the n'™ subband is give by

Sol,,(t) = V2cos 27 (fs+ (n —1)B)t], 0<t<T,, (4.13)

where B = TLO Now, if we want to obtain another fixed-frequency cosine waveform of bandwidth B

that is orthogonal to s1, , (t), then the waveform would be given by
S0z, (1) = V2c0s 21 (fs + (m —1)B)t], 0<t<T,, (4.14)
with m = n + 1 such that fOTO Sol, , (t)S02,, . (t)dt = 0. However, from (4.13) and (4.14), it can be
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Figure 4.4: Selection of N and N, subbands for energy transfer.

found that the total occupied bandwidth by so1, , (t) and se2,, . (t) is 2B. Now, given the subband
bandwidth of B, if we want to allocate both the waveforms within the same subband (i.e. superpose)

while maintaining the signal bandwidth of B, in that case sq2,, , (t) would be rewritten as
802 1 (1) = 802, (t) = V2 cos 27 (fs+(n—1)B)t], 0<t<T,, (4.15)

that is both the waveforms would get overlapped with having identical starting frequency and identical
frequency variation over the entire symbol duration, and therefore, the waveforms will be no longer
orthogonal, i.e., f0T° Sol,p (t)S02, . (t)dt # 0. In fact, the superposed fixed-frequency cosine waveforms

for k'™ sensor over the n'" subband given by
Soni(t) = So1,,, (t) + 502, . (t) =2 (\/5 cos 27 (fs + (n—1)B) t]) , (4.16)

will have double the amplitude as compared to the individual signal unlike the proposed superposed
chirp waveforms.

To elucidate further, consider that the frequency response of the channel to the k' sensor over its
N subbands is as depicted in Figure 4.4. Then, based on the proposed transmission strategy, the top
N subbands having relatively higher channel gains are selected as shown in Figure 4.4. Now, based on
chirp-2 configuration, two chirps in a set are superposed within each subband with an instantaneous
frequency separation of g between the waveforms while satisfying the P,e,x constraint as explained
above. Therefore, using chirp-2 configuration, the AP will end up using only Nc subbands while
N
5 -

satisfying the Py constraint, where ]vc = While meeting the average transmit power constraint

across all the selected subbands and the peak power constraint, transmission of a superposition of
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two chirp waveforms over each of the NC subbands having relatively higher channel gains within
the pre-selected N bands, as depicted in Figure 4.4, would result in higher received energy at the
sensor nodes as compared to that with fixed-frequency signal where no more than one fixed-frequency
waveform of bandwidth B can be placed within each subband of width B without losing orthogonality
and violating the Pj,e.x constraint. Therefore, in a nutshell, for downlink energy transfer based on
superposed chirp waveforms, the maximum number of subbands NC required using chirp waveforms

under ‘¢-chirp configuration’ is calculated as follows
(i) If N mod ¢ =0, then N, = &

~ ~ ~ N_| N
(ii) If N mod & # 0, then N, = L%J +1 with a power scaling factor of % for the chirp signals

associated with the last subband.

For transmission based on superposed chirp waveforms, let =., denote the set of subband en-
tries/indices of the N, best subbands for the k™ sensor with subband index n € {1,2,...,N}. Given
the ordered channel, the AP performs DL beamforming of energy such that signals transmitted from
different antennas add up coherently at the sensors, thereby maximizing the received energy. For
N, = % (i.e., N mod i = 0), the signal transmitted from the AP to K sensors over the n'® subband
in one symbol period T¢ is given by

%

K
/ g,
Xen (t) =V Pk Z % A Scn,k (t)é{n,k}GEckv 0<t< Tca (4'17)
k=1

|’§n,k ‘

where x., (t) € CM*1 (.)* denotes the conjugate operation, and Seprn(t) =80, () +s00 (O)+...+

Séén,k (t). Note that 5{n,k}€5% is an indicator function that takes the value 1 if the n'® subband of
the k'™ sensor belongs to the set Z¢, of the entries of the N. best subbands corresponding to the k"
sensor. Further, based on the channel gain between the AP and the sensors, the same subband may
be allocated to multiple sensors, i.e., the same subband index can be a part of =, for different values
of k. As an example, let the 3'¢ subband out of N available bands is the 15 best subband of sensor
1, 5*" best subband of sensor 2, and 7" best subband of sensor 4 where N, > 1. Therefore, according
to the proposed transmission strategy, the set =, will hold the index 3 for k = 1,2, 4, and the index
will appear in the 1%, 5*" and 7" position of the corresponding list of NC indices associated to =,
Ee,, and E,, respectively. The power control coefficients 7., must be chosen such that the average
transmit power constraint is satisfied at the AP, i.e., 25:1 E{|xc, (t)Hz} < P;x where E{-} denotes
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the expectation operator. To ensure this, it is shown in Appendix A.3 that Zszl Ne, < 1.
For the case when N mod & # 0, using (4.17), the energy beamforming signal transmitted from

AP to K sensors over the n'!" subband, in one symbol period T, is given by

c gn
ch = \/ Ptx Z 7, e Hgn k H Scn k( )5{n k}eu% 5{n k}e“NC’ (4.18)

In the equation above, the amplitude of the chirp waveform over the thh best subband of sensor k

N-|¥l¢
is scaled by « to maintain the average transmit power constraint where a = # Another

indicator function & _N. 18 introduced to maintain average transmit power constraint where _NC

{n,k}e =cg,

holds the subband index of thh best subband for k" sensor. Thereby, d = « for {n,k} €

{nkye=le
ECN;, else § (nhyesNe = 1. Moreover, The power control coefficients 7., must be chosen such that
=,

N:1 E{ chn H } < Pix and the proof is given in Appendix A.4.
Remark 2. In transmission based on fixed-frequency waveform, the signal transmitted from AP

to K sensors over the n'® subband, n € {1,2,..., N} in one symbol period T, is given by

(0] gn
Xo, (t \/Ptxz Tos. o k” Soni (D0(nryez,,, 0<t< T, (4.19)
where
Soni(t) = V2cos 27 (fs + (n —1)B) 1], (4.20)

and =Z,, denotes the set of subband entries of the N best subbands, N < N, for the k™ sensor.
Furthermore, the power control coefficients in this case must satisfy Zle Mo, < 1 to ensure that

an:l E{onn(t)HQ} < Pix.

4.3.3 Uplink Information Transfer

(CM><1

The signal y.,, (t) € received by the AP over the n*® subband when all the K sensors transmit

data signals simultaneously is given by

K
P
Yoo ) =\ 57 D VPeBnidniser, () T wa(t), 0<t<T, (4.21)
1=1

where Pyi, is the maximum power with which any sensor transmits data on the UL, 0 < p;, < 1 is
the power control coefficient corresponding to the " sensor, qni ~ CN(0,1) denotes the transmit
data symbol and sc1,, ,(t) = 27 (st (1) B)t+318°) i¢ the associated unit power chirp-1 waveform, in
complex form, transmitted by the i*" sensor on the UL. Note that T, = T,, and Af = B. Furthermore,

02017

u.vvn
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the symbols transmitted by different sensors over any subband are assumed to be uncorrelated to each
other, and w,(t) € CM*! denotes the noise at the AP on the UL.

Remark 3. During UL data transmission, duration of chirp waveform is equal to the fixed-
frequency waveform, i.e., T, = T, and the signals are transmitted over all available bands. Thus, UL
data signaling with fixed-frequency waveform is identical to the model discussed above with sc1,, (%)

replaced by s, ;(t) = eI2m((fs+(n=1)B)t) and y, (t) replaced by y,. (t) in (4.21).
4.4 Analysis of Average Harvested Energy

In this section, we analyze the average energy harvested by the sensor nodes, first based on DL-
WET via superposition of chirp waveforms over selected subbands, followed by the corresponding
analysis for fixed-frequency waveform. The analysis exploits order statistics of the subband channel

estimates acquired through UL pilot signaling.

4.4.1 Using Superposed Chirp Waveform

The signal y([f,z] (t) received at the k'™ sensor over its n'? best subband based on the signal in (4.17),

with N mod & =0, transmitted from the AP is given by

() — P Tey, grn],k
Ye ()— Ptxgn,k’ TN Scn,(t)
: YW el
5 n|,k},i
+ V/Pogly Z o Bilnidi_g s D0 ryeze, + wia(t), (4.22)

1=1,i#k Hg{”] k}.i H

where ggﬂ’k € CHxM, gnl,k € CMx1 and Wiy k(t) ~ CN(O, 0?) denote respectively the true channel
vector, the estimated channel vector, and noise corresponding to the k"' sensor over its n'' best
subband, and (-)" denotes the transpose operation. The first term in (4.22) corresponds to the desired
signal for the k' sensor over its n'® best subband. The second term denotes the interference arising
due to signals intended for other sensors over the n'® best subband of the k" sensor. Furthermore,
5{[n},k}€5% denotes an indicator function that equals 1 if the index of the n'" best subband of the k"
sensor belongs to the set =, of the best ]VC subband entries corresponding to the i*" sensor. To be
specific, any sensor i # k will contribute to the interference term in y([f,:] (t), if the index of the n'® best
subband of the k" sensor belongs to Z.,.

A sensor receives signal over the entire available bandwidth Bigga consisting of N subbands. Let
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by the k' sensor in a symbol duration T, over N subbands equals

Eq, ¢E{ /TZ‘ y% t” } (4.23)

Substituting (4.22) in (4.23), we obtain

:wE{/OTC <§:

n=1

7701 g{ [n],k},i
ngn T
Bl 2 % oo

)dt}+¢E{ /TCZ\w[n t)|* dt} (4.24)

Please note that, for each sensor, the signal is transmitted from the AP over its best N, subbands

g*
Proghy oy [ e IR g (¢
tx8[n),k N H/g\n]kH [n],k( )

x Se

{[n] ( )3¢n), k}€=e,

only where ]VC = % Therefore, not all the sensors will contribute to the power of the interfering signal
corresponding to the ™ sensor in the second term of (4.24) over all the N subbands. Based on the
set =, of the best N, subband entries corresponding to the i*" sensor, the second term of (4.24) can

be re-arranged to obtain

o = VP [E{

g[n kg[n] k
IED

g ni,t gn Z
}/ 2 (o /Ui{]}k[
n=1"4= 1275k Hgn] H
Te N
2
x/o Sc[n],i(t)dt}+wlﬁl{ E—lwfn}’k}’ (4.25)

where w k= fo ‘w[n )|2 dt. The use of Lemma 2 allows us to interchange the order of summation

o3

and integration in (4.25) above. Using the facts that the chirp waveform has an average power of
unity and that the chirp waveforms corresponding to different [ € {1,2,...,£} as described in (4.3)

are uncorrelated over any subband as stated in Lemma 1, therefore

Tc
Sf[n] (t)dt = 52 (t)dt = €T... (4.26)
Substituting (4.26) in (4.25) and after simplification (4.25) yields

0 ’ 0 Cnlid
} " waxgm{ JE B )80 }
n=1"i= lz#k Hgn] H

+ wﬁz{ > w[n}’k}. (4.27)

n=1

&)k |
|81

B = =t

.
= _ e tlPudTe {

Remark 4. For the case when N mod ¢ # 0, using (4.18), (4.22), (4.23), and (4.25), the average
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harvested energy at k*" sensor based on transmission of superposed chirp waveforms on the DL, in a

)

symbol duration T, is evaluated as
Ne—1 o
— P &T, -
B, = Uck¢~t § ‘R Z
N n=1

T = 2 T
81n] k8] k N TAR AR

[ Hgﬁc
+thX£TCE{NC_1 \/ng{[” i}, kg[n i }
n=1 | i=Lizk Hgn] ||
g
+1/1Ptx§TCE{ ﬁ {[Ne] z}k }Jrl/}E{an]k} o
1=1;i#k Hg[Nc H

Based on (4.27) and (4.28), the average harvested energy, i.e., the harvested energy averaged over
small-scaling fading realizations, at the k' sensor, can be stated in closed-form as follows.
Theorem 1. The average energy Ei;k harvested by the k™ sensor over duration 7, based on DL-

WET via superposed chirp waveforms over N, best subbands under imperfect CSI at the AP equals

Case (i):
Elck = ¢Te [ng){é (’YkQéVC (Br — W)Ly ) + PixBr(1 —1e,,) + No } ; (4.29)
for N mod £E=0,i.e., Nc = g where ngc and Qé\zc are given by
N Ne N-n
Yo' =2 s =3 2 (G = (4:30)
D RN (R ("7 ) wany e, (4.31)
Fx (n — 1IN —n)! — l

A = M N DA+ MU+ N =n+ ) FUV ™1+ M1+ N —n+1),M,..., M;

M+1,...,M+1;-1,...,-1], (4.32)

and FX) (a,b;c;z) is Lauricella function of type A [91, (7)].
Case (ii):

E,, = w [Vk <9c(§c_l) + 0‘29;k) (Bk — k) (T(NC Va1 ) }

thx/kaT (

_ 2
2 “1+ta ) (1-1ne,) + ¥NG>T,, (4.33)
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for N mod & # 0 where

o N! Nc—-1 l NC 1 R
AT AT AT ; =) ( z >(F(M)) AD), (4.34)
= N & N_Foat (N = Ne 1
T AT AT l; =) < z >m (4.35)

and Tc(]fvc_l) and Q((;ivc_l) are obtained from (4.30) and (4.31), respectively by substituting N, = N.—1.
Proof: The proof is given in Appendix A.5. (]
Remark 5. Note that Flk as expressed in (4.29) and (4.33) is a function of the power P with

which the AP transmits on the DL, the number of antennas M at the AP, the number of subbands NV,

the number of sensors K, the chirp configuration factor £, the number of selected subbands ]VC, energy
conversion efficiency v, and variance 7, of the imperfect channel estimate which in turn depends on
the pilot energy FE,. Furthermore, power scaling for the chirp waveforms associated with the last
subband for the case when N mod € # 0 results in a different expression in (4.33) as compared to the
case N mod ¢ = 0 that results in (4.29). With perfect CSI at the AP, 5; — v = 0, and the expression
for the average harvested energy simplifies and is stated next as a corollary.

Corollary 1. With perfect CSI at the AP, the average energy Esk harvested by k™ sensor over
symbol duration T, based on DL energy transmission using superposed chirp waveforms over ]VC best

subbands equals

Case (i): For N mod ¢ =0,

i e Qg\?c
Esk =vTc [M + PixBr(1 — 1e,,) + NUQ] 7 (4.36)

where Qézc is given in (4.31).

Case (ii): For N mod ¢ # 0,
=P 77ck7[)Ptx£Tc (Ne—1) 2/ VP BrTe [+ _ 2 _ 2
Bp, = Tt [yk (Qk +a Qk)] e (NC 1+a ) (1= 16,) + ¥ NG>Ty, (4.37)

where Q;k is given in (4.34) and Q((;ivc_l) is calculated from (4.31) with N, = N, — 1.
Proof: Under perfect CSIT, v = Sx. Replacing v with S in (4.29) and (4.33), (4.36) and (4.37),
respectively, are obtained. O

Remark 6. Given Elck and EY

c,» the average harvested energy using superposed chirps over the

131



4. Design and Analysis of Chirp Waveform for WEIT in Multisensor System over Multiantenna
and Multibands

DL-WET duration 1, equals

—0,DL TDL -0 .
Eck = TCECW de {1>p}' (438)

where 0 € {i,p} denotes either the imperfect CSI (0 = 1) or the perfect CSI (0 = p).
4.4.2 Using Fixed-frequency Waveform

Based on Remark 2, the signal received at the k'™ sensor over the n'' best subband for fixed-
frequency waveform based transmission using (4.19) and (4.22) is given as
T]O)C gfn] k
N &l ™

v (t) = /Pty 1 e (0)

0; g n (3
+ /P8l n Z o iso“n],k},i(t)é{[n],k}eaoi + Wiy (1), (4.39)
1=1,i#k Hg{”] k}.i H

where 5{[71]7;6}65% is an indicator function that equals 1 if the index of the n'" best subband of the k"
sensor belongs to the set E,, of the best N subband entries corresponding to the it" sensor. To be
specific, any sensor i # k will contribute to the interference term in y([;;] (t), if the index of the n'® best
subband of the k"™ sensor belongs to Zo;- Accordingly, using (4.39), the energy harvested by the k™

sensor over duration T;, and over N subbands, averaged over channel realizations, is given by

E,, ¢E{/ Z‘yﬁ,ﬁ]t]( } (4.40)

As discussed, for each sensor, the signal is transmitted from the AP over its best N subbands only.
Therefore, not all the sensors will contribute to the power of the interfering signal corresponding to
the k' sensor in the second term of (4.39) over all the N subbands. Based on the set =,, of the best

N subband entries corresponding to the i*" sensor, (4.40) can be re-arranged in a similar fashion as
done in Section 4.4.1 for superposed chirps based transmission to obtain

_ N 2 TTor &) 8 2
Eok _ nokwfthoE{ }‘F?[)PthoE{ 7731 {H] i},kS[n]
n=1"4i= lzyék gn] H

N
+ wE{ > w[nw}, (4.41)
n=1

B 1B k
|81 ]

where fOTO Sg[n] () dt = T,. Given (4.41), the average energy harvested by the kM sensor in a symbol
duration T, over N subbands based on transmission of fixed-frequency waveform can be stated in
closed-form as follows.
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Theorem 2. The average energy E;k harvested by the k' sensor over duration T, based on

DL-WET via fixed-frequency waveform over N best subbands under imperfect CSI equals

= ¢To [WO];\ftX ( + Bk — )T, ) + PuBr(1 = 1o,) + No* |, (4.42)

where

N

2 = ; e 1)]!& ) > (=1) <” B 1) (C(M))" N =A@, (4.43)

A(l) is given in (4.32) and

N Nt - (N —n 1
T(;]Z . Z (n _ 1)|(N i TL)' ; (_1)N +l< I >m (444)

Proof: The proof exploits order statistics and follows a similar methodology as in Appendix A.5.1

with T, = T4, £ = 1, 1¢, = 7o,- Further, the expressions for Q(J)i and Téz given in (4.43) and (4.44)
are obtained from the analysis of (4.31) and (4.30), respectively as given in Appendix A.5.1. O

Similar to superposed chirps based transmission, it may be noted that the average harvested energy
in (4.42) is a function of the transmit power Py of the AP, the number of antennas M at the AP,
the number of subbands IV, the number of sensors K, the number of the best subbands selected N ,
energy conversion efficiency v, and the pilot energy E,, through v;. As discussed, with perfect CSI,
Br—7x = 0, and the expression for average harvested energy simplifies and is stated next as a corollary.

Corollary 2. With perfect CSI at the AP, the average energy ng harvested by the k' sensor

over duration T;, based on DL-WET via fixed-frequency waveform over N best subbands equals

— P
S L L R (4.45)
where Qéz is given in (4.43).
Proof: Under perfect CSI, v, = ;. Replacing v, with 8 in (4.42), (4.45) is obtained. O

Remark 7. Given EL and E .» average harvested energy for DL-WET via fixed frequency

waveform over duration 7pr, equals

(4.46)
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and the gain in harvested energy using superposed chirps over fixed-frequency waveform is given by

—dDL  —8,DL
E

gain(%) = — &% x 100, (4.47)
E 9

Ok

where 0 € {i,p} denotes either the imperfect CSI (0 = 1) or the perfect CSI (0 = p).
4.5 Analysis of Average Uplink Information Rate

From (4.21) and using the fact that g,; = 8. — 8n,, the signal received at the AP due to

simultaneous transmission by K sensors on the UL is given by

K K
P ol P ~
Yeult) =\ 7 Zl VPeBnitniser, (1) — \| 5 Zl VPeBnitniser, () + Walt).  (4.48)
1= 1=

In order to decode the signal transmitted by the k' sensor over the n'* subband, the AP uses

o)

n,k

maximum-ratio (MR) decoder given by a, , = ﬁnk to obtain

m

PUL PUL
a?n’kycn(t) = \/ ?nk Z \/pczgn idn zSclnl(t) - ?nk Z\/pclgn idn zsclnl(t) +a ?Tkwn(t)y
(4.49)
where () denotes the conjugate transpose operation. Given all y. (¢), the demodulated signal 7.
Cn k n n,k

corresponding to the k™ sensor over the n'! subband as obtained at the AP is given by

T
¢ 1
— H *
Tcn,k - /0 (acn’kycn (t)) /TC SClnyk (t) dt

| PurTe /PULT
N PCk’Yk( nkhnk Ink + Z \/Pcl%( nkhnZ)%Z“‘hnkWnk

i1=1;i#k

K
B \/@Z \/P_Cz(ﬂgkgnl) dn,l; (4.50)
=1

where wy, , = W Jo S walt)siy  (t)dt. The first term in (4.50) corresponds to the desired signal from

the k" sensor over the n'" subband. The second term captures the interference arising due to signals
transmitted by other sensors on the UL. The third term is due to AWGN at the AP and the last
term captures the effects of channel estimation error. Applying use-and-forget technique, the signal-

to-interference-plus-noise ratio corresponding to the k' sensor over the n'"" subband can be obtained
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as [92],
PurTe
SINRMR.UL _ X< P e M
Cn.k . K K
o + PJI\JIIMl [Zizl,z’;ﬁk Pe;ViM + D121 pe, (B — ) M+ pe,vieM
PyLTeM
_ ULN Pcr Vk . (451)
o2 + PHE S5 po
The amount of information R%RML (in bits) that is conveyed using chirp based transmission from the
k" sensor over N subbands for a duration of 7yy, seconds is given by
i
MR,UL _ TUL MR, UL
By = T 3 log, (1 + SINRYR ) . (4.52)
n=1

Remark 8. The corresponding UL information (in bits) for fixed-frequency waveform based

transmission is the same as in (4.52) because T, = Ts,.

4.6 Max-Min Optimal Power Allocation for WET

In this section, analysis on transmit power allocation policy that a power constrained AP must
adopt for DL-WET to a swarm of sensor nodes is performed. The optimal solution through ‘max-
min’ optimization is obtained first for DL-WET via superposed chirp waveforms followed by the

corresponding analysis for fixed-frequency waveform based transmission.
4.6.1 Optimization Problem

Given that the AP is subject to an average transmit power constraint of Pi and the knowledge
of the system parameters &, M, N, K, N , and 1, the objective is to determine the max-min optimal
power allocation coefficients to ensure that every sensor harvests the same amount of energy Fi on an
average irrespective of its distance from the AP. Also, v € {c, 0} depending respectively on the use of
superposed chirp (v = ¢) waveforms or fixed-frequency (v = o) waveform for DL-WET, and 9 € {i,p}
denotes either the estimated CSI (0 = i) or the perfect CSI (0 = p). Mathematically, the max-min
optimization problem can be stated as follows:

max E

{’7%}

° vefeo}, d€{ip}

st.  E, >E,, k=12, K,
K
> oy <1, andn, >0, k=1,2,..., K. (4.53)
k=1

[TIEY
ol
(0]
=
[}
mn
o
=

N
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4.6.2 Transmission of Superposed Chirp Waveforms on the DL

The solution to the max-min problem in (4.53) is given next, for superposed chirp waveforms, i.e.,
v = ¢, in closed-form for both estimated CSI, i.e., d =i and perfect CSI, i.e., 0 = p in Proposition 1
and Corollary 3, respectively.

Proposition 1. With estimated CSI, the max-min power control coefficient ﬁ;‘zk corresponding to
the k*® sensor for DL-WET via superposed chirp waveforms is given by
Case (i)
NB;

1+ = O R
~ # E['ij?égc+(5j*’Yj)Tcch]*Nﬁj

K
2=

- 'l/}PtxﬁkTC

N
thxTc(s[an < +(8j -y Tdre ] ~;)

YPoETe |28 + (B = MITEE| — Y PN BT

=i

My, =

(4.54)

for N mod ¢ = 0, where Qézc and TC]ZC are given in (4.31) and (4.30), respectively.
Case (ii)

8;(Ne—1+0a?)
3 4305, j—a N7
5| et BRGUET, ( N1+ a2>

I=V PeTe [0 -85 (Ne—1+02)]

YPET [01 — i (Ne — 1+ a2)]

Tel = , (4.55)
for N mod ¢ # 0, where 9, = fyk(Q(NC Yy azﬁék) + (B — ’yk)(T(NC 2 aQTC/k). Furthermore, Q;k
and Tck are given in (4.34) and (4.35), respectively. Tc(k <Y and _ng =Y are obtained from (4.30) and
(4.31), respectively by substituting N.= N, — 1.

Proof: The proof is given in Appendix A.6. U

From (4.54) and (4.55), it is evident that 7. is a function of the variance of the estimates of the
subband channel gain. With perfect CSI at the AP, 8y — v = 0, the expressions for ﬁ;‘% simplify and
are stated next as a corollary.

Corollary 3. With perfect CSI, the max-min power control coefficient 7, corresponding to the

k" sensor for DL-WET based on superposed chirp waveforms is given by

Case (i)
- 5 1+ 308, QNC P (456)
an — = — % N - txPkLc| » .
thxﬁkTC (ggck - N) Zj:l YPix T (ﬁﬂé\z@—ﬁ)
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Case (ii
(i) Ly _Aa(Feorea?)
5 =1 ﬁéfﬁj(jvcfua?) _ YPexBiéTc (N -1+ 042)
=K N ) C

)
OPET, [0, = B (Ne =1+ 02))]

for N mod & # 0, where 1917€ = ’}/k( ((;kNC_l) + azﬁék).

ﬁlcjk = Y (4'57)

Proof: For perfect CSI, v, = B;. Replacing v with By in (4.54) and (4.55), (4.56) and (4.57),
respectively, are obtained. O
Once the max-min power control coefficients are evaluated, the corresponding max-min average
energy harvested based on DL-WET via superposed chirp waveforms is obtained from (4.29) and
(4.33) under estimated CSI by substituting 7., = 7. , and from (4.36) and (4.37) under perfect CSI

by substituting 1., = 7r, .
4.6.3 Transmission of Fixed-Frequency Waveform on the DL

The closed-form solution to the max-min optimization problem as stated in (4.53) for fixed-
frequency waveform, i.e., ¥ = o under both estimated CSI, i.e., 0 = i and perfect CSI, i.e., 0 = p at
the AP is stated in Proposition 2 and Corollary 4, respectively.

Proposition 2. With estimated CSI at the AP, the max-min power control coefficient ﬁgk corre-
sponding to the k" sensor for DL-WET via fixed-frequency waveform is given by

55,
2 [vjnéiﬂﬁjj;rg]—ﬁﬁj
K N — PP B 1o

J=1 N N|_#~
Y PexTo ( {'Yj 255 +(Bj*“/j)Toj] *Nﬁj)

¢R}XTO [’Ykgoﬁk + (/Bk - "Yk)Téz] 2 ¢RXNBkTO

Proof: This can be proved along similar lines as in Appendix A.6.1 with Tc. =T, £ = 1, 1¢, = 7o,,-
Further, the expressions for Qéz and Téz are given in (4.43) and (4.44), respectively. O

With perfect CSI at the AP, By — v = 0, the result above simplifies and is stated next as a
corollary.

Corollary 4. With perfect CSI at the AP, the max-min power control coefficient 775, corresponding

to the k' sensor for DL-WET via fixed-frequency waveform is given by

K N
N 1+ zj:l N N
ﬁgk = N ~ K ﬁj - QZ)Ptxﬁkj—jo . (459)
thX/BkTO (“on - N) ijl VP BTo (_QCISJT _]\7>
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Proof: For perfect CSI, v, = Bx. Replacing 7, with gy in (4.58), (4.59) is obtained. O
Based on Proposition 2 and Corollary 4, the corresponding max-min energy harvested by the
sensor under estimated CSI is computed by substituting 7., = ﬁi)k in (4.42) and under perfect CSI is

computed by substituting n,, = 75, in (4.45) for fixed-frequency waveform.
4.6.4 Optimization Scenarios for WET

Following the transmission strategy presented in Section 4.3.2, out of the available N subbands,
N and ]VC best subbands are selected, over which signals are transmitted, while using fixed-frequency
and superposed chirp waveforms, respectively. Using the associated max-min power control coefficients
{Me,} Yk e€{1,2,..., K}, calculated using (4.54), (4.55), (4.56), (4.57), and {7, } V k € {1,2,..., K},

calculated using (4.58), (4.59) based on the CSI type, the value of Pyea for the waveforms is defined

as
NeuPx ~ N ,
Pk = 22—, N.=—, for Superposed Chirp, 4.60
Toy, Pix

Poedlt= N N<N for Fixed-frequency, &' € {1,2,...,K}, (4.61)

where %’ represents the farthest sensor from AP, i.e.,

k/ = k, for ,Bk :min{ﬂl,ﬂg,...,ﬂ’]{}. (4.62)

Furthermore, for the k** sensor, for each chirp in the superposed waveform, the associated P, is cal-

Ne, Prx . ]
culated from (4.60) as P, j = 77(:]‘]\2[ gt and for fixed-frequency waveform the associated P, 1 is calculated

c

from (4.61) as P, = ﬁO’;\?X where 0 < P, i, < Pyeak V 1, k.

Alternatively, if the Ppeq level is fixed at Fpeak then one can compute the number of subbands
N. and N that are required for superposed chirp waveforms and fixed-frequency waveform such that
P;« constraint is satisfied. In this context, two algorithms, Algorithm 1 for the selection of ]VC and
Algorithm 2 for the selection of N are designed and presented below while maintaining the max-min
optimality. In case of ?peak — Bpeax = 0, for the k' user, associated waveform power Py = ?peak else
P, < Fpeak. Once ]VC and N is obtained, Ppeak, the power control coefficients, and average harvested

energy is calculated from (4.60), (4.54), (4.55), (4.29), (4.33) for superposed chirp waveforms, and from
(4.61), (4.58), (4.42) for fixed-frequency waveform.
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Algorithm 1 Selection of NC Best Subbands for Superposed Chirp Waveforms for a Given Fpeak

1: Initialize:

]’\7<_N7 &Fpeakz ]I\;[‘tf(
repeat

N+ N-1

if (N mod {) =0 then

N 5 and calculate Ppear from (4.54), (4.56), and (4.60);
else
L%J + 1, and calculate Pyeax from (4.55), (4.57), and (4.60);
end 1f

until (Fpeak — Ppeak) <0or ]\70 =1

10: if (Fpeak — Ppeak) < 0 then

11: if (Ppeak — Ppeak) < 0 then

12: N=N+1;

13: end if b

14: N—% for]vmodsz; or NC:L%J—FL forﬁmodﬁ;éO;
15: end if

Algorithm 2 Selection of N Best Subbands for Fixed-frequency Waveform for a Given Fpeak

1: Initialize:
5 _ P,
N<_N’ Ppeakz NtK

2: repeat

3: N« N-— 1, and calculate Ppeak from (4.58), (4.59), and (4.61),
4: until (Ppeak Ppeak) <0 or N=1

5: if (Ppeak Ppeak) < 0 then

6: N N + 1;

7. end if

4.7 Performance Analysis and Numerical Results for Rayleigh Fad-
ing Channel

In this section, we present numerical results to understand the potential of using chirp waveform for
WET and the benefits that it offers in comparison to fixed-frequency waveform. We also illustrate the
impact of several design parameters such as &, M, N, N , and channel estimation error on the system
performance. The large-scale fading coefficient for the k" sensor node is modeled as f;, = 10_3d/,:3 [64],
where dj; is the distance, in m, between the AP and the k' sensor. Unless mentioned otherwise, we
consider a carrier frequency of 2.4 GHz, Biota = 6.4 MHz, N = 32 and B = 200 kHz. Furthermore,
we take Py = 1 W, 7 = 190.5 ms, ¢ = 0.5, 02 = kgT,10¥/10 = 10720 J, where kg = 1.38 x 10723
J/K, T, = 300 K, and the receiver noise figure F' = 7 dB [63]. In order to confirm our mathematical

analysis, the Monte-Carlo simulations are carried out over 10° independent channel realizations.
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Figure 4.5: Effect of M, K and £ on max-min harvested energy (N =N =32,¢ =24, and K = 4 placed at
distances of 9.5, 10.4, 11.3, and 12 meters from the AP, K = 1 placed at a distance of 12 meter from the AP).

4.7.1 Analysis on Max-Min Harvested Energy

The max-min harvested energy is plotted in Figure 4.5 as a function M with N = N = 32 for
K =1 sensor placed at a distance of 12 m and for K = 4 sensors placed at distances of 9.5, 10.4,
11.3 and 12 m from the AP. The value K = 1 or K = 4 is taken just for illustration. Note that
our mathematical analysis is in general valid for any arbitrary value of K. The results are shown
for fixed-frequency and superposed chirp waveforms with £ = 2 and £ = 4. It is observed that the
analysis matches with the simulations. The max-min harvested energy under imperfect CSI at a pilot
power P, = 0.1 mW and 7, = K is very close to that obtained under perfect CSI. Furthermore, the
max-min harvested energy with superposed chirp waveforms increases relative to that obtained with
fixed-frequency waveform as chirp configuration parameter £ increases. This is primarily because as
¢ increases, more and more superposed chirp waveforms are transmitted within the same bandwidth
without violating orthogonality or the peak power constraint. And more energy is pushed through
the subbands with relatively higher channel gain, thus exploiting gains due to frequency diversity. As
expected, the max-min harvested energy reduces as K increases and increases as M increases due to
increase in the beamforming gain.

In Figure 4.6 the gain in max-min harvested energy obtained using superposed chirp waveforms
relative to fixed-frequency waveform as a function of M is plotted. We plot the gains obtained with

f
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Figure 4.6: Gain in max-min harvested energy by using chirp-2 or chirp-4 over fixed-frequency as a function
of M (N=N=32,and K =1,4).

chirp-4 and chirp-2 over fixed-frequency waveform for both K = 1 and K = 4 sensors in the network.
It is observed that the use of chirp over fixed-frequency waveform provides gain in the harvested energy
of about 14% — 60% depending on the values of &, M, N , K and the distance of the sensors from
the AP. For example, for K = 4, and with M = 20, 26% gain in harvested energy is obtained using
chirp-4 over fixed frequency waveform. Furthermore, as M increases, the variance of the channel
estimate reduces, i.e., the channel gain of different subbands approaches towards its mean channel
gain. Therefore, the achievable gain using superposed chirps over fixed-frequency waveform reduces
due to diminishing gains from frequency-diversity.

In Figure 4.7 max-min harvested energy is plotted as a function of M for different pilot powers
and with imperfect CSI for N =N =32 and K = 4 sensors placed at distances of 9.5, 10.4, 11.3 and
12 m from the AP. It is found that the max-min harvested energy degrades relative to perfect CSI
as the pilot power B, is reduced from 1 mW to 1 uW due to degradation in the quality of channel
estimates. Since, the analytical results are in close agreement with the Monte-Carlo simulation results,
henceforth only analytical results are shown for the remaining results to avoid clutter.

In Figure 4.8 the cumulative distribution function (CDF) of the minimum harvested energy is
plotted for two different power allocation strategies, namely, max-min and equal power under imperfect

CSIwith B, = 0.1 mW, M = 32 and N = 32. The results for DL-WET via chirp-2 and fixed frequency
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Figure 4.7: Effect of channel estimation error on max-min harvested energy (ﬁ = N = 32, K = 4 sensors
placed at distances of 9.5, 10.4, 11.3 and 12 meters from the AP).

waveform are obtained with and without subband selection. It is observed that the probability that
the minimum harvested energy is above a certain threshold is the highest with chirp-2 based DL-WET
when max-min power control and subband selection is employed. It is because under max-min power

control policy the power is distributed among the sensors so as to ensure that the minimum energy
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Figure 4.8: CDF of minimum harvested energy for M = 32, N = 32, N = 32,28, P, = 0.1 mW, and K =3
sensors distributed uniformly between 7.5 — 9.5 meters from the AP.
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Figure 4.9: Effect of subband selection on max-min harvested energy for N = 32, P, = 0.1 mW, and K =4
sensors placed at distances of 9.5, 10.4, 11.3 and 12 meters from the AP.

harvested is maximized. This is unlike equal power policy in which the farthest sensor harvests very
small amount of energy. Furthermore, unlike fixed-frequency waveform, with chirp-2 waveforms and
subband selection more energy can be pushed over the subbands with relatively higher channel gains
without affecting orthogonality while maintaining the average and the peak power constraints.

In Figure 4.9 the max-min harvested energy versus M is plotted under imperfect CSI with P, =
0.1 mW, N = 32 for DL-WET via both chirp-2 and fixed-frequency waveform transmission on the
DL to K = 4 sensors located at distances of 9.5, 10.4, 11.3 and 12 m from the AP. The results are
plotted for three different values of N , namely, 32, 24, and 16. Note that N = N = 32 refers to no
subband selection. It is observed that the max-min harvested energy increases as N decreases for
both fixed-frequency and chirp-2 transmission, since higher and higher energy is pushed through the
subbands with relatively better channel gains while maintaining the average transmit power constraint
of Pix. For DL-WET via superposed chirps, NG < N as & > 1, it therefore obtains higher max-min
harvested energy compared to fixed-frequency waveform.

In Figure 4.10 the max-min harvested energy versus M is plotted for K = 4 sensors placed at
distances of 7.5, 8.3, 9.2, and 10 m from the AP and for K = 1 sensor placed at a distance of 12 m
from the AP where a fixed Fpeak of 15.6 mW for K = 4 and Fpeak of 42.1 mW for K = 1 are considered

such that ?peak > % is satisfied. Accordingly, ]VC and N subbands are computed for superposed chirp
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Figure 4.10: Max-min harvested energy versus M with_ﬁC and N obtained from Algorithm 1 and Algorithm 2,
for K =4 with Ppeax = 15.6 mW, and for K =1 with Ppcax = 42.1 mW.

waveforms and fixed-frequency waveform, respectively based on proposed Algorithm 1 and Algorithm 2
such that the Py constraint is satisfied with equality. Even in this setting, where Fpeak has a fixed
value and NC or N are obtained accordingly, a similar trend is observed in terms of harvested energy
with DL-WET via chirp waveforms outperforming DL-WET via fixed-frequency waveform.

Figure 4.11 plots the average energy harvested by the sensor as a function of its distance from
the AP based on DL-WET via chirp-4, chirp-2, and fixed frequency waveform transmission. N = 32,
N = 24 is considered and the results are shown for two different values of M , namely, 5 and 10. It is
observed that the range of WET can be extended using chirp waveform based transmissions relative
to fixed-frequency waveform or by increasing the number of antennas at the AP while maintaining the
average harvested energy at the same target level. The range of WET increases as £ is increased. For
example, DL-WET based on chirp-4 waveform transmission can extend the range of energy transfer
by 1.5 m over DL-WET based on fixed-frequency waveform transmission with M = 5 antennas at the
AP while maintaining the average energy harvested at 7 x 1077 J.

Design of multisine waveforms for WET operation based on a set of fixed-frequency unmodulated
waveforms is presented in [22]. A comparison, in terms of average harvested energy at the sensor,
placed at a distance of 12 m from the AP is performed among DL-WET via superposed chirp, via fixed-

frequency, and via multisine waveforms [22] while considering a fixed Fpeak of 42.1 mW and N = 32.
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Figure 4.11: Effect of distance on the average harvested energy (N = 32, N=24and K = 1).

The associated N, and N for superposed chirps and fixed-frequency waveform are obtained using
proposed Algorithm 1 and Algorithm 2, and the average harvested energy is plotted in Figure 4.12, for
different M and this result provides the following important insights: (1) Fixed-frequency waveform

with selected subbands (V) provides improved harvested energy over multisine [22]. For a given
Fpeak, DL-WET via multisine adapts the signal amplitude and phase proportional to the associated
subband gain, it however uses all the IN subbands for transmission. In contrast, for DL-WET via
fixed-frequency waveform with subband selection we use Algorithm 2 to compute N while satisfying
both Fpeak and Py constraints. Thus, unlike multisine using fixed-frequency waveform, no power
is transferred over N — N weaker set of subbands and it thereby provides greater harvested energy,
and the same is observed from Figure 4.12. However, compared to fixed-frequency waveform with
no subband selection, both multisine and fixed-frequency waveform with selected subbands perform
better as expected. (2) With the proposed DL-WET via superposed chirps, a superposition of multiple
chirp waveforms is transmitted over a subband and it therefore uses fewer subbands Ne < N having
relatively better channel gains over fixed-frequency waveform and achieves higher harvested energy as
observed from the previous results. Thus, relative to multisine, superposed chirps perform better, in
terms of harvested energy, as observed from Figure 4.12 where Algorithm 1 is used for the selection

of NC. (3) From Figure 4.12, it is found that DL-WET via chirp-4 and DL-WET via fixed frequency

with subband selection provide an improvement of respectively about 40% and 5% in harvested energy
TH-2806 156102017
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Figure 4.12: Average energy harvested versus M for a sensor (K = 1) placed at a distance of 12 meter from the
AP while using chirp and fixed-frequency waveform with selected subbands, multisine [22], and fixed-frequency
waveform with available subbands and no selection, with N = 32 and Ppeax = 42.1 mW.

over DL-WET via multisine [22] with M = 8 antennas at the AP. From the above observations, it
can be concluded that the proposed waveform design using chirp is capable of providing superior
performance in terms of harvested energy at the sensor over available designs, i.e., OFDM, multisine
etc., and thereby improving the ETE. Further, in case of a WET system operating over fixed-frequency
waveform, selecting set of subbands N with higher channel gains, based on Ppea, also leads to

improved harvested energy over multisine but it is lower than the chirp.
4.7.2 Analysis on Energy-Information Transfer Trade-off

The trade-off between the UL max-min information transfer (in bits) and the max-min harvested
energy on the DL is illustrated in Figure 4.13 for chirp-4, chirp-2, and fixed-frequency waveform based
transmission for M = 20, N = 32, and K = 1 sensor placed at a distance of 12 m and for K = 4 sensors
placed at distances of 9.5, 10.4, 11.3 and 12 m, respectively from the AP. For information transfer, we
choose the max-min power control coefficient corresponding to the &' sensor as Pep = % (Iniin 'yi) where
i=1,2,...,K [92]. Tt is observed that DL-WET via chirp-4 achieves the highest max-min harvested
energy relative to DL-WET via chirp-2 and DL-WET via fixed frequency waveform based transmission

while keeping the max-min information transfer in bits fixed at a certain level. Furthermore, with the

increase in K, the energy-information transfer region contracts, i.e., the max-min harvested energy
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Figure 4.13: Energy-information transfer region for M = 20, N = 32, and K = 4 placed at distances of 9.5,
10.4, 11.3, and 12 meters from the AP, K = 1 placed at a distance of 12 meter from the AP.

on the DL decreases due to smaller fraction of power per sensor given a fixed Pi, while the max-min
fair information transfer on the UL reduces due to increased interference. Therefore, for a fixed K,
DL-WET based on the transmission of the proposed superposed chirp waveforms provides a broader

energy-information transfer region over the transmission based on fixed-frequency waveform.

4.8 Summary

In this chapter, the application of chirp waveform is investigated for wireless energy and infor-
mation transfer to a group of energy constrained sensors operating over multiple subbands. We have
proposed a generic waveform design for WET based on the superposition of chirp waveforms while re-
maining orthogonal or uncorrelated across subbands, which is otherwise not feasible for fixed-frequency
waveform. Further, key properties of such waveforms are established for optimizing WET. Packing
multiple chirps in a subband enables to exploit channel diversity gain during DL-WET from a multi-
antenna AP to the sensors, and has provided gain in harvested energy over fixed-frequency waveform
while maintaining the peak power constraint. New closed form expressions are derived for the aver-
age energy harvested by the sensors on the DL based on the transmission of both superposed chirp
waveforms and fixed-frequency waveform. The analysis has used order statistics and the performances

are evaluated considering both estimated and perfect CSI. Moreover, the results have captured the
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effects of subband selection, number of antennas at the AP and the number of sensors in the network.
Corresponding max-min optimal power control coefficients are derived to maximize the minimum har-
vested energy and achieve fairness for DL energy among sensors for the two proposed transmission
schemes. Firstly, with a fixed number of subbands and no peak power constraint, and secondly, with
fixed peak power constraint and having variable subbands for which we have designed two subband
selection algorithms. As a benchmark, associated results considering perfect CSI are also presented.
The max-min information transmitted on the UL by the sensors is also analyzed.

From the analysis and simulations it is proved that DL-WET via superposed chirp waveforms
provides considerable improvement in the max-min harvested energy at the sensor nodes compared to
fixed-frequency waveform. Specifically, in case of an AP is equipped with limited antennas, the gains
in harvested energy become large. The difference in performances for the average energy harvested by
the sensors among estimated and perfect CSI has appeared to be negligibly small. It is shown that, by
restricting the operational subbands, i.e., N<N , the max-min harvested energy at the sensor nodes
can be improved for both superposed chirp and fixed-frequency waveforms. For DL-WET scenario
with fixed peak power and variable subbands, it has been observed that the proposed algorithms have
achieved the desired output. Further, it is proved that the use of the superposed chirp waveforms
improves the effective operational range of energy transfer over fixed-frequency waveform and thereby
increases the ETE of the system. In comparison to other waveforms, the analysis indicates the pro-
posed superposed chirp waveforms to be a superior choice for WET applications over multisine, fixed-
frequency waveform in terms of harvested energy and associated gain. From the energy-information
analysis for multisensor WEIT system, it can be concluded that superposed chirp waveforms achieve a
broader energy-information transfer region over fixed-frequency waveform. Thus, using the presented
superposed chirp waveforms in combination with the proposed transmission schemes in a multisensor
WEIT system, it is possible to attain overall improvements in terms of harvested energy, operational

span, and a wider energy-information transfer region compared to fixed-frequency waveform.
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5. Conclusion and Future Work

The objective of the works that have been presented in this thesis is to design waveforms based
on chirp and associated systems to enhance system performances for wireless communication, radar,
IoT, and WEIT applications, for which we have proposed novel waveform designs by exploiting key
properties of chirp and carried out performance evaluation of the systems through analytical and
numerical analysis. The main conclusion and the contributions of this thesis are summarized in

Section 5.1 and possible future directions in which this work can be extended are outlined in Section 5.2.

5.1 Conclusion

The main contributions and conclusions of each chapter are summarized below.

m A brief survey of chirp waveform and its properties, wireless communication and radar systems,
IoT and WET, and metrics of performance analysis for the systems has been presented in
Chapter 1 along with the motivation and contribution of the thesis. This chapter provides an
in-depth review of related works available in the literature which includes designs based on chirp
waveform for the applications of communication, radar, and IoT systems along with associated

analysis of its performance followed by some of the existing works on WET and WEIT.

m Design of waveforms based on chirp and the systems employing the waveforms has been proposed
in Chapter 2 for improving the data rate and error performance over a single user and multiuser

wireless communication environments. The chapter includes the following studies.

e Single user communication systems using SAW devices and employing fixed-frequency and
chirp waveforms for a transmission of 2 bits and 3 bits per symbol, respectively, have been
designed and analyzed. Closed-form expressions of SER have been derived for the proposed
systems and the results have indicated that the SAW-chirp communication system performs

better over the reported systems adapted for transmission of 3-bit data symbols.

e The design of PN-coded L.C and NLC waveforms has been presented to reduce the MAI in
a multiuser communication. A dependency on the number of available users on the system

performance has been observed from the results.

e Design of LC waveforms with equal chirp rate has been studied, and an appropriate con-
dition of orthogonality has been derived to attain a set of orthogonal up-chirp and a set

of orthogonal down-chirp waveforms for a multiuser chirp communication system. Closed
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form expressions of BER performance have been derived for which analytical analysis has
been carried out to compute the correlation performance between the up-chirp and down-
chirp waveforms. The studies over Rayleigh fading channel indicate that the system with
the proposed waveforms has an improved MAI performance and performed better over

reported work while using the same bandwidth.

e A combination of chirp-BOK waveform with PSK modulation has been proposed and a
PSK-chirp-BOK system employing the waveform has been designed to double the trans-
mission rate without increasing bandwidth and the number of correlators at the receiver,
and thus saving valuable spectral resources. The performance of the system has been an-
alyzed in terms of SEP considering a set of linear up-PSK and down-PSK chirps over a
Nakagami-m channel in a multiuser environment and under the influence of co-channel
interference. Associated closed-form expressions have been derived in terms of the con-
fluent hypergeometric function. The derivation has involved the analysis for correlation
performance between the up-PSK and down-PSK chirps and the PDF of a sum of random
variables that are expressed in terms of Gauss hypergeometric function. To eliminate MAI,
a set of complete orthogonal waveforms using up-chirps and segmented up-chirps has been
proposed in place of the up-chirps and down-chirps in multiuser systems. The impact of
different system parameters such as waveform type, number of users, channel conditions
on system performance has been analyzed. The results show that the proposed orthogonal
chirps combined with the modulation technique have provided considerable improvement
in SER performance over the reported designs. Furthermore, a transmission scheme using
TDM of the same chirp set has been proposed to attain bandwidth gain, and the demodu-
lation of the overlapped chirps at the receiver has been presented through an FrFT based
filtering process. It has been inferred from the results that the proposed filtering process
has successfully removed the interfering chirps and the receiver performs as good as the

system having orthogonal chirps without time overlap.

m The designs of chirp waveforms for MIMO and multiuser radar systems have been proposed in
Chapter 3 with the aim of improving the ASP and CCP levels over reported designs. Chirp
waveform design has also been investigated for LEO satellite IoT applications. The chapter
includes the following studies.
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e A combination of LC waveform with binary PN-code sequence has been proposed for de-
signing a set of DFCWs in which HFH sequences are used to control the frequency-firing
order of the waveforms for MIMO and multiuser radar applications. Analytical evaluation
of the auto-ambiguity and cross-ambiguity functions has been obtained to analyze the per-
formance of the waveforms. Minimization of CCP levels among the waveforms has been
achieved through an optimization process designed to select appropriate HFH sequences
and PN-code sequences in two consecutive stages. The results have shown that the pro-
posed design technique and the optimization process have provided better ASP and CCP

level performance over existing DFCW-LC.

e To realize a chirp waveform with adaptive design parameters, for MIMO and multiuser
radar, a parameterized mathematical model has been presented to construct parameterized
NLC waveforms. A GA based optimization process for the appropriate selection of input
parameters of NLC waveforms is presented to accomplish the required ASP and CCP levels.
Associated numerical analysis of autocorrelation and cross-correlation for the parameterized
NLC waveforms, for which we have derived analytical expressions, has proved that the
proposed NLC waveforms through the optimization process attain the desired output with
improved ASP and CCP performances over the existing designs while using fewer input
variables. Construction of a set of DFCWs using a tangential-type NLC waveform, obtained
from the model, has been presented, and a joint optimization of the frequency hopping
sequences and the chirp type at each frequency slot of the DFCWs-NLC has been performed
to minimize CCP levels among the DFCWs without degrading the ASP level. The analysis
has been performed on a set of eight DFCWs and the results conclude that the proposed
design can provide significant gain in ASP and CCP levels over the reported DFCW designs,
i.e., an average gain of =~ 5.0 dB and ~ 5.47 dB in ASP and CCP levels while considering
waveforms for MIMO radar, and an average gain of ~ 4.51 dB and ~ 4.41 dB in ASP and

CCP levels while considering waveforms for multiuser radar.

e The concepts of SC waveform and multiple chirp rate waveform have been combined to
propose SC-MCR for LEO satellite IoT communication. A generalized mathematical for-
mulation has been presented for the construction of the waveforms, and the correlation

analysis between the SC-MCR waveforms has indicated improved cross-correlation perfor-
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mance over the SC waveform. In addition, extending SC-MCR in time domain, TDM-SC-
MCS has been presented to increase the overall system data rate. Performance of an M-ary
system has been analyzed in terms of SEP over an RLS channel in a multiuser environment

and the results indicate that both SC-MCR and TDM-SC-MCR waveforms outperform SC

waveforms and provide more reliable communication.

m Chapter 4 investigates the design of chirp waveforms for the application of WET and WEIT.
We have illustrated and quantified the advantages offered by DL-WET from a multi-antenna
AP to a group of sensors based on superposed chirp waveforms over that via fixed-frequency
waveform with subband selection under imperfect CSI. Specifically, a generic waveform design
has been proposed for WET based on the superposition of chirp waveforms and key properties of
such waveforms for optimizing WET have been established. New mathematical expressions have
also been derived using order statistics for the average energy harvested by the sensors when
DL-WET is done via superposed chirps and via fixed-frequency waveform transmission. We
have also derived the corresponding max-min optimal power control coefficients to maximize the
minimum harvested energy in the sensor network. As a benchmark, results have been presented
considering perfect CSI also. The max-min information transmitted on the UL by the sensors
has also been analyzed. From the results, it has been proved that DL-WET via superposed
chirp waveforms provides considerable improvement in the max-min harvested energy and the
operational range of energy transfer and achieves a broader energy-information transfer region
over DL-WET via fixed-frequency waveform. Thus, the designed superposed chirp waveforms
in combination with the proposed transmission scheme can effectively prolong the operational
span of the energy constrained sensor nodes over conventional fixed-frequency waveform based

transmission.

5.2 Scopes of Future Extension of the Works

Some of the possible future research directions of the works listed in this thesis, i.e., design and

application of chirp waveform in the areas of communication, radar, and WET, are as follows:

(1) Investigation on possible designs of chirp waveform for a joint radar-communication system, and

analyze the effect of interference on the system performance.
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(2)

The WEIT analysis in Chapter 4 is presented over Rayleigh fading. The analysis can further
be extended considering Rician fading channel. Additionally, the outage performance analysis

of the system would be an interesting problem to solve.

The WEIT system in Chapter 4 has considered a linear energy harvesting model. The analysis
of the system can be extended by incorporating a nonlinear energy harvesting model, and its

effect on the average harvested energy, energy-information transfer region can be investigated.

The WEIT system has considered the transfer of information in the uplink only. The system
design can be extended considering simultaneous transmission of energy and information on
the downlink and the associated analysis can be performed considering a PS or TS scheme at
the sensor nodes. Moreover, the effect of subband selection on these schemes would be worth

exploring.

A WEIT system with homogeneous users has been considered in this thesis. The system can be
generalized by incorporating heterogeneous users where the main challenge would be to explore
efficient interference cancellation schemes at the user ends such that both information and energy

transfer efficiency can be maximized.

The WEIT system has considered a single multiantenna AP. The system model and analysis can
be extended by incorporating intelligent reflecting surface (IRS) for WET and WEIT operations.
In addition, the performance of such system with or without subband selection can further be

investigated.
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A. Appendix

A.1 Proof of Lemma 1

A chirp signal s, (t) = cos [27 ((fs + (n — 1)Af)t + 3ut?)] in equivalent complex form is given
by s¢,(t) =R 2 ((fet(n—1)AS )H%“tQ)]. Without loss of generality, the proof is given for £ = 3, and

the corresponding chirp signals based on (4.3) are given as

scln’k(t) = CcoS [271 <(fs +(n—-—1DAf)t+ %,ut2>} , 0<t<T,

)
0 cos 21 ((fs+ 5+ (n—D)Af)t+2ut?)], 0<t< e
SCQn,k t) =
cos [27 ((fs = 27 + (n=DAf) t+5u8°)], 2 <t<T,
\

cos [2m ((fs+ 22+ (n—DAf) t+ Lut?)], 0<t< L,
oy e ) hut?)] ; .

cos [2m ((fs — ?—i—(n—l)Af)t—F%utz)], % <t<T.

{
The L.H.S. of (4.4) is calculated using (A.1) as

Tc

Tc
/0 (301n,k (t) + Sc2, 1 (t) + Sc3n k (t))2 dt:/o (Sgln,k ) + 322,1,;c (t) + 3§3n,k (t) + 2R610203(t))dt7 (A.2)

where Recicac3(t) = sc2,, (t)Sc1,, (1) + 5c3, . (£)5c2, 4 (E) + Se3,, . (t)Sc1,, (). For the chirps to remain
uncorrelated to each other, Rcjc2c3(t) should be zero. Now, substituting every term of Rcjcac3(t) using

(A.1), in equivalent complex form, and after simplification we obtain

Te 2T¢

Reicacs(t) = / p %[eﬂ”gt + I2m 3t " ejz’r%t} dt + /T y %{eﬂ”gt 4 e 92Tt = e‘ﬂwgt] dt
0 =

Tec
_i9ox2B ior B _jiorB
+/ %[e 2Tt eI2mEt e ﬂ”:st}dt
2Tc
3

= /0% 2 cos (27rB§) + cos (47rB§))dt I /T;C (cos (47TB§) + 2 cos (Zng))dt

. 2 47 : A 21
sin (&F sin (=& sin (=& sin (<&
_ oM (g) ! (2]:;)_ (2%) (5):0‘ (A.3)
27T§ 271'? 27'('? 271'?
As Rcieaes(t) = 0, the superposed chirp waveforms, designed based on (4.3) exhibit zero cross-

correlation among them and satisfy the relation given in (4.4). In a similar process, (4.4) can be
proved for other values of &, i.e., all the chirps in a ‘¢-chirp’ configuration, designed using (4.3), as a

composite signal remain uncorrelated.
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A.2 Proof of Lemma 2

A.2 Proof of Lemma 2

Without loss of generality, the proof is given for £ = 3. Expanding the L.H.S. of (4.5) gives

Te Tc
Scm,k (t)SCn,k (t)dt = / (SClm,k (t) + SC2m,k (t) + 8C3m,k (t)) (801n,k (t) + Sczn,k (t) + SC3n,k (t))dt
0

(A.4)

0

Substituting the terms using (4.3) in equivalent complex form, and after simplification, the R.H.S. of
(A.4) can be evaluated as
T

0 )

=1 " et + / " e Bnmanar o I "R nsn
0 p °

o i
+/ %[ej%r(%—i-(m—n)Af)t]dt_’_/ %[63%( 2B 4 (m—n)Af)t ]d
0

0

T o e
= 3/0 cos [27rt] dt+2/0T cos [271(— g —H‘Af)t]dt—i—/OT cos [277(— % —i—rAf)t}dt
+2/0Tc cos [27r<§ +7°Af>t] + cos [2%(? +7°Af>t]dt
B i[Bsin (67) 2sin (4m) N 2sin (8) sin (107) sin (2m) ] _0
T ar C(Eran Eean AN T (Bean) "

(A.5)

where |m —n| =r > 0 and an integer. Also, min(r) = 1. From (A.5), it is found that the superposed
chirp waveforms, designed using (4.3), transmitted in different subbands remain mutually orthogonal.

Based on similar arguments, the relation in (4.5) can be proved for other values of &.
A.3 Proofof X 5, <1 for N mod ¢ =0
* k:]_ an; — -

For each sensor the transmitted signals in different subbands are mutually orthogonal and using

(4.17) the average transmit power of the AP, for N mod ¢ = 0, is given by

Sefpnl} - gr [ B3

where the expectation above is with respect to the estimated channel vector g, ;. For each sensor,

nck gnk
=1n=1 Hg"kH

2
Sen s (E)0in,kyez., }dt, (A.6)

the signal is transmitted over its best N, subbands only where N, = % Therefore, rearranging the

inner summation term according to the indices corresponding to the ]VC best subbands for each sensor,
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(A.6) can be expressed as

/g\n]k
1€ 1

Su {0} - ngSaf )]

F}

1 Te 2 2 2
8 i \/O (SCl[n]’k (t) T SCQ[”]xk (t) +ot Scf[n],k (t)> dt )

(A7)

where the chirps in a subband are uncorrelated as given by Lemma 1 and are deterministic. Since

each chirp waveform maintains an average power of unity, (A.7) simplifies to

N K K
ZE{Hch(t)H2} Ptxz Ner Z {Hg[n k” }fzptxz%ﬁcg:PtXZan < Px. (AS8)
n=1 k=1 k=1

[E8ns

As the total transmit power is constrained to Py, from (A.8) we have Zszl g, <A

A.4 Proof of Y1 7., <1 for N mod € # 0

The average transmit power from the AP for N mod & # 0 is given using (4.18) as

> Tew Bnik
S e e O = B |93 B B rem, B

k=1n=1 Hg”’“” n
where the expectation above is with respect to g, ;. For each sensor, the signal is transmitted over

2
}dt (A9)

its best N, subbands only where N, = [%J +1, and the transmitted signals in different subbands
are mutually orthogonal. Therefore, rearranging the inner summation term according to the indices

corresponding to the N, best subbands for each sensor, (A.9) can be expressed using (A.7) as

S8 {0} - 7 EKIZ % kHH} M“)dt]

282 Lt

Nc]

(A.10)

+B;XZE{”C’C B H}
Hg[NC il

Since the chirps in a subband are uncorrelated as given by Lemma 1 and deterministic, and each chirp

waveform maintains an average power of unity, using (A.7) and (A.8), (A.10) can be simplified as

3 : e [ 8l [
> e { e, 0]} = 2> T ZE{%}“&E{%H

n=1 k=1 L n=1 Hg[n},kH Hgm],kH
K /o N — L%NJ ¢ K
=Pod L[ Ne=1)e+ | ——== )| =Px Y 1, < P (A1)
k=1 N L 5 k=1
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As the total transmit power is constrained to Py, from (A.11) we have Zszl Ne, < 1.
A.5 Proof of Theorem 1

In order to compute the average energy Fck harvested by the k' sensor, simplifications of the three
terms in (4.27) and the four terms in (4.28) are performed in Appendix A.5.1 and in Appendix A.5.2,
respectively to obtain the closed-form solutions. Further, results on order statistics to be used for the
analysis of (4.27) and (4.28) are derived here.

Consider that X1, Xo,..., Xy are random samples from a continuous population with correspond-

ing CDF Fx(z) and PDF fx(z). Now, if Xp;; > > X[nj, then using [93, Ch. 2] on order

X 2

statistics, the CDF of the n'™® largest random variable, n = 1,2,..., N, can be evaluated as

n—1
N v —v
Fx() =Y <v> (1= Fx, (2))" (Fx, ()", (A.12)
v=0
and the associated PDF of the n'" largest random X in)» fx, (@) is calculated using (A.12) as
N 1) i
i@ = ()0 = (0= D) (Ex @)V (4= B (o)
n—2 N n—2 N
N—-v—1 v
13 ()0 ==X (4 ) 0| B0 B s a9
In the second term of (A.13) (]X) (N —v) = (1;14\-[1) (v +1), thereby fx,, () simplifies to
= 2k Fx (2))N 7" (1 = Fx(a)"! A.14
Fiin(@) = = (P ) (1= Fx(@)"™ xa). (A14)
A.5.1 Proof for Case (i)
Using (4.10), we have g, x = &4 — Bfulp» Where & s = kb and o x = VB — Wwhp -

Now, to compute the average energy Eck harvested by the k" sensor given by (4.27) for N mod £E=0,
the first term from (4.27) is expressed as

~T

~ ~ 2
N3 |11 1 Hg[n},kH
i ]v [\? =T ok ~T ~*
Nep VW Pix€Te | ~ 2 - g[n],k(g[n],kg[n],k)g[n},k
BT SR g )+ E{ "
e PO LA BRpY ugw
- ]'\7 e~
Ney Y PexETe ( - =~ 2 n]k gh, kg[n} )g[n},k
B (5 ) ) o] 2  aw
NS { } Btk
TH-2806_ 156102017

159



A. Appendix

From (A.15), the squared norm of ﬂnk is given by
~ .9 ~af 2
[ R R - R Y A (A.16)

~ ~ 2

where A", is CSCG random variable and |h)",| is exponential distributed with parameter 1, i.e.,
~ 2 ~

|h;”k| ~ exp(l). Let X, = thkHQ Since X, 5, is the sum of M independent exponential random
variables, X,, ; is a Gamma random variable with shape parameter M and rate parameter 1, i.e.,

Xy ~T'(M,1). The CDF and the PDF of X, j are respectively given by [84]

7(M> xn,k’)
FXn,k ($n7k) = P(M) )
1
IX(@ng) = mmn,kM_le‘%k, Tnp >0, M >0, (A.17)

where (-, -) is lower incomplete gamma function [78].

Now, using (A.14) and (A.15), {Hh[n] k|| } can be written as

E {Hﬁ[n]kuz} =E {Xppx) = /0 T ko Xy o (B k) AT - (A.18)

Note that the PDF an k(mnk) depends on F, , (z,x) and fx, ,(z,x) which, in our case, is given

by (A.17). Thus, substituting (A.14) and (A.17) in (A.18), {Hh[n] k” } is evaluated as

~ o0 o)\ T, B .. .
E{”h[”““m n 1)1'\<” 5 (%) <1‘Y(¥<M>k)> ron©

n—1

. n — ]. n—N—l—]_ y x Me_x"=k T l-‘rN—TL T

- (TL _ 1 _ ’I’L | - 0 < )(F(M)) /0 n,k (7(M7 n,k)) d n,k
n—1
=0

where A(l) can be expressed using Lauricella function of type A [91, (7)] as in (4.32). This is used to
compute QNC = Z E{Hh[n £l } in (A.15) and is given in closed-form in (4.31).

From (A.15), E{ [n]kg[n]’k} is expressed as

E {Efn},kggﬂ,k} = (Br — ) E {diag{\ﬁfnmz, B2 % B ] }} , (A.20)
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~ 2
Furthermore, using (A.14) and (A.18), E {|h[n]7k| } is evaluated as

~ 2 NI o) o Nen C - C
E{|h[n],k| } = (TL-l)'(N—n)' A T k (1—6 ’C) (6 k) e ’kdl‘n,k
N! o0

—z n —z N—n
T L A S A

N! N-n o (N=n 1
N (n — DUN —n)! Z(_l)N H( l >m’ (A.21)

where the integral above is evaluated using [78, (3.432.1)]. Let 1j,) = E{\E[n]7k\2}. Substituting
(A.21) in (A.20), (A.15) can be simplified as

P ET,
Termlzinckd)Ntf C[

Ne
QN 70, | = T PBdler R | (A22
Yk e, + Z (ﬁk i 716) [n],k| — T [’Vk Ck + (ﬁk - ’Vk’) cr | ( . )

n=1

_ Ne
where TCJZC = 21 Y,k is given in (4.30).

Next, expanding the second term of (4.27) gives

Ne K gl (gr . .gl . .)gr .
Term Il = ¢ P &1, Z Z n—ffIE{ B} (g{[n}’i’kg{[g]’l}’k)g[n]’z }
nelizjeta itk IV | g[n]yiH

R1
N. K K .. T ~
A sztxéTcZ Z Z \/ninch{g[n],z(g{m,Z},kg{[n]ﬂ},k)g[n},j}‘ (A.23)

n=1i=1;i#k j=1;ji,k N Hg[nLiH |’§[n},j“

R2
All channel realizations are independent to each other and the ordered subbands for " user is not
the same as that of the ordered subbands for k' user. Thus, {[n],i}, k can be any arbitrary subband
{[n],i} € {1,2,...,N} for the k'™ user and for term II, E{g?[n} h kg{T[n] Z.}k} = BrIn. Using this

result, R1 simplifies to

Ne K 5T =
- ci gnz(’BkIM)gnz
R1=yPyTe Y "JE{ ) [l

~ 2
n=1i=1;i#k Hg[nLiH
K
Pl BT ~
= OO NN S GRGBTL (1 - )., (A.24)
N i=15ik

where Zfi 1 Me; = 1. For the term R2, there exist two scenarios as outlined next.

161



A. Appendix

Scenario 1: If {[n],i} = {[n],j} =, then using (A.24)

N. K K
R =Ry Sy Vg { n]z(glkglk)g[n]]}

n=1i=1;i#k j=1;ji,k N Hg[n},iwg[nldu
Ne K K ST o
- Vel { 81,i8[n).j }
= PP ~——Eq 7= - =0, (A.25)
R PP DN Vi e (R [

where the last line is obtained from the facts that the index of the n'® best subband of the i*® user may

be different from the index of the n** best subband of the j** user and that the channels corresponding
: : > —

to different users are independent, thus E{ g[nwg[n]’j} = 0.

Scenario 2: If {[n],i} # {[n],}
As all the channels are independent, E{ gf{‘[n] i} kg{T[n] i} k} =0, and

RzzsztxfTCXNC: > 3 YRy { B (B8 1.) B }zo. (A.26)

n=1i=1;ik j=1;ji,k N Hg[nLiH Hg[n},jH

And Term III of (4.27) is calculated as

N
Term 1T = sz{ > wfn]ﬁk} = pNo’T,. (A.27)
n=1

Finally, substituting the simplified expressions for Term I, II, and III from (A.22), (A.24), (A.25),

(A.26), and (A.27) in (4.27), E., is given by (4.29).
A.5.2 Proof for Case (ii)

A process similar to Appendix A.5.1 is considered to evaluate the average energy E., harvested by
the k™ sensor using (4.28) for N mod & # 0. Out of four terms in (4.28), the first term is expressed
using (A.15) and (A.22) as

o 2 T o 2
Term I = ME{ ~ M 2 M }
8 854
anPtxéTcw Nez1 Nc—1

Z E{th]kH } (B =) Z Vi)
i o )

cw Pex€Tc N ' '
_ Nex ;vf (G [ngéiv D4 (B — %)T(NC D4 a2 [ng% + (Br — yk)TCk] }, (A.28)
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L

(Ne—1) Ne1 =~ 2 (Ne—1) .
where (2¢, = > E{Hh[nLkH } and TCk Z Y} are calculated using (A.19) and (A.21),
n=1
respectively with substituting N¢ = N. — 1. Further, QCk = E{Hﬁ[ﬁc} kH2} and Tc/k = T[JVC] . are
calculated using (A.19) and (A.21) and are given in closed-form in (4.34) and (4.35), respectively.

For the second and third term in (4.28), the average values are evaluated using (A.24), (A.25),

2
a /7722 g{[n 1,i}, L8 [n 7 }]
T VN Hg[n il

and (A.26) as

2
}+E{ nf} NC ’L}k
e H

NC—l
Term 1T & IIT = ¢ P ET, { D

AR Zk
—Ran| 3 Bz (B —1) +o? S ﬁk"“
Li=1;i,#k 1=1;i,%#k J
P Br€T.
_ PPOET. £k£ [NC o a2] (1=17c,). (A.29)

For the last term, the average is calculated using (A.27) as ¥ No>T,.

Finally, substituting the simplified expressions for all four terms in (4.28), E., is given by (4.33).

A.6 Proof of Proposition 1
A.6.1 Proof for Case (i)

After rearranging (4.29), for the case of N mod £ = 0, we obtain

E,., —¥No*T. — P Te

W PoxcTe [y 258 +(Be ) T8
i

Ulcre= (A.30)

- thX/BkTC

At the optimum solution the power constraint must be satisfied with equality, i.e., Zle Ne, = 1. This
is because if szzl Ne, < 1, one can scale up 7, corresponding to every sensor by a common factor
such that Zle 7, increases to 1 which in turn would increase the energy harvested by every sensor.
This would contradict the max-min optimality of the solution. Now, taking summation on both sides

of (A.30) gives

EK: Eo —YNO*T. —YPuBT. (A31)
— YT [w St BT G BT,

N

Furthermore, at the max-min optimum solution, we must have Elck = FL V k, for some Ez
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Using this fact and by simplifying (A.31), we obtain

P B, T
1 + Zj{zl < TZJ txﬁg c =
Y Py €Tc ['\/j _QCJ,C +(ﬁj —’Yj)chC
—i N _thxﬁch 9
= 5F - + ¢YNo>T,. (A.32)
7=1 Y Pix€Tc I:’Y]'-Q(j;\]f-c+(5]'—’Yj)TéjC]
N _wptxﬁch

N

Also, based on the fact that at the optimum, Elck = E';,v k, from (A.30) we obtain

E. — yNo>T, — P BT
N, =

P Te [ 20+ (Br=m) T

. (A.33)
N - thxﬁch

Substituting FIC from (A.32) in (A.33) and after some algebraic rearrangements, the max-min power

control coefficient 7, is obtained in closed-form given in (4.54).
A.6.2 Proof for Case (ii)

After rearranging (4.33), for the case of N mod ¢ £ 0, gives
El% _ YNo>T, — sztx]gksTc (f\}c 1 a2>

BT [y, — i (No — 1+ ?)]

Ne,, = , (A.34)

where ), = %(Qc(i\fc—l) = azﬁék) + (B — ’Yk)(TC(éV"_l) - a2Ték). Following a similar process given in

Appendix (A.6.1), using (A.31) and (A.32), from (A.34) we obtain

K ¢Ptx/3)j£Tc(ﬁc_1+Oé2)
=i L+ 2 ¥ Pex€Te[9—B; (Ne—1+0a?)]

E

+ Y No>T,. (A.35)

C ZK I
I=1 P Te[0—B; (Ne—1+02)]

Furthermore, at the max-min optimum solution, we must have Elck E Flc Y k, for some FIC Using this
fact and by simplifying (A.34), we obtain
i

— yNo2T, — thxjgkch (ﬁc 1+ az)

LPTe [ — By (Ne =1+ a?) ]

Tep, = (A.36)

Substituting FIC from (A.35) in (A.36) and after some algebraic rearrangements, the max-min power

control coefficient 7, is obtained in closed-form, for N mod ¢ # 0 scenario, as given in (4.55).
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