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Abstract

The problem statement of this thesis is to construct a simple, versatile, closed-form sim-
ulation model which can be used to model Orthogonal Frequency Division Multiplexing
(OFDM) pulsed-radar reflections from drones.

General simulation methodologies exist which allow a simulation designer to provide
an arbitrary transmit waveform, system parameters and a set of point-scatterer positions
and velocities representing complex radar targets for each time sample considered in the
simulation and to generate signal reflection predictions. On the other hand, certain over-
simplified methodologies exist to generate reflection predictions from propellers or drones
and significantly simplified to allow a closed-form solution.

The manner in which to simulate signal reflections from complex targets explored in
this thesis provides a middle-ground between the over-generalized and over-simplified sim-
ulation methodologies and is adapted to the specific use-case of OFDM pulsed-radar to
model drone targets. The benefit of this simulation methodology is its ease-of-use and
flexibility. The solution allows one to provide system parameters, drone parameters and a
drone trajectory to produce accurate backscatter predictions without having to model all
the individual point-scatterers for the radar target at each point in time. Additionally, the
simulation methodology presented in this thesis is derived in a separate manner than the
current standard for complex target modeling which is having well-placed point-scatterers
anchored to the simulated target. If one generates prediction results from two separate
simulation algorithms, then their certainty in simulation accuracy increases.

This thesis presents how the simulation model derived within produces almost identical
results to the state-of-the-art simulation methodology, where the same complex radar target
is modeled as a set of moving point-scatters with varying Radar Cross-Sections (RCS)
at each point in discrete-time. Since the model derived within require significantly less
setup and modeling efforts from the user and provides roughly the same computational
complexity for modeling drone targets in the OFDM pulsed-radar framework, it is the
better option.

The main metrics used for comparison between the different simulation methodologies
are the Fourier transforms of the received signal, micro-Doppler signatures and the range-
speed response for the radar system. All three metrics are shown to match the state-of-
the-art in the proposed simulation method.
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Chapter 1

Introduction

1.1 Problem Statement and Motivation

The primary problem statement for this research is:

Construct a simple, versatile, closed-form simulation model which can be used to model
OFDM pulsed-radar reflections from drones.

Literature available adjacent to this problem make similar contribution but restrict
models in some manner. Specifically, [15,30] restrict the height of the target to be equal
to that of the transceiver and restrict the number of propellers to unity. [27] restricts the
rotor to contain 4 blades with one scatterer per blade. [32,11] state that they use the point-
scatterer model without going into detail as to how it is done. This is difficult for someone
attempting to build a simulator to recreate. [25,35] assume that the rotors are constantly
rotating in the same orientations which is not always the case. As the simulation evolves,
the target changes orientation, velocity, position, etc.

A simulator like this one is useful because, as [13,30] show, the micro-Doppler signatures
are an ideal set of data for an Al system to learn from. A simulator which can allow one
to define any specific scenario desired and generate valuable training data for a Machine
Learning (ML) model. Radar performance can be evaluated using this simulator in the
cases where different OFDM symbols are to be compared, for example using their ambiguity
functions, before being deployed in the real-world. The simulator can be used to test
JCR/ISAC use-cases where certain data symbols would be designated as “communication
symbols” and not radar symbols. Additionally, in Low Probability of Intercept (LPI) radar,
this simulator can be used to define complex drone models and trajectories to validate



performance. A simulation which is in agreement with the standard simulation strategy
also increases confidence that both models are going reliably predict real-world data.

1.1.1 Application

As Uncrewed Aerial Vehicles (UAV)s including drones continue to become more common
for both recreation, law enforcement and military purposes, being able to detect UAVs
becomes a increasingly valuable capability. When UAVs operate in “dark” mode, where
they do not emit electromagnetic waves of any kind, it becomes even more useful to be able
to identify whether a UAV is present and infer its characteristics. These characteristics
include the UAV’s model, position, velocity, orientation, etc.

This detection and characteristic inference can done either actively, using the radar
systems’ transmit signal, or passively, using some other source of EM radiation which
interacts with the UAV. The source of EM radiation under investigation affects how well
and under which conditions the UAV can be detected. For example, in optical sensing
or Lidar, a UAV could be very easily distinguished in a high Signal-to-Noise (SNR) ratio
environment but would be very susceptible to range decay and weather related obstructions
due to the frequency of the signal, compared to a lower frequency signal such as radar.

Another way in which this inference can be accomplished is by using the 5G NR in-
frastructure. Let there be a 5G transceiver nearby to a dark drone (the target). The
5G transceiver, if taken control of, could actively transmit a radar signal and analyze the
backscatter signal to detect and infer about the target. This is the scenario for the research
presented in this thesis.

1.2 Objectives

The objectives of this research are to

1. define a strategy for using OFDM as a radar,

2. derive what the expected coherent time and OFDM symbol-dependent backscatter
signal should be in the OFDM radar strategy,

3. create a simulation tool using this strategy and generate backscatter predictions using
it for different system configurations and



4. compare the result from the new simulation model with state-of-the-art simulation
models to validate it.

Having all these steps completed, a conclusion can be made as to whether or not the new
model is a viable alternative to state-of-the-art.

1.3 Contributions

The contribution to literature resulting from this thesis are

e deriving the closed-form expression for the expected backscatter signal for an OFDM
pulsed-radar with varying communication symbols,

e the construction of the new simulation methodology for predicting OFDM radar
backscatter derived within,

e successful comparison of the new model to state-of-the-art.

The contributions herein may be used in the future by other researchers for performing
simulations of active OFDM radars with drone(s) nearby in a more simple way than to
use state-of-the-art. Researchers may also use the analytical contribution herein to expand
collective knowledge through further analysis.

1.4 Definitions, Conditions, Context, Assumptions and
Limitations

The term simulation in this thesis refers the the process of recreating a real-world sce-
nario virtually. Simulations may deterministic or partially randomized. The term model
refers to the method of computing a particular result. The term monostatic refers to the
radar system using the same antenna for both transmitting and receiving a signal. The
transmitter and receiver are isolated from each other through hardware.

The 5G NR infrastructure could be used either actively or passively for target detection
where in the active sensing mode, the 5G transceiver hardware would be severed from the
5G network to transmit only specific OFDM radar signals, enabling radar processing gains,
instead of transmitting its standard 5G NR traffic. In the passive sensing mode, the 5G NR



receiver would need to correlate what it receives to what was transmitted from all the local
5G NR base stations. This document is focused on the former active sensing where a single
monostatic transceiver is responsible for both generating and receiving the radar transmit
and receive signals respectively. There are also bistatic and multistatic configurations for
target detection but this work strictly examines the monostatic case.

The radar backscatter signal when a drone of arbitrary size is within the radar’s un-
ambiguous range is modeled by two separate reflection models which are closely examined,
the Martin-Mulgrew point-scatterer models. From these radar signals, it is shown that
UAV detection, classification and inference of radial distance, bulk velocity, rotor velocity
and orientations are all possible.

The theoretical models that are used in this document have the ultimate goal of being
applied to the 5G hardware context, that is, they are to be used specifically to model
the backscatter signal which results from a radar transmitting a signal compliant with
5G standards and regulations. The 5G 3GPP communications standard uses OFDM for
its signals. In OFDM, a set of orthogonal subcarriers are used to transmit information.
The subcarriers are simple sinusoidal carriers at frequencies which are separated by their
SubCarrier Spacings (SCS)s. To form an OFDM signal, the subcarriers are linearly com-
bined. For this reason, the theoretical analysis begins with backscatter analysis of simple
sinusoidal carrier transmit signals of the form e/?7/<t where f, is the carrier frequency, ¢
is the analysis time and j is the imaginary unit. When a complex exponential signal is
being transmitted, it is assumed to undergo I/Q modulation to preserve the imaginary
component of the signal. I/Q demodulation is also assumed for the received signal.

The primary tools for detection, classification and inference are the radar range-speed
response and the micro-Doppler signature of the target. These are presented in detail in
subsequent sections.

Two separate theoretical models for modeling target backscatter are analyzed and com-
pared to full-system simulation results offered by MATLAB. The first of the models is the
Martin-Mulgrew model as presented in [30] and used in [13] & [15], henceforth referred to
as the MM model. The model performs theoretical analysis for propeller backscatter sig-
nals. This model initially does not consider modification to frequency due to the Doppler
effect aside from bulk-velocity of the UAV, as seen in more detail in Section 2.1.1, and
therefore would not produce any micro-Doppler signatures. The MM model is augmented
to show how the micro-Doppler effect could be included into the model. The framework
for modeling the complex drone target is defined. The second model is to have a dedicated
set of point-scatterers, each with their own Radar Cross-Sections (RCS), positions and
velocities, as presented in [¢] in a way which shows general scatterer behavior. This model



is adapted to fit the situation of complex drone modeling. This is the current industry
standard for modeling complex radar targets.

This thesis presents only theoretical work and simulation data; no real-world experi-
ments have been performed to validate the simulation method created herein. Other sources
showing that the state-of-the-art point-scatterer model sufficiently matches real-world data
such as [8] are relied upon to prove the simulation methodology is valid.

Standard 5G NR will make use of cyclic prefix for additional redundancy in signal
communication. For the purpose of this active OFDM radar, the cyclic prefix is not
considered since the redundancy is embedded in the need to repeat the OFDM radar pulse
to achieve radar gains. Additionally, for a base station to be active in 5G NR, it must
periodically transmit certain keep-alive signals. These signals are considered absent in the
OFDM radar used herein since it is assumed the 5G transceiver has been taken-over for
use specifically for radar.

1.5 Thesis Structure

This remaining portion of this thesis is structured into four separate chapters. Chapter 2 is
the literature review which presents background information, review of the state-of-the-art
and relevant papers. Chapter 3 derives the base form of the Martin-Mulgrew model and
presents how the model can be augmented to include micro-Doppler modifications to the
signal. Chapter 4 presents the strategy to adapt the augmented Martin-Mulgrew model
for use with 5G OFDM transmit signals. Algorithms for simulations are provided and
explained in detail at the end of the chapter. Chapter 5 is the conclusion of the thesis.



Chapter 2

Background Information and
Literature Review

2.1 Background Information

In this section, several concepts necessary to the understanding of the work completed in
this document are presented.

2.1.1 Reflected Doppler Signal

Let there be a monostatic radar which transmits a simple continuous signal modeled by
Stz (t, fe) which carries baseband data within the complex envelope of s.(t) = I(t) + jQ(?)
composed of in-phase and quadrature components:

stz(t, fo) = Re{s.(t)e* '} (2.1)

where f. is the carrier frequency, t is time and j is the imaginary unit. The amplitude of
St (t) is the maximum voltage, which is proportional to the square root of the transmitted
power (in Watts) and the Effective Radiated Power (ERP) of the transceiver.

Let there also be an electromagnetic-reflecting object moving in an arbitrary direction.
This object is labeled as an Uncrewed Aerial Vehicle (UAV) for convenience. In Cartesian
coordinates, let the coordinates of the transceiver be given as Z;. Let the coordinates of
the moving UAV be Z,. The distance vector between the two position vectors is (&, — Z).



For this scenario, there is need to express the relative velocity v, between the transceiver
and the UAV. For arbitrary velocity vectors for the transceiver and UAV, v, and v, respec-
tively, the relative velocity can be expressed as the difference between the projections of
the velocity vectors onto the distance vector (Z, — ;). Using typical notation,

U, = Projz _z Uy — PIOjz _z Uy (2.2)
Zw = Tl [T = Zl|  |[Tu = Tel| |7 — T
= - — — — — fu - ft
_ . _ . _ e 2.4
(Vy - (Ty — 7)) — Uy - (X — 7)) |7, — 7|2 (2.4)
— _ . _ et 2.5
(Vy — Tp) - (T — T¢) 70 — 74|12 (2.5)

As the signal s;,(t, f.) is transmitted, it travels a distance of R = ||Z, — Z4||. In terms
of modeling the signal just before arrival at the target with so(t, f.), St (t, f) should be
delayed — shifted by the time it takes for light to travel a distance of R meters. The time
for light to travel a distance of R meters is R/c seconds so

Stz(t - ?a fc) = Re{sc(t - ?)ejQWfC(t_f)} = SO(tv fc) (26)

R . )
= Re{sc(t — E)eﬂ“fﬂte_ﬂ”fclj}. (2.7)

Due to the relative velocity v, between the transceiver and the UAV, the signal is
Doppler-shifted by a frequency f; when it is reflected. The observed (Doppler-shifted)
frequency f, can be calculated in two steps using the following relationship. The one-way,

one-dimensional Doppler-shift formula [35] states that the observed frequency f, is given
by N
ct,
o — c 2.8
o=, ) (2.8)

where v, is the magnitude of the radial velocity of the receiver and vy is the magnitude
of the radial velocity of the source. The sign of v, is positive when the receiver is moving
towards the source and the sign of v, is positive when the source is moving away from the
receiver.

To apply this concept to this scenario using the relative velocity between the two objects
U, firstly, the scenario is observed from the point-of-view of the source such that vy = 0
and v, = ||t},|| when the receiver is moving towards the source. For the signal going from

7



the transceiver, acting as the Doppler source, to the UAV, acting as the Doppler receiver,
the intermediate observed frequency f; is given by

¢+ [t ]

fi= c+0

3 2.9)
Second, for the reflected signal going from the UAV to the transceiver, the Doppler roles are
reversed. That is, the UAV acts as the source and the radar transceiver acts as the Doppler
receiver. Since the UAV is moving towards the transceiver, v, = 0 and vy = —||v;||. The
observed frequency f, is then

c+0 c cH+ v
——fi =
¢ — |||

c+ ||V
] [ oot lin
=Tl e T e=lE

Jo= — e (2.10)

Using the observed frequency, the Doppler-shift frequency is defined as follows and is
further simplified.

fa=To—Ie (2.11)
el - ﬁ(—” el 1) (2.12)
¢ — o] ¢ — |||
c+ ||, c— ||, 2|,
__j;( __\Iq!l__ __Ilqll) _ _J| l| ' (2.13)
c— o]l el ¢ — |||

Since the relative velocity is insignificant with respect to the speed of light in the denomi-
nator, it is common to make the following approximation: ¢ — ||0,|| = ¢. Therefore,

2l |5 ]
Cc

far=

(2.14)

for the UAV moving towards the transceiver. When the UAV moves away from the
transceiver, similar analysis can be performed to show that

A

C

fam (2.15)

The Doppler-shift applied to the reflected signal model at the target immediately after it
is reflected by a UAV moving towards the transceiver, represented by s;(t), results in

R, . R
Sl(t) = So(t, fc + fd) - Re{sc(t - Z)ejzw(fc"_fd)(t—c)} (216)



The signal then travels another distance R from the UAV back to the transceiver. To delay
the signal once more due to the travel time to model the received signal to obtain sy(t),
another time shift of R/c is performed:

2 .
sa(t) = si(t— 2y = Re{sc(t _ 28 J27r(fc+fd)(t—2§)} (2.17)

C C

The modeled received signal before demodulation, s, (t) is then obtained by inserting the
approximate Doppler-shift and simplifying:

2R, . i
Sra(t) & 52(t) = Re{sc(t _ 2y eran e+ 218 l)(t_Qf)}- (2.18)

C

Throughout the remainder of this thesis, it is implied that when complex exponential
notation is used to describe a signal propagating through space, only the real part of the
signal is actually being propagated as displayed in this section.

The amplitude of the received signal could be quantified using a form of Radar Range
Equation (RRE) [28] which depends on ERP, propagation loss, receiver gain, etc. A
standard form of RRE of the received signal for the Signal to Noise Ratio (SNR) relative
to environmental noise power at the receiver is

PthGTAQO'

NR =
SRR (47)3R*%T,BF

(2.19)

where

e P, is the transmit power in Watts,

G, is the transmitter antenna gain in dBi,

G, is the receiver antenna gain in dBi,

A is the wavelength of the carrier frequency in meters,

o is the RCS in m?,

k is the Boltzman constant in Joules/Kelvin,

Ty is the receiver temperature in Kelvin,

B is the receive bandwidth in Hertz,

F' is the receiver noise figure.



2.1.2 Rotation Matrices for Drone Modeling

Let the position of the center of reference frame ¢ with respect to reference frame j be
denoted fij . Let " denote a position vector at point p with respect to reference frame i.
For a point p* to be represented in reference frame j while ¢ and j have the same origin,
the rotation matrix R}, read as “R from i to j”, can be used in the following manner:

Pl = RIp. (2.20)

The values of this rotation matrix are derived below.

The point p* with respect to the reference frame i is represented by a 3-element vector
indicating the distance along each axis of reference frame i where the point is located. The
point can be represented by a linear combination of the basis vectors representing each
axis as in the following equation where a,b,c € R.

a 1 0 0
p' = |bl =a (0| +0|1| +c|0f. (2.21)
c 0 0 1

The basis vectors used to represent point p* with respect to reference frame i are thus con-
ventionally [1,0,0]",[0,1,0]" and [0,0,1]". Using these simple basis vectors as reference,
the phrase rotating a reference frame is described as changing the orientation of each basis
vector while preserving their magnitudes of 1, orthogonality and relative orientations. The
orientation of a reference frame can be described by three angles of rotation, referred to as
the Euler angles as in [13]. Conventionally, these refer to a rotation of the initial reference
frame by a rotation around the #! axis', then a rotation around the g axis followed by
a rotation around the 2! axis. This is known as a roll, pitch, yaw or ZYX rotations [13].
These rotations are shown in Figure 2.1.

To rotate reference frame i by a certain angle 6, around the 2! axis to yield reference
frame j as in the left side of Figure 2.1, the basis vectors are transformed as follows to
produce the basis vectors Z; with respect to 4, §; with respect to ¢ and 2; with respect to

!The notation #¢ represents the coordinates of the &; basis vector of reference frame i with respect to
reference frame 7. Based on convention, #! = [1,0,0] " Vi.
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Figure 2.1: Rotations of reference frame ¢ to yield reference frame j using the right-hand
rule [13]. Left: rotating reference frame ¢ around the Z; axis by an angle ¢,. Middle:
rotating reference frame ¢ around the g; axis by an angle 6,. Right: rotating reference
frame ¢ around the z; axis by an angle 6,.

i (&%, 9% and 20).

. 1 ‘ [cos f,
;= 10| = 1= |sind, (2.22)
0] 0
. [0] . [—sind.
Ji = |1| = 9;=| cosb, (2.23)
10 | 0
' 0] . [0
Zi= (0] =2 =10 (2.24)
1] 1

These vectors are derived using trigonometry where the magnitude of each basis vector is
1. Any point in space can then be represented by a linear combination of the new basis
vectors of reference frame j, &%, 9% and 2, as follows for d, e, f € R.

' a cosf, —sinb, 0 cosf, —sinf, 0| |d
pt=|b| =d|sinf,| +e| cos, | +f|0| = |sinf, cosf, 0| |e|. (2.25)
c 0 0 1 0 0 1 |f

The vector [d, e, f]T is the position of the point p’ with respect to the reference frame j
(p7). Therefore, the previous equation defines the rotation matrix for a rotation around
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the 2! axis:
cosf, —sinf, 0
p'= |sinf, cosf, Ofp’'= |z
0 0 1

2 p? = Rip7. (2.26)

For convenience, let this rotation matrix also be labelled R,(6,). Similarly, the new basis
vectors for reference frame j after a rotation around the g axis as in the middle part of
Figure 2.1 are:

' 1 ' [ cos 0,
;= (0| — 33“3 = 0 (2.27)
0] | —sin 0,
~[0] o
U= (1| =y = |1 (2.28)
0] 0
‘ [0] ' [ sin 0,
zi= 0] — 2; = 0 (2.29)
1 | cos 0,

This leads to the rotation matrix

' costl, 0 sind,
R, = R,(0,) = 0 1 0 |. (2.30)
—sinf, 0 cosd,

Similarly when performing a rotation of 6, around the 7! axis,

} 1 0 0
R:=R,(0,) = |0 cosf, —sinb,|. (2.31)
0 sinf, cosb,

Rotation matrices can be multiplied together to yield a combined rotation matrix, a
matrix composed of multiple rotation angles. To illustrate this, let there be two additional
reference frames: k and [. Let j be rotated by 6, around 2!, k be rotated by 6, around Qj
and [ be rotated by 6, around #§. Then the following deduction can be made:

7' = Rjj’ = RjR|j* = RIR,R;j' = R.(0.)R,(0,)R.(6,)5" = Rjp". (2.32)
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The combined rotation matrix R} is a ZYX rotation matrix and has the following values,
achieved by multiplying the three rotation matrices together.

| = R(0,0,,0.) = R.(0.) R, (0,) Ry (0,) (2.33)

cos ), cosf, cosl,sinf,sinf, —sinb, cost, cosb,sinb,cosl, + sinb,sinf,
= |sinf,cosf, sin@,sinb,sinf, + cost,cost, sinf,sind,cost, —cosh,sinb,
—sin 6, cos 0, sin 0, cos 0, cos 0,

(2.34)

2.2 Review of State-of-the-Art

This section overviews the latest theory relevant to the research topic of this thesis.

2.2.1 Point-Scatterer Model

Throughout this thesis, theoretical derivations are verified through MATLAB simulations
by comparing the results obtained to simulation results obtained through the standard for
complex target modelling: the point-scatterer model [3].

The point-scatterer model describes a complex target by a set of point-scatterers, each
with their own Radar Cross Section (RCS). The RCS for a radar target is the projection of
its effective reflective area onto the plane orthogonal to the vector from the transceiver to
the target positioned on the target. The RCS depends on radar carrier frequency, aspect
and elevation angles and varies significantly for even slight angle adjustments for complex
targets. For evaluating the phase of the received signal for each of the point-scatterers,
the result from equation (2.18) is used: namely that the signal is a delayed version of the
transmit signal which has been Doppler-shifted by an amount proportional to the relative
velocity between the monostatic transceiver and point-scatterer. The amplitude of the
backscatter signal is proportional to the RRE of each point-scatterer, which include the
point-scatterer’s RCS. For P point-scatterers on a complex drone model, the backscatter
received signal, represented by ¥pg(t), is given by

Ps—1

Yps(t) = Yps(Pps(t)) = Z RRE(0, (), R;)ej%rfc(u

o
_2Rp

) (2.35)

2015211
—)(

where o, is the pth point-scatterer RCS, ||} || is the norm of the relative velocity between
the transceiver and the point-scatterer w.r.t. the o reference frame and R} is the relative
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distance between the transceiver and the pth point-scatterer w.r.t. the o reference frame?.
Notice the similarity between equations (2.35) and (2.18). The framework established in
Chapter 3 can be used to define both where the point-scatterers are on the drone model
and their velocities. In general, one point-scatterer can be placed at the center-of-mass of
the drone and one point-scatterer can we placed at the tip of each blade on each propeller
to model the complex drone target. The RCSs of the point-scatterers at the tip of the
blades are going to be significantly smaller than the RCS of the static portion of the drone
since the intention is to have one RCS at the center of the drone to represent the area due
to all the bulk, non-rotating matter on the vehicle. The general time-dependent parameter
set used to parameterize equation (2.35), Ppg(t), is then the union of the time-dependent
and time-independent parameters:

Pyps(t) = {op, 177,/ By b0 (2.36)
Py ps ={f.} (2.37)
Pps(t) = P1ps(t) U Pa.ps (2.38)

where P pg(t) and P pg represent the time-dependent and time-independent parameters
respectively.

In designing MATLAB simulations used for theoretical validation, reasonable RCS
values are chosen Vp while relative distance and velocities are updated for each point-
scatterer for all time samples in the simulations.

2.2.2 Martin-Mulgrew Model

The Martin-Mulgrew reflection model was first introduced in [30] and has since been used
numerous times, for example in [13,15,36]. The initial model makes the important far-field
approximation to achieve a closed-form solution for a complicated integral representing an
expression for the radar backscatter signal from a jet engine. The model also makes several
assumptions such as the blade being an infinitesimally thin reflective element and that the
transceiver is at the same height as the propeller center (see [15,30]).

2The relative distance magnitude is the same w.r.t. any reference frame but the distance vector itself
varies depending on reference frame.
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Parameter s

label Description

A, A scale factor

L, Distance of the blade start to the center of the propeller (m)

Lo Distance of the blade end to the center of the propeller (m)

N Number of blades

R Range of the center of rotation (m)

t Time (s)

y Radial velocity of the center of the propeller w.r.t. the transceiver
(m/s)

A Wavelength of transmitted signal (m)
Angle between the plane of rotation of the rotor and the plane

0 containing the vector going from the transceiver to the propeller
center (rad)

fe Carrier frequency of the transmitted signal (Hz)

Wy Angular frequency of rotation of the rotor (rad/s)

Table 2.1: Martin-Mulgrew parameter description
The model is presented as follows, as in [30], for a single rotor with N blades:
i, 47 Li+L 27
Y(t) = ; A,(Ly — Ly) exp (j27rfct — jT (R oot + 2 5 2 cos@sin(w,,t + T)))
Am(Ly — L 2
- sine (% cos sin (th + %)) (2.39)

where all the variables are defined in Table 2.1. The model is thoroughly derived and
augmented in several manners in Chapter 3.

2.2.3 OFDM Radar

OFDM radar is commonly used in literature for obtaining micro-Doppler signatures from
varying different targets [10,11,25,27,32,35 11]. In general, OFDM provides several degrees
of freedom to customize the radar transmit signal. It can be used in both active and passive
radar and allows for Joint Communication Radar (JCR) or, equivalently, Integrated Sensing
and Communication (ISAC) capabilities due to the ability to vary data symbols in both
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time and frequency domains. In existing literature, simulations are usually constructed
using the point-scatter model such that well positioned scatterers are used to build the
complex target, whatever the target is. It has been shown a viable radar transmit signal
whose system is capable of generating micro-Doppler signatures without having excessive
transmit power and reasonable system losses.

In the literature deriving closed-form solutions for the radar backscatter using OFDM,
rotating scatterers are usually used to substitute the position of each point-scatterer. The
benefit of using the simulation method derived in this thesis is that the simulation allows
any trajectory, topology, orientation, etc. For example, the simulator is not restricted to
a certain movement pattern and can define their own, should they choose. OFDM radar
can be either pulsed or Continuous Wave (CW) [15]. This thesis presents both cases but
focuses on pulsed OFDM radar.

2.3 Relevant Research

This section enumerates the various sources of information relevant to the topic of this
thesis.

2.3.1 OFDM Pulsed Radar and Integrated Sensing and Commu-
nication (ISAC)

Numerous sources develop theory regarding using the same transmission for both sensing
(radar) and communications simultaneously. This is relevant to the research presented
in this thesis because the simulation model developed herein allows an arbitrary OFDM
symbol set for the transmit signal. The OFDM symbols can be chosen intelligently, such as
in [2,32,40], to carry information while being used as a radar signal. OFDM pulsed radar
has been shown to produce similar performance compared to traditional Linear Frequency
Modulation (LFM) radar as in [17] while also being used to communication information
reliably.

Other sources such as [21] disregard the communication component in favor of maxi-
mizing the radar performance based on the OFDM symbol set and modulations used. [39]
uses the ambiguity function to quantify how good an OFDM radar signal is based on how
close the ambiguity function resembles a thumb-tack response (Dirac-delta function in 2D).

In the approach used in this thesis, several pulses are expected to be transmitted to
achieve a decent radar processing gain. However, in this source [51], range-Doppler imaging
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is performed using a single pulse of a carefully chosen OFDM transmit signal. This could
be tested by the resulting simulation tool shown in this thesis.

A common problem in OFDM pulsed radar is Inter-Carrier Interference (ICI) in the
presence of the Doppler effect. Spectrum leakage may occur from one carrier to the next
if the frequency of the received signal is shifted as a result of the Doppler effect. A way to
mitigate this is presented here [21].

This source [1] also tackles the issue of blind range where the transmitter leaks into
the receiver at a transceiver gNB/eNB base station and obscures the nearby target in
the 5G NR and Long-Term Evolution (LTE) contexts. The ISAC topic is more generally
overviewed in [19].

The 5G infrastructure can also be used passively as sources of illumination for passive
radar as in [9]. These sources [,6] make use of the localization signals known as Positioning
Reference Signals (PRS) being transmitted in 5G to perform radar identification. [I2]
examines the current 5G NR standards and proposes some slight modification to enhance
the radar capability through looking at ambiguity and cross-ambiguity functions.

General OFDM radars are common and have been used for target detection in multi-
path scenarios [12]. OFDM radars are also common in driving safety applications so [20]
investigates cross-vehicle interference by attempting to find subcarrier channels which have
lower levels of ICI.

2.3.2 Micro-Doppler Signatures

The primary references for micro-Doppler signatures are from Dr. V.C. Chen as in [7,8].
These show how rotating objects impart micro-Doppler signatures into radar signals. These
as well as [17] (using wavelet transforms) show how helicopters, drones, humans, etc.,
generate their own micro-Doppler signatures hence they are an ideal dataset for target
detection.

[18] elaborate how micro-Doppler signature generation is a valuable asset and present
a low-cost option for simulating them for different objects by using time-domain digital
coding metasurface. [23] show how micro-Doppler signatures can be used to detect humans
walking among trees and perform inference based on the micro-Doppler data. Usefulness
of the micro-Doppler signature is further emphasized in [35] and they show how inference
is performed for the signatures in question.
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2.3.3 Complex Radar Target Modeling

The current industry-standard for target modeling is the point-scatterer model as in [3, 3,

| . There exists other ways to determine the expected backscatter signal however, for
example, to assume a moving component scatters energy all across it as in the Martin-
Mulgrew model [30].

For modeling UAVs specifically, [11,19,31] show that a small UAV could be viewed as
a dynamic RCS for a radar target and does not consider its micro-Doppler characteristics.
However, this approach could produce confusing results since birds can also fit into this
category since they are aerial and of roughly the same size as some UAVs.

It is also possible to model the UAV more precisely as in [33] where the full 3D model
for the exact drone is decomposed into significantly more point-scattering centers, becom-
ing more precise at the cost of also becoming computationally intensive and requiring
parallelization. Their algorithm also makes use of the Hidden Point Removal (HPR) [22]
algorithm to essentially occlude any point-scatterer which is radially behind another scat-
tering center from the radar.

Source [15] also concludes that there exists a middle-ground for radar dwell time to
accurately collect micro-Doppler data and source [52] concludes that the different types of
drones can be distinguished based on their signatures.
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Chapter 3

Augmented Martin-Mulgrew Model

The Martin-Mulgrew model, initially presented in [30], quantifies the theoretical radar
return signal from aircraft propeller blades. In the model, each propeller blade acts as
an infinitesimal-width antenna which reflects radar signal. The closed-form expression is
stated in equation (2.39). The original model takes into account the Doppler shift due to
the bulk velocity of motion of the propeller, v, but not of the additional velocity due to the
micro motions of the propeller blades. Only the positions of the blades are updated; the
frequency is not modified to compensate. In addition, the model predicts the backscatter
signal off the target for a single propeller and a single carrier. The purpose of this thesis
includes making use of this model to predict backscatter signal of an entire drone, therefore,
the Martin-Mulgrew model must be augmented to include these additional considerations.

3.1 Martin-Mulgrew Model Derivation

This paper [30] does not show the derivation of the model but only presents the model
itself. The best source showing a derivation of the model currently available is in appendix
E of [15].

The scenario described in appendix E of [15] is as follows. There is a transceiver radar
at an arbitrary position. There is also an object, intended to represent the jet engine,
composed of the combination of IV separate blades. The N blades rotate around a center
point which is also the center of the reference frame with basis vectors z,,, 9, and Z,. As
is shown in Figure 3.1, the blades do not originate from the center of the reference frame
but after a distance L;. The length of the end of the blade from the center of the reference
frame is Ly. Therefore, the length of each blade is Ly — L.
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Figure 3.1: Simplified 2D diagram of the jet engine for N = 8.

Applying the same vectorization as in Section 2.1.1, the position vectors of the transceiver
and the center of rotation respectively would be ¥; and &, with respect to an observing
reference frame with basis vectors &, 9o, 2,'. The [15] thesis states in a different manner
that the vector B is the distance between these two positions; R = # — #,. The vector
7(«) as a function of some length o € [Ly, L] is defined as the vector pointing along the
blade from the origin of the propeller and ||7(a)|| = «, Y. This is illustrated in Figure
3.2.

To quantify the magnitude of the R+ 7(a) vector, the following definition is used, as
n [15]. Constructing triangles with the magnitudes results in what is shown in Figure 3.3.

IR +7(a)|| .= |R|| - 0R(c), OR:R* =R (3.1)

In isolating a single one of these infinitesimal-width blade/antennas, the computation
of the reflected signal is the combination of all the reflected signals along the antenna. [15]
describes this as

DA
_ ) fre—jk(R—0R(a)) 2
YR ?) /L R+0R(a)" da (3:2)

1

'The quantities #; and &, could also be written as Z¢ and # respectively to indicate that the two
quantities are viewed w.r.t. the observer reference frame. When the superscript is omitted from the vector
quantity, this means it is to be viewed from the observer.
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Figure 3.3: Magnitude triangle construction
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where 1) is the reflected signal received by the transceiver as a function of the range of the
object R = ||R|| in the time domain, fr, = f, is the carrier frequency, k = 27/ is referred
to as the wave number and A(«) is the amplitude function of the reflected signal observed
directly after it is reflected. Here, ¢ is used as the imaginary unit instead of j to follow
the author’s convention in [15]. The function assumes that the magnitude of the signal
received by the transceiver is inversely proportional to the distance between the reflected
signal component and the transceiver (R —dR(«))?. Though this is approximately correct,
it is actually inversely proportional to the square of the distance. For example, in the Free

Space Path Loss model as in [16], the received power is modelled by
P,
p= L .
47 R? (33)

where P, and P, are the received and transmitted powers in Watts respectively. The
standard form of RRE as in equation (2.19) includes R* in the denominator whereas the
FSPL has an R? term. This is because the FSPL formula is one-way while the RRE
includes the path-loss for the same distance twice as the radar signal is reflected off the
target and returned to the transceiver.

To derive the exponential component in equation (3.2), let the antenna section at «
be transmitting a signal proportional to e2™/7=! in order to be received by the transceiver.
To account for the phase differences of the different ranges Voo € [Ly, Lo], the signals are
delayed based on the distance that the signal travels, R — 6 R(«). The time for light to
travel a distance of R —dR(«) is (R — 6 R(«))/c. Then the received signal is quantified by

o2mifra (FW)

— 2mifrat ;=2mj frg T
. o2 .
— 2 frat o= X I (R—6R(a))

_ 2 frat—ik(R-0R(a)).

A more general definition for the received signal is, using different variable conventions,

L Ala) , .
= j2m fet—jk(R—OR(a)) yl
= | s s o (3.4
L A) . .
— j2nfet —jkR ]k§R(a)d
/Ll L(R—06R(a)" € a (3.5)

2In equation (3.2), R+ dR(«) is used by the author however this is a mistake and should be R — dR(«).
The function also incorrectly leaves out the ¢ variable from the e?"7/7= component.
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where L(d) : RT — R is the loss as a function of the distance in meters. Using the fact
that the exp(j27 f.t) and exp(—jkR) terms are independent of the distance along the blade
«, the terms can be moved to the outside of the integral:

Lo
(R, 1) = ejQﬂfcte—ij/ Ala)

JjkOR(cx)
. L(R—éR(a))e dov. (3.6)

To simplify the expression, Pythagoras is used on the red triangle in Figure 3.3:
(R—6R(a))* = (Rsine — o) + (Rcose)?. (3.7)

This leads to the expression

R —0R(a) = VR? — 2aRsine + a2. (3.8)
Dividing both sides by R,

R(«) \/ 2asine  a?
1 — /1 aal .
7 7 + 7 (3.9)
The right-hand side has the form (1 + x)* where
o 2asine 1
T=p TR anda—g. (3.10)

Labelling (1 + x)* as the function f(z) and using the MacLaurin series, the function is
expressed by

% ¢(n)
fla)y=Q1+a)" =" / n!(o)x" (3.11)
:1+ax+3@§i%?+m (3.12)

Taking the two most significant terms in the series, f(z) can be approximated by 1 + ax.
This MacLaurin series approximation can be referred to as binomial approximation. Using
this approximation,

dR(« 1/a? 2asine
1— é>z1+§(ﬁ— 7 ) (3.13)
Subtracting 1 from both sides and multiplying by —R,
. o’
dR(a) = asine — R (3.14)
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Inserting the approximation into the expression for the reflected signal in equation (3.6)
and simplifying,

L
4 , 2 A jh(arsine— 5
Y(R,t) ~ eﬂﬂfcteij/ (.a) e/ e i) da (3.15)
L, L(R—asine + %)
Lo
-~ 6j27rfct€—jk:R/ A(O_;) eThasine=iksn o, (3.16)
1 L(R(1 — 252 4 &3))

At this point, an assumption is used that the distance between the propeller and the
transceiver is much greater than the blade length: R > «o,Va = R > Ly — L;. This is
known as the far-field approximation and it critical to computing a closed-form solution.
With this assumption, the expression can be further simplified:

. . L2 AQ) s
Y(R, 1) = eﬂﬂfcte_JkR/ o Ihkasing gy 3.17
(1) 1, L(R) ( )
L ionft —jkR b2 ikasi
Sp— L / A(a)e? ¥ e doy 3.18
L(R) I, (o) ( )

Going back to using vector notation, the term asine can be represented as magnitude
of the projection of 7(a)) onto R and

—

R J—
||l

mu] vl

—||projzr(a)|| = —r(a) - —r(a) - = = asine. (3.19)

The minus sign is introduced because the vector R goes from the transceiver to the UAV
and not the other way around. Therefore the exponent with asine can be rewritten in
equation (3.18):

Lo 3
27 fet kR Ala)e 3% doy 3.20

(R, t) ~

To further define the amplitude of the signal, the A(«) function can be quantified. The

definition for this A(«) function is the amplitude of the signal arriving at the infinitesimal

point a along the antenna (blade). The function has to modify the phase of the resulting
signal based on the distance travelled from the transceiver to the UAV. Therefore, let

_ %0 jk(r-5R()
Ale) = Fpre (3.21)
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where 1)y is the amplitude of the voltage of the signal leaving the transmitter. The loss
function is present again because of its effect in both directions, forward and backwards.

The exponential term is again the phase difference due to having the wave travel a distance
Applying the MacLaurin series approximation for R(«) as well as the

of R — dR(«).
approximation that R > «,
A(O[) ~ wo —jk‘(R—aSinE-}—%) (322)
L(R)
Yo —jk(R-asine)
~ asine) 3.23
(3.24)

“%)

el

¢0 e~ Jk( R+

In vector form,
Ala) =
() LR
Replacing the amplitude value into the reflected signal equation yields
L orf —jkR B2y k(R+78) —jki &
@ZJ(R, t) ~ mej ¢ J m J rR/e7 " Rdo (325)
Ly
~ —1/20 )ej%fcte’ije’ij /L2 e’jkﬁge’jkﬁ%da (3.26)
L*(R I '
Ly
e IR doy (3.27)

~ 2% 6j27rfct€—j2kR/
L*(R) Ly
It’s still not possible to evaluate the integral because the 7" vector is still depending on the
value of a. Specifically, the 7 vector can be defined with respect to the UAV reference
(3.28)

frame basis vectors z,, 9, and Z,:
7= asin 2z, + acos Y,

where (2 is the orientation of the blade as in Figure 3.1. The integral then becomes
Lo B
/ e—j2ka(sin§2fu+cos QQ").%da. (329)
Ly
For convenience, let v = —2k(sin Qz, + cos Q) - % The integral can now be solved:
1 1 . ‘
= —(efler — eIl (3.30)
! 77

L2 . .
/ eI dey = _[ JOW}
Ly JY
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The expression on the right-hand side looks like the expression

1 . .
sinf = z—j(eja — 9% (3.31)

but not quite. Perhaps a multiplication by 1 can be done to the expression in order to
make the angles match. Ideally, 9A, B € R such that

od(L2=A)yy _ i(Li=A)y _ iBy _ ,=iB7Y (3.32)

If that were true, then Ly — A = B and L — A = —B. Adding these two equations together
produces Ly + Ly = 2A4; A = (L + Ls)/2. Deducing the value of B based on the value of
A produces B = Ly — (L1 + Ly)/2; B = (Ly — L1)/2. So indeed, this multiplication by 1
is possible to make the angles match:

i(ejLﬂ _ ele’Y)
JY
_ i(ejLz’Y _ ele’Y)e J’y
]f}/ e—jA’Y
_ 1 __ (/L= _ gilla=ap)
Jye
1 . .
= - . (eJBV —e_]BW).
jye it

With this simplification, the identity in equation (3.31) can be used:

1
eIt

- By o
(e7BY — 7187 = jve‘jm% sin(B7y)
_ QSin(—LQELl'y)

fye*]’(L1+L2)’Y/2

— gej(L1+L2)’Y/2 sin Ly — Lly )
¥ 2

It is also possible to express this using the sinc function, whose definition is sinc(f) =

sin(6)/6.
o Lo—Ly o (Ly—1I4 2
sine( 5 v) = sm( 5 7) TPEA (3.33)

2 Ly—L . Ly—L
. ;GJ(L1+L2)W/2 Sin(%’y) = (L, — Ll)ej(L1+L2)7/2SinC(%/y). (3.34)
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With the integral being evaluated, the reflected signal expression can be simplified to

~ ¢0 j2m fot _—j2kR j(L1+L2)v/2: Ly — Ly
(R, t) ~ mej e’ (Ly — Ly)elt " 2ginc( 5 v) (3.35)
~ —wo(l[_:;(;fq)eﬂ“fctejZkRej(L1+L2)7/QSinc(L2 — I 7). (3.36)

This is the general form of the Martin-Mulgrew model for a single blade. The authors in [30]
use additional assumptions to simplify the model further such as the center of rotation of
the jet-engine being at the same height as the transceiver. These assumptions cannot be
used here and the model is left general. Note that the authors in [30] also introduce Doppler
shifting to their model subsequent to the insertion of additional assumptions. The general
form of MM model as in equation (3.36) does not include any Doppler shifting properties.

In order to combine the result of the model from N separate blades spinning around
the same center-of-rotation, the reflected signals are simply added together:

SR =S oy (R.1) (3.37)

where 9,y denotes the reflected signal result from the nth blade. Because a lot of the
components in the equation are the same for all N blades, the expression can be simplified
to

N-1
Lo—Ly) . » , Lo— L
(R, t) ~ —%(L;(R) l)eﬂﬁfcte_ﬂm g ej(LlJrL?)%/Zsinc(—2 5 1%) (3.38)
n=0

assuming the blade length is the same for each blade. The variable ~,, differs for each blade
because it depends on the blades’ orientations:

Yn = —2k(sin Q, 2, + cos 2,3, - (3.39)

| =

where €2, represents the orientation of the nth blade. Note that each blade has the same
reference frame with basis vectors z,, 4, and Z,.

3.2 From Jet Engines to Drones

In order to modify the MM model from modelling the reflected signal from a single propeller
to modelling the reflected signal off a drone which could include several propellers, all with
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Figure 3.4: Example of reference frames introduced. Reference frame w is at the center-of-
mass of the drone, reference frame p; is at the center of the ¢th propeller and « along the
blade of the propeller for the current value of o € [Ly, Ly]. The red and blue arcs represent
the homogeneous transformation between the reference frames which can be accomplished
through homogeneous transformation matrices [13].

their own orientations, rotational velocities, etc, additional reference frames are introduced.
So far, the main reference frame that has been used to describe points in the world is the
observer basis with vectors z,, 9, and 2, as in Figure 3.2. The UAV object in Section 3.1 is
modelled as only a propeller as in Figure 3.1. In this section, the model for the UAV is as
shown in Figure 3.4 where the UAV is composed of multiple propellers and non-rotating
material.

Using the rotation matrix and this additional reference frame notation presented in
Section 2.1.2, the R vector used in the MM model can be described more precisely in
terms of the position of the ith propeller on the drone:

R=1 -3 =72+ R3(0,,0,,0.)7) — &7 (3.40)

where 7 is the position vector for the center of the propeller. This equation is useful
because the position of the ith propeller is a constant with respect to the center-of-mass
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reference frame u of the drone.

The range between the propeller center and the transceiver at a certain time depends
only on the distance between the transceiver and the center-of-mass of the drone, the
drone’s orientation and the position of the transceiver.

The other value to be modified from the MM model is the ~, value, described as

—

R

Yo = —2k(sin Q, 2y, + cos ,7,.) - m (3.41)

The basis vectors for the reference frame p; with respect to the observer reference frame
can also be described by rotation matrices:

~0 o PU ADi __ o U T
i =R)R, 1% = RR) [1 0 0] (3.42)
iy, = RORy i = RUR; [0 1 0] (3.43)
1 0 B
Soa(int) = —Qk(sin QR,R; |0 +cosQ,RR) |1 ) B (3.44)
0 0

The relative orientation from the center-of-mass u to the center of the ith propeller varies
with each of the I propellers. Therefore v, depends on both time and which propeller is
being analyzed, as R does.

To create a new model specific to multi-propeller UAVs, the original single-propeller
version of the MM model as in equation (3.36) can be added together once for each propeller
on the UAV and modified according to time, position and orientation. For R(i,t) =
|R(i,t)|| and a general parameter set P(t),

Yo(La(i) — L1(d) sorps —jormei
P(t)) = jom fet —52kR(i,t)
At Py 2T I
N;—1 . .
' Z ej(Ll(Z’)+L2(i))’yn(i’t)/281nc(—L2(l) — Ll (2) ’Vn(% t))
n=0 2
I-1 . .
~ %ej%fct L2(Z) — Ll(l)e—ﬂkR(i,t)
—~ L*(R(i,1))
N;—1 . .
e (Ll(i)+L2(i))%(i’t)/QSinc(—L2(Z) — LD, t)) (3.45)
2 n ) . .
n=0
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This allows for the possibility of having a different number of blades for each propeller
by using N; instead of N. The variables of the model which are time-dependent are the
distance between the transceiver and center of each propeller, R(i,t), and ~,(i,t). Based
on the expressions for these two variables, the set composed of all the parameters required
for evaluation, P(t), is the union of a set of parameters which depend on ¢, P;(t), and the
set of parameters which do not depend on ¢, Ps:

Pi(t) = {22, 72, Ry} U {{Q() 2", Tt Ry Yoo (3.46)
Py = {tpo, fe} U{L1(2), La(d), i}f:(} (3.47)
P(t) =P (t) U Py (3.48)

The far-field approximation that 7! ~ 0. R > ||Z,¢]| could be used to shorten the set
of parameters and simplify the model. The number of blades for each propeller could be
assumed to be the same value as the drone is likely to use multiple of the same propeller
instead of different propellers. The blade lengths of the different propellers are also likely
to be the same length. This could be formulated into another assumption that simplifies
the expression because when this is true, (Li(i) = L1(0)) A (L2(i) = Lo(0))Vi. These two
additional constraints could simplify the model to the following expression.

g fet—gokR() L2 — Ly
() et L

I-1 N—-1
Ly — L
Z Z el (Li+L2)(it)/ Sil’lC( 2 5 I’Yn(iy t)) (349)

=0 n=0

This expression in equation (3.49) does allow for some simplification compared to equation
(3.45) but the double-summation still exists over the terms with 7, included which still
contains the rotation matrices. The slight simplification does not justify the removal of
generalization in the author’s opinion therefore the constraints are not implemented moving
forward.

3.3 Augmenting the Martin-Mulgrew Model with micro-
Doppler Signatures

The term micro-Doppler is used to refer to the change in the reflected signal due to veloc-
ities which are “in addition to the bulk translation of an object” [7]. The micro-Doppler
signature originates from secondary motion of the object. In the case of the drone, the
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Figure 3.5: This is a display of a drone’s reference frames along with the different velocities
associated to a single point a along one of the ith propeller’s blades for two different
scenarios (top and bottom). The two reference frames displayed in blue in both top and
bottom, u and p;, are the reference frames associated with the drone’s center of mass (u)
and the center of the ith propeller (p;). Arbitrary velocities were chosen for the center of
mass of the drone while the velocities £ and i are in a fixed direction but were chosen to
be displayed in a positive direction.

secondary motion is due mainly to the rotation of the propellers but also due to the ro-
tation of the drone around its center of mass. Specifically, let the primary velocity—the
velocity due to the total movement of the drone—be denoted 2. Let the velocity of the
ith propeller due to the rotation of the propeller around the center of mass of the UAV
be denoted £ and the velocity at a distance of a along one of the propeller blades on the
1th propeller due to the blade’s rotation around the center of the propeller be labelled fi.
Two possibilities for these three velocities are displayed in Figure 3.5. Using these three
different velocity vectors, the total velocity along a distance « of one of the blades on the
1th propeller is

Uy = U, +E°+[i° (3.50)
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In order to quantify the velocity vectors € and i, some important observations must be
made.

Firstly, for the £ velocity, based on the pose (position and orientation) of the u reference
frame and that the rotation causing the velocity is only happening around the ¢, basis
vector, the velocity’s y component is equal to zero with respect to u. In other words,

£ =0 (3.51)

where the writing convention is introduced that subscripts preceding the variable indicate
one of the variable’s vector components. The vector notation arrow is also removed since
the variable is now a scalar.

The second observation to be made about £ is that it is orthogonal to the position
vector for the center of the ith propeller in u’s reference frame;

FULFY = i =0 (3.52)

This is true because the center of the propeller only moves in a circle around the center-
of-mass of the drone, corresponding to reference frame w.

Thirdly, the magnitude of this velocity is proportional to its rotation frequency around
the center-of-mass of the drone. If the drone rotates its propellers around its center of
mass with rotation frequency of f. and has a distance of d,, from the 7, axis for the 7th
propeller, then the propeller travels a distance of 2md,, meters per cycle at a frequency of
f- cycles per second. Multiplying the two thus yields the magnitude of the velocity,

€| = 27 fod,,. (3.53)

Similar observations are made for the velocity (i around p;. Namely, in the same order
as presented above,

P =0, (3.54)
i LEP = PP —0and (3.55)
||ﬁpl|| = 27Tf7”0t,i05 (356)

where fr.; is the rotational frequency of the propeller as in other articles on the same
topic such as [13]®. Notice that the magnitude of i?" depends on « while the magnitude
of & does not. The contribution of £* is the same Vo € [Ly, Ly]. These observations may
be made more clear through Figure 3.6.

3These authors assume the rotational frequency is the same for all propellers, hence they only use fot,
however it is left general here to allow the option to model different propeller frequencies hence the ‘¢’
appended to the subscript.
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Figure 3.6: The left side displays the propeller rotating around the g, axis with velocity
€. The right side displays the propeller blade rotating around the 2,, axis. Both of these
diagrams are in 2D because the hidden-axis components of both velocities displayed are
null with respect to each reference frame.
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To quantify €* in terms of known (or assumed to be known) parameters, the observa-
tions in equations (3.51), (3.52) and (3.53) are used. Along with these observations, d,,,
defined to be the shortest distance of the point 7! away from the g, axis, can be expressed
as the magnitude of Z}! where the y component is set to zero. In other words,

Ay, = [ G )? + (g )2 (3.57)

Firstly, combining (3.51) and (3.52) leads to
o€ oy, +o " xy = 0. (3.58)

Isolating for the = component of the velocity,

o e
gt =P (3.59)

U
x xpz

Second, combining equations (3.53) and (3.57) and squaring both sides,

18] = 2mfur (et )2 + (o, )2
(2" + (22 = 2 L2 () + G )?). (3.60)

By substituting the value of . for the one found in equation (3.59),

(- 5_“”5) (e = L () + (o))

(&) (1 + %) (27 f2) ( pi)2)
u\2 27Tf8 ( z 1)2) . ($:L‘;1)2
(ZE ) 1 E p; (xJTZi)Z

u
P
xx;z)2 ( 21)2

g
G = Bt o P

R S (3.61)

Substituting the expression found into equation (3.59) leads to

£ = F2rfe .y, (3.62)
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From the two expressions found for the velocity components, it is reasonable that the
two components have opposing signs since for example in the first quadrant where ,z;, >
OA .z, >0 as in the left side of Figure 3.6, if the velocity is counter-clockwise, then the
x component is negative or 0 and the y component is positive or 0. The + and = signs in
the expressions for the components of £* account for both possibilities: the velocity going
clockwise and counter-clockwise.

Based on standard mathematical convention, a rotation in the counter-clockwise direc-
tion is chosen to represent the positive values for both velocities £ and fi. Therefore,

_Zx;i
g = 2mf. 0 . (3.63)
To verify that the signs make sense intuitively, the expression can be evaluated in the
different quadrants:

(1) 22, >0A .2, >0 = ,e“<0A “>0 (3.64)
(2) o7y, <OA xp. >0 = " <0OA " <0 (3.65)
(3) 2x,, <OA .1, <0 = ,e“>0A " <0 (3.66)
(4) oxy, > 0N o) <0 = ,&“>0A " >0 (3.67)

Moving on to the velocity caused by the rotation of the propeller blades around the
center of the propeller, ji?". The same process can be repeated which was used to determine
the expressions for the components of €% to yield

ylWP = 27 frot i w b (3.68)
xﬂpi = :F27Tfrot,i yﬂff (369)

Because the same convention is used that positive velocity corresponds to counter-clockwise
movement,

[P =27 froti | 278 | . (3.70)

i’ can also be expressed in terms of a based on the angle €2,,; which is the angle of the
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point ZP: around the 2, axis*. Using this, the point ZF can be expressed by

cos Q.5 —sin{),;
fgz =« |sin Qnﬂ; ﬂTz = 27Tfr0t,ia COos Qn,i . (371)
0 0

Putting these three velocities together as in equation (3.50), the total velocity of a
single point a along the nth blade of the ith propeller is given by

Uy = U, + Rog" + Ry R i (3.72)
—2T, —sin (), ;
=u) +2nf-R; 0 + 27 frot iR, | cos Qi | (3.73)
2Ty, 0

The velocity to which the Doppler shift applies is the relative velocity between the point
a along the blade and the transceiver. As in equations (2.2) through (2.5), the relative
velocity is given by

Uy = Projzo_zoUs — PIOjzo_zoU, = PrOjzo_zo(Uy — ) (3.74)
o o o ooy TSP
= (0 —0) - (¥ — &) ||f§— FRIE (3.75)
NRNCE NS, .
|78 — @7 |72 — 27|

In this expression, U,° is decomposed into the form 7?7 = md where m is the magnitude of
the vector and d is the direction vector whose magnitude is 1. Therefore,

—ol| _ (770? — 777:0) ’ (fo(j — fto)
57l =
r

(3.77)

172 = ¢l

For notational simplification, let v.? —4,° = h+ aq and D= 22 — . Then the magnitude

4Note that the angle ©,, ; is different than the angle €, defined previously as in Figure 3.1. Specially,
Qi = 5 — Qu(i). This redefinition is done so that the angle is defined w.r.t. standard rotational
conventions.
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of the relative velocity can also be expressed as

— —

- D - D

vll=(h+af) ——=h-—— +a¢ — 3.78
T TRET: TR 771 &1

N _Zx;i
where h =0 +2nf.R. | 0 | =47 (3.79)

—sin{),,;

and ¢ =27 fro i Ry R, | cos Qi | . (3.80)

0

With the magnitude of the relative velocity fully quantified, it is time to apply it to
the original expression for the computation of the MM model for a single blade on a single
propeller as in equation (3.5) by using what was derived in equation (2.18). This new model
makes micro-Doppler considerations on top of the original model. Let it be expressed by
g as follows

L ~o =
Ya :/ 2 ﬁeﬂwﬁ(l—i—ﬂl’gl)(t—ﬂfl)da‘ (3.81)
Ly

Note that this expression considers both transmitted and reflected signal attenuation and
phase shifting at once instead of leaving it general with the illumination function A(«) as
in equation (3.5) and then having to substitute for the variable.

The function can be expanded to form the following

Ya = woeﬂﬁfct/L D)

La . RN, e 1B
6_‘747rch/C€]47rfcTrte_]swfccinga (382)

where D = ||D||. This integral looks intimidating due to the fact all the terms depend
on «. In order to simplify this integral to allow it to be analytically solvable, the far-field
approximation is used so that the distance between the points 2 and & is roughly equal
to the distance between the center of propeller and the transceiver®. In other words D~R
where R = T, — . Using this approximation, the expression becomes

Lo 1

. . . HT20, g, 1EC0
Va ~ el / e e e g (3.83)
Ly
thoed*ricte TS RIe - phe L A, ey 19 g
~ e ¢ ¢ e €2 dOé 384
L?(R) I (3.84)

5This approximation is later revised as a better approximation presents itself through numerical assess-
ment.
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The expression for ||7°|| as in equation (3.78) can then be used to substitute for its value:

¢06j2ﬂ'fcte_j47rfcR/c L2 i4 f(ﬁ+ jEt —1 —i8 f(ﬁ+ ”)ER -2
wd% eddmfe aq)-Rte " o—J8mfe @q) R " do (385)
L2(R) Ly
L - - oo -
%/ 2€j47rfch~%tc ]47rfcoz % ijchh-Rc’QeijWfCa(jiRc*Qda (386)
Ly
B ¢0€j27rfctefj47rfcR/c €j47rfcﬁ~%?tc*1 e—j87rfcﬁ-ﬁc*2
L2(R)
Lo nfood Bl s food Re=?
/ e ﬂfcaq-ﬁ e 7 feaq-Re da (387)
Ly
j2mfet ,—janfeR/c B Ly LB
_ toe Lim i fee (- ) (122 / eIl R0 g (3.88)
Ly
j2mfetg—jamfeRjc | .4 L2
__ thoe 26 pIinfec 1(h-§)(t2§)/ ela o (3.89)
L?(R) Ly

where [ = 4nf.c7 (7 - %)(zﬁ — %%) Using the same process as equations (3.30) through
(3.34), the integral is evaluated to yield:

woej27rfctefj4ﬂ'fcRc*1
L*(R)

Lo — I

g gitmfee™ (R (- ), _ Ll)eJ(L1+L2)l/2smc<

l>. (3.90)

Note the similarity between equations (3.36) and (3.90). The difference (not literally)

between the two is the inclusion of the e/4™ee™ B R)(=*5) term and using [ instead of ~.

To calculate the value of the signal reflected from all the blades, the expression is added
I times for I propellers and N; times for the number of blades on the ith propeller:

I-1N;

wdcwzzw

=0 n=0

- (Ly(i) — Ly(i))ed Er O+ L2l 2640 (Mz) (3.91)

27 fot ,—jam feRc™ 1 ] -
0e’ e g fec (- By (128

In order to simplify the expression for ¢4., dependency of the variables must be established.
First, R depends on the location of the center of the ith propeller so R depends on 7. A
subscript ¢ is introduced here on the variable to indicate that it is dependent on 7. It
however does not depend on n because it remains the same for all blades on one propeller.
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The first simplification can be made:

-1 _; -1 Nj—1 B
—jan fcRic i ) PR -5 2R
Yo woej%rfctz € o A fee™ (i ) (=2
c ~
L2(Ry)
i=0 v

n=0

I . Lo(i) — L+ (i
(Ly(i) — Ll(i))6](L1(l)+L2(Z))l/QSinC (MO (3.92)
Next, the terms Lo(i) and L;(7) are both assumed to be independent of n though that is
not necessarily the case. Additionally, from the expression for h given in equation (3.79),

it is concluded that A is dependent of i, due to the ¥;! components, but independent of n.
Therefore, the expression can be slightly simplified to

I-1 : ; ' o d
| I 1 —jam feRic idm foe— 1 (R Biy_ 2B
ban(Pa(®)) ~ woejQWfCtZ (Lo(1) ngz)];e) jam foe (et (1= 221

N;—1 . .
) Z ej(Ll(z‘)+Lz(z‘>)l/2SinC<Ml>, (3.93)

n=0

¢ however still depends on n because of the €, ; term included as in equation (3.80). Since
[ depends on ¢, it also depends on both i and n. Therefore, equation (3.93) is the final
form of the model for this section where the argument is the parameter set Py.(t). As with
the non-Doppler version of the model, the parameter set is decomposed into two separate
sets; one which is dependent on ¢, P; 4.(t), and another parameter set which isn’t, P 4.
The full parameter set dependent on ¢, P;.(t), is their union:

Pde(t) = {fuoa 'ftoa RZa f.€> @Lo} U {{Qn,i}nN;61> f;fa R;ﬂ frot,i}f:_()l (394)
P2,dc = {¢07 fc} U {Ll (Z>a L2(2)7 Nz}zlz_(} (395)
Pdc(t> - Pl,dc(t) U P2,dc (396)

3.3.1 Proving that propeller velocities do not fully cancel

One might think intuitively that the velocities due to the propeller rotation always has an
equal and opposite velocity in two propeller blades that are 7 radians apart as in Figure 3.7
and therefore the effect of the velocity on the resulting echo signal is cancelled. However,
this is an incorrect conclusion. This is proved here.
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— .11' Pi

Figure 3.7: Opposing velocities in a propeller.

To begin, the echo signal resulting from the infinitesimal length da at the origin of the
ith propeller is modelled (omitting the “w.r.t. p;” superscript for notational simplicity) as

Yo

2m fo(142vrc™ 1) (t—2Rc™Y) 3.97
B (3.97)

Y = da e

with all the previously used variables. Adding two of these echo signals resulting from the
infinitesimal length along the blade, both at the origin of the reference frame—the center
of the propeller, and at a relative velocity where both of these echo signal components have

i =0, thus UT:—Ut~%,

77Z},u:0 — 2da L;ZEOR) 627rfc(1—2(17t-%?)c’l)(t—QRcfl)' (398)

When g > 0, the magnitude of the relative velocity is calculated as

. (3.99)

7,

oy inll
oyl linl]

V1 = (1704 _Ut> :



For an equal and opposite p value, the relative velocity magnitude is

ny] Wnvlt
| =

Vo= —fi+—= —Tp- (3.100)
so if the two velocities are added together, the p components are cancelled leaving only

—2%, - RR™*. However, if the two echo signals are added together,

77Z)0 2 —1\(4_ -1
—  da—22_e?rfe(1+2v1c7)(t=2Re)
wu>0 aLQ(R) e
wO 2 —1Y\({— -1
doy—22_ 2mfe(1+2v2e™ ) (t=2Re™)
+ aLZ(R)e
Yo 2 fe(t—2Rc™1) Am fevre™H(t—2Rc™ 1)
wO 27 fe(t—2Rc™1) 4w fevac™ L (t—2Rc™1)
+ d&me e 2
_y
L*(R)

- d 27rfc(t72Rc_1)(647rfcv1c_1(t72Rc_1) + e47rfevgc_1(t72Rc_1))

e

Let a = 4nf.c™'(t — Re™') be a temporary variable. Then

w“>0 — da ¢0 627rfc(tf2Rc’1)(eav1 + eavg)

L*(R)
= do L;ﬂ((}%) e2ne(t=2Re) gmavi- (e™ + e )
Vo onfo(t—2Re 1) (1-2¢- 17 & -1 1\ = R
= dame (¢ X 7 ( 2cos (47 foc™ ' (t = 2R )i - E)
R
= g cos (4m foc H(t — 2RI - }_z)' (3.101)

Because ¥,—0 # ¥,>0 AP0 7# 0, the velocities do not cancel in the echo signal model even
though the velocities due to the propellers’ rotations cancel each other.

3.3.2 Fourier Analysis of Backscatter Signal

The RCS for any object is a function of carrier frequency of the radar system, aspect and
elevation angles. For complex objects, the RCS varies drastically from variations in all
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three of these dependencies. For this reason, the RCS is often model in a statistically
random manner. Swerling models are used to accomplish this [37].

This noisy RCS phenomenon causes significant distortion when performing signal anal-
ysis on backscatter signals, specifically on both the amplitude and phase of the signal. To
be clear, amplitude and phase are defined for a complex number ¢ as | A| and 6 respectively
in c=|Ale.

The component of the signal that remains consistent through these fluctuations is the
frequency. This motivates performing frequency analysis on the returning signal. The
radar reference book [37] uses the terminology coherent and non-coherent analysis to de-
scribe when the returning signal’s phase is taken into consideration and when it is not,
respectively, in the radar processing. For this analysis, coherent processing must be used
as most of the information of the time-domain signal is contained in the phase of the signal
due to the micro-Doppler signatures from the complex model.

The Continuous-Time Fourier Transform (CTFT) X (jw) for a signal z(¢) where w is
the radial frequency is defined as [31]

X(jw) = / z(t)e ¥dt, —oc0 < w < o, (3.102)
To describe the backscatter signal in the frequency-domain 4. (jw) analytically, the fol-
lowing integral would have to be solved:

Vae(jw) = /OO Yae(Pac(t))e 24 dt. (3.103)

Due to the complexity of the expression for 14 as in equation (3.93) and the numerous
dependencies on time ¢, it is unrealistic to expect to solve this analytically. Hence the
approach of the Discrete-Time Fourier Transform (DTFT) is taken where the discrete-
time frequency domain representation for the backscatter signal W,.(e/*) is given by

() = 3 Guelle ™, Veln) = el Pact)| g T=17 (3104

n=—oo

tg.[n] is the discrete-time backscatter signal evaluated at the nth time sample, T is the
sampling period and fs is the sampling frequency. The sampling frequency is usually
required to be at least two times the highest frequency in the signal being analysed as
in the Nyquist sampling theorem, however, since narrowband sampling can be performed
on this signal due to the micro-Doppler effect only modifying the frequencies local to
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the carrier (also referred to as the micro-Doppler band), the sampling frequency can be
drastically reduced. The necessary step required to enable this is a demodulation from the
carrier frequency to baseband. This is done by multiplying the signal by e=27/<* to shift
the resulting signal back to being centered around 0 Hz:

il = (v Pult)e ) (3.105)

t=nT

Uy () = Y hyln]em. (3.106)

n=—oo

The sampling frequency then should only be large enough to account for the signal band-
width; f, > BW. An example of this narrowband sampling is shown here for illustration.
In this example, a signal with a bandwidth of 1 kHz is modulated on a carrier frequency
of 10 kHz. The frequency spectrum is plotted in Figure 3.8. In order to be able to recon-
struct this signal from its discrete-time samples, a sampling frequency needs to be greater
than twice the maximum frequency. In general, for a signal modulated on some carrier,
fs > 2(f. + BW/2). For this particular signal,

fs > 2(10 + 0.5) kHz = 21 kHz. (3.107)

However, when multiplying a time-domain signal by e/“°" for some radial frequency wy,
the following result appears, using the definition of the DTFT in equation (3.104):

yln] = ™"z [n]

Y(e) = ) ylnle "
= Z eI0m g [n]e I
= ) afpledmeon = X (/). (3.108)

In other words, the multiplication of the signal by e/“°™ in the time-domain has the effect
of shifting the signal in the frequency-domain. This is known as demodulation. In this
example, the signal is multiplied by e 727f¢t to shift the frequency-domain of the signal to
baseband. This is shown in Figure 3.9. In reapplying the Nyquist sampling theorem to the
demodulated signal, the maximum frequency is now just BW/2 and therefore a sampling
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Figure 3.8: Frequency spectrum of an example signal being modulated on a carrier fre-
quency. The black vertical lines indicate where the bandwidth starts and ends.
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Figure 3.9: Frequency spectrum of an example signal being modulated on a carrier fre-
quency after demodulation. The black vertical lines indicate where the bandwidth starts
and ends.
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frequency f, = BW = 1 kHz can be used. Compared to the original required 21 kHz,
this is a significant reduction in the number of samples required to reconstruct the original
signal.

Due to the micro-Doppler adjustments to the backscatter signal, the bandwidth will
increase to account for both forward and backward velocities of the UAV propellers. It
can be expected that the minimum and maximum frequencies defining the bandwidth to
be proportional to the velocity of the propellers. Using equation (2.14), the bandwidth of
the signal can be set to

_2£lld 2409
C C
AL
C

BW (3.109)

(3.110)

where ||7]| is the magnitude of the maximum velocity of the drone’s propellers. The BW
can always be increased or reduced depending on experimental results. The DTFT of the
signal can be calculated efficiently with the Fast Fourier Transform (FFT) algorithm.

3.3.3 Experimental Validation of Theory

In this section, a simulation is presented which displays how the theory developed thus
far predicts the micro-Doppler signal alterations on the carrier wave caused by the signal
reflecting off complex drone-like objects.

The intention of the simulation is to construct a scenario where a sinusoidal carrier
signal at a frequency of 20 GHz is transmitted from a transmitter at the origin through
an isotropic antenna, reflected off of the complex target model at a distance of 100m
from the origin and received by the mono-static transceiver at the origin. During the data
collection process, the drone is only hovering off the ground while its propellers are rotating
at maximum rotational frequency of 20k Rotations Per Minute (RPM). In other words,
the position of the drone’s center-of-mass is constant for the duration of the experiment.
Because the theory so far has only covered the complex target model’s propellers, there
will be no static RCS; only the moving parts of the drone are simulated. The number of
scattering centers which are used to model the propellers is varied under the variable name
Nyeqr and differences examined. The complex drone model used is displayed in Figure
3.10 and the parameters of the experiment are listed in Table 3.1. This experiment uses
Swerling model 2 for all scatterers in this experiment.
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Figure 3.10: Complex drone model. The blue vectors represent the basis vector for both
the core of the drone (u) and each of the four propellers (p;). The green ellipses show
each of the point-scatterers included in the experiment. There are Ny., scatterers for
each blade on each propeller. Note that the spin direction of the Oth and 2nd propellers
is counter-clockwise while the spin direction of the 1st and 3rd propellers is clockwise; a

typical configuration for drones. The blade lengths are the same for each propeller with a
value of L2 — L1.
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Parameter

label Description Value
fe Carrier frequency 20 GHz
R Range between the transmitter and tar- 100 m

get
v Target velocity 0 m/s
BW Signal bandwidth 5 MHz
ts Simulation time 1 ms
P, Transmit Power 10 W
Gy Transmitter system gain 15 dB
Gy Receiver system gain 15 dB
Ny Receiver system noise figure 6 dB
1 Length from the center of the propeller 1 m

to the start of the blade
L2 Length of the propeller blade + L1 2 m
RPM Rotations per minute for each propeller fgt /min k
Noprop Number of propellers 4

RCS area for each point scatterer along | 05 o
RCS the blades Necar T

Table 3.1: Experimental verification parameters for Section 3.3.3.
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This experiment works by simulating the scenario using MATLAB’s Phased Array
toolbox. The package allows for simulating the entire system from transmitter, to enabling
the multiple reflections from the complex drone model, to the receiver. With the system
initialized, the Continuous Wave (CW) signal is generated in a discrete manner for each
sample point for the duration of the simulation. To significantly reduce computation
required to simulate this environment, narrowband sampling of 5 MHz is used for a 20
GHz carrier wave with the intention of demodulating the signal before sampling at the
receiver.

The software works by iteratively changing the positions and velocities of the targets
and sending a portion of the signal through the entire channel to get the portion of the
received signal delivered by the transmitted signal. Each scattering center is considered a
separate target in this simulation so it is necessary to define both the position and velocity
for each of the Nprop + Npjades - Nscar POINt-scatterers. The Rx signal components are then
aggregated together coherently to form the final Rx signal.

The theoretical Rx signal 14, is then calculated by mapping the experiment parameters
to the parameter set P;.(f) as in equation (3.96). The theoretical computation is then
performed using equation (3.93).

Both the experimental and theoretical Rx signals are then demodulated to a baseband
signal by multiplying them by e 7?7/¢*. An FFT is then taken for both signals are their
spectrums can be compared.

In Figures 3.11 through 3.14, the normalized magnitudes of the experimental received
signal and theoretical received signal Discrete-Time Fourier Transforms (DFTs) are plot-
ted. It appears as though the theoretical signal does not map to the experimental signal
precisely, though it does form a nice envelope in a more simplified shape compared to the
experimental Rx signal which appears to just be a noisy signal with a higher amplitude
in the micro-Doppler band for the carrier. The effective bandwidths of each signal are
almost identical. It is also shown that because of the micro-Doppler effects introduced by
the spinning of the propellers mounted on the drone, the transmitted signal is distorted
both positively and negatively in the frequency domain around the carrier frequency by an
amount that terminates near the maximum possible micro-Doppler shift. The theoretical
bandwidth for a simple sinusoidal signal is infinitesimal as in a delta pulse, however here it
can be seen that the bandwidth is over 1 MHz. This is a big difference when compared to
the transmitted signal, whose frequency domain representation is also plotted in all graphs.

There does not seem to be a better option for how many scattering centers to use along
the blades. All signals seems to distort the carrier wave similarly within the bandwidth
predicted by the theoretical model presented in this thesis.
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There does not seem to be a major difference in the shape of the experimental signals
by changing the number of blades for each propeller: Nyju40s. Examining the experimental
results in Figures 3.11 and 3.14, it appears as though increasing the number of blades has
no significant effect. There is a major effect, however. It is that increasing the number of
blades increases the amount of power which is in the micro-Doppler band relative to the
amount of power scattered by the static portion of the drone. This effect is not seen in
these images because the magnitudes are normalized and the backscatter from the static
portion of the drone is not taken into consideration. This is further examined in Section
3.4.

All graphs also show a vertical line for £2f.||0]|/c as in equation (3.110). Note that
in all eight simulations, both theoretical and simulation results show that the bandwidth
actually extends past the frequency distortion due to the maximum speed of the propellers.
Therefore, the propellers are interacting cooperatively to further skew the signal beyond
this expected maximum or there is some spectral leakage occurring.

This experiment shows that there is merit to using this theoretical model for modeling
electromagnetic reflections from complex drone-like objects.

3.4 Combination of static and dynamic reflections

Equation (3.93) describes the echo signal for the total reflected signal received by the
transceiver for I propellers on a drone. It does not consider the portion of the reflected
signal which is due strictly to the static (non-rotating) portion of the drone. The static
portion of the reflection can be approximately computed in the following manner, making
use of the Radar Cross Section (RCS) o [37] for the UAV whose positional norm is ||Z2||.
Letting C' = ||Z2 — %7,

ws _ / %ej%rfc(yrm)rcl)(t2Cc1)da (3111)

where da is the infinitesimal surface area for the RCS. Applying the far-field approximation,
all the components of the integrand can be reasonably made independent of which part of
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the surface area it is being evaluated at. Therefore,

be L;ioc) ed2mfe(14+2vpc™ 1) (t=2Cc™) // da (3.112)
~ a(1) Lféoc) eI2mfe(1+2vre™1)(t—-2Cc™1) (3.113)
~ ot )L;ﬁoc ) pI2n L (12(1[52 -1 §)e ) (t-20¢). (3.114)

Hence the total reflected signal is the combination of both of these, ¥pr(Pua(t)) =
s + e, and is given by

Dninr (Parne(£)) ~ g(t)ﬂ€j27rfc<1+2(|w;—ﬁm|~%‘>c*><t—2cc*1>

L2(C)

-1 N T (i) e—ddnfeRic™! © iy, 2R

ong N (L2(0) = La(2))e™ g fee (- ) (02

He) L2 (R) i |

=0
N;—1 ; )
) Z 3 (L1 (i) +La(i ))l/2SlnC(L2(Z) ; L_l(z)[) (3.115)
n=0

The set of parameters Py (t) required to use this theoretical model is thus modified to
include the UAV’s RCS:

P (t) = {280, 80, R., f-, 00,00, 0} U{{Qu 100t 2 RY frotitizo (3.116)
Py yine = {to, fe} U {L1(l)7 Lo (i), Nz‘}izo (3.117)
Py (t) = Prvm(t) U Poyin (3.118)

3.4.1 Experimentation with Simulation

To validate this idea of having a static RCS for modelling the drone as in equation (3.115),
another experiment is assembled similar to the experiment shown in Section 3.3.3. The
difference between that experiment and this one is the inclusion of a large RCS which does
not move relative to the center-of-mass of the drone centered on the u reference frame.
This is shown in Figure 3.15. The parameters for this experiment are shown in Table 3.2.
The scattering centers are again all modelled with Swerling 2 probabilistic models.

The results for this experiment are shown in Figures 3.16 and 3.17. Note that the mag-
nitude of the spectrum in the micro-Doppler band (which excludes the center frequency) is
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Figure 3.15: Complex drone model for static and dynamic scattering centers. The difference
between this scenario and the previous, as in Figure 3.10, is the inclusion of this large RCS
modelled as a sphere.
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Parameter

label Description Value
fe Carrier frequency 20 GHz
R Range between the transmitter and tar- 100 m

get
v Target velocity 0 m/s
BW Signal bandwidth 5 MHz
ts Simulation time 1 ms
P, Transmit Power 10 W
Gy Transmitter system gain 40 dB
Gy Receiver system gain 40 dB
Ny Receiver system noise figure 20 dB
1 Length from the center of the propeller 1 m

to the start of the blade
L2 Length of the propeller blade + L1 2 m

. . 20 k

RPM Rotations per minute for each propeller rot /min
Nprop Number of propellers 4
Nilades Number of blade for each propeller 4
Nocat Number of scatterers on each blade 10

RCS area for each point scatterer along 9
RCSaynamiec the blades 0.01m
RCS. i RCS area for the static scattering cen- 0.5 m?

ter

Table 3.2: Experimental verification parameters for Section 3.4.1.
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much lower relative to the results from the previous experiments in Figures 3.11 and 3.14.
This is because the large scatterer at the center of the drone is the most significant scat-
terer in the experiment and skews the magnitude normalization. Going from Nyuges = 2
t0 Npages = 4 shows that increasing the number of moving scatterers increases the amount
of signal power within the micro-Doppler band.
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Figure 3.17: Simulation spectrum results with Nyu4s = 4. Note that the normalized
magnitude on the y axis goes from 0 to 0.3. The remaining 0.3 to 1.0 on the y-axis that is
hidden has a vertical line for which the blue, green and red signals all climb to 1.0.

60



Chapter 4

Theoretical Models for 5G OFDM
Transmit Signals

In this Chapter, the modelling work that has been done for simple complex exponential
sinusoidal backscatter is combined to form an aggregate backscatter signal for the more
realistic Orthogonal Frequency Division Multiplexing (OFDM) transmit signal, which is
to be used as the radar pulse.

The core of OFDM is the simultaneous transmission of frequency-adjacent subcarriers
whose amplitudes vary depending on what information is being communicated at a partic-
ular symbol time [29]. The set of OFDM data symbols x(k, p) is therefore a matrix whose
arguments are the indices of both frequency (subcarrier index k) and time (OFDM symbol
index p). For Ny subcarriers in a OFDM signal with N, time-intervals whose duration is
T, there are N,N; resource elements available for communicating information.

Specifically, the baseband signal for one OFDM time interval at index p can be expressed
by [11]
s(t) = {vavsol w(h )™ty <t <ty (4.1)
" 0 t<t,Vi, <t '

where t,, and ¢4, are the time thresholds for the pth time-interval. For example, an OFDM
signal composed of 6 orthogonal subcarriers is plotted in Figure 4.1 for one time-interval
and z(k,p) = 1,Vk. The SubCarrier Spacing (SCS) in the frequency domain between the
subsequent subcarriers is then just 1/7" where T is the symbol duration. In the 3GPP 5G
NR standards, the SCS must be preset to one of seven possible values as in [1].
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Figure 4.1: OFDM carriers plotted side-by-side in the frequency domain.

If this type of signal is to be used as the transmit signal to listen for backscatter
reflections, then it should be expected that the received signal would be a coherent com-
bination of the return signals from multiple simple sinusoidal waves as both the transmit
and received signals can be decomposed into a linear combination of simpler signals. With
the transmit signal having the form of equation (4.1), the received signal should take the
following form before windowing:

Gurs(PU).p) = 3 alk (PO T+ 50) (1.2

with P(t) taking the value of either Py, (t) as in equation (3.118) or Ppg(t) as in equation
(2.38) and ¥(P(t)) being defined in either equation (3.115) as ¢ for the MM model
or equation (2.35) as 1pg for the point-scatterer model. The intention with the notation
(P, f. + %) for the arguments of 1) is to convey that the backscatter function is no
longer a function of the carrier frequency but of the subcarrier frequencies instead. The
summation indices are also adjusted from equation (4.1) to better center the baseband
frequencies around 0 Hz.
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After windowing the backscatter function, the resulting signal takes the form of

¢O<P(Zf)7p) = ..
¢dark(P(t),p) 2Rmincil S 13 S 2Rmawcil +T (4 3)
0 otherwise .

where R, is defined as min({||Z2 —||}/Z)) for the MM model and min({||Z2—Z?(|}. =)
for the point-scatterer model and R,,,, being similarly defined.

In the 3GPP 5G NR standard, there exists different numerology p € Z,0 < u < 6, to
specify communication parameters. Specifically, one 5G frame is composed of 10 subframes.
The subframes are composed of 2 slots and one slot is composed of 14 data symbols. After
every slot, a cyclic prefix is transmitted to increase the orthogonality of the different carriers
during transmission to increase the signal reliability. The cyclic prefix increases in size as
the SCS increases [1,40,50]. For the purposes of this research, the transmission of the
cyclic prefix is not considered as it is more of a physical layer enhancement and does not
contribute non-redundant information. This does form a difference between a standard 5G
transmission signal and a purely OFDM transmission, however.

The largest SCS of 960 kHz when p = 6 provides the smallest symbol duration of
roughly 1.118 pus [1] which includes the cyclic prefix. Without cyclic prefix, the duration
would be 1/960k ~ 1.042 ps. This is the SCS that provides the most precision and is only
available in the FR2 band of 5G NR which is from 24.25 to 71 GHz [!] from release 17 of
the communication standard. Hence the radar waveform will be targeting lower range, due
to the propagation loss being proportional to the carrier frequency, and higher resolution
since the smaller wavelength signal is able to discern smaller reflection features on complex
radar targets.

With this signal model, the time-domain of the received signal can be analyzed and
cross-referenced with a Finite Impulse Response (FIR) filter that is a time-reversed and
complex conjugated version of the transmit signal for matched-filtering:

h[n] = si,[=n] :

y[n] = ¢o(P[n], p) * h[n]. (4.5)
where the ‘x’ superscript indicates the complex conjugate, the ‘x’ operator describes the
convolution operation and the signals have been discretized with some sampling frequency

fs. The peak of y[n] indicates where the signal 1), most closely resembles the transmit
radar signal for each pulse.
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To perform frequency-domain analysis on the signal from a single pulse, the received
signal is first demodulated by performing the following operation:

wyln] = e, (Pln], p) (4.6)

where the b subscript in 1, indicates that the signal is in baseband. A Fast Fourier
Transform (FFT) can then be taken of the received signal between the index where y[n|
is maximized and the same index plus the symbol duration. This can be compared to the
simulated signal’s Discrete Fourier Transform (DFT) as in Section 3.3.3.

4.1 Constructing a Traditional Pulsed Radar Frame-
work Using OFDM

Traditional pulse radars work on the basis of having the same pulse be transmitted, reflected
and received multiple times with a certain Pulse Repetition Frequency (PRF) [37]. The
transmission signal in this case is sy, (t) as in equation (4.1). The signal is transmitted at
the start of the pulse interval (i.e. 0 < ¢ < T') and some time is allocated for receiving
radar return signals for each pulse. This model can be recreated in the OFDM framework
by letting resource elements in subsequent time-intervals be equal to zero through changing
the data symbols x(k, p). For example, for a pulse interval of M € N, which is the number
of OFDM symbols in one radar pulse, V subcarrier index k and pulse number a € Z,a > 0,

=aM
m(k,m:{; L (47)

For each pulse number, a new received signal can be constructed as in the following
matrix:

1/)0(P[GNSPP]7 a)

Yo(PlaNgy, + 1], a) (48)

r.[:,al =

Yo(Pl(a+1)Nepp — 1], a)

where the parameter set P(t) has been discretized to P[n] with some sampling frequency
fs and Ny, is the number of samples per pulse. The r, matrix then has N, rows and A
columns, where A is the number of pulses to be used.
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A matched filter can then be used, as described in equations (4.4) and (4.5), to find
the peaks of each of the A signals. At the index of maximum correlation n,, the radar
processing signal z[n| can be constructed using all A pulses:

oIl = 3 Ul PlaNoy + ), ) x5, (49)
n, = argqunax(y[n}) (4.10)
z[n] = rin,, . (4.11)

From z[n], joint time-frequency domain analysis can be performed, for example using Short-
Time Fourier Transforms or Wigner-Ville Distributions [7], to output the micro-Doppler
signatures of the target.

4.2 Experimentation through Simulations

This section presents several different simulations intended to numerically assess the vi-
ability of micro-Doppler analysis using the augmented MM model. The experiments all
compare the results from all three separate methods for generating range-speed response
as well as micro-Doppler signatures: augmented MM model, PS model and MATLAB’s
Phased Array full system simulation (which also uses the PS model).

4.2.1 Optimistic System Simulation

In this experiment, the same scenario is used for the locations and velocities of the scat-
tering centers of the complex drone model as in Figure 3.10. This experiment, however,
incorporates two thousand radar pulses in the 5G NR OFDM framework, as described in
Section 4.1 with transmit power and Effective Radiated Power (ERP) capped to 35 dBm
and 55 dBm respectively in order to meet 5G NR transmission standards.

In this experiment, three separate receive matrices r, as in equation (4.8) are con-
structed: one for the experimental result, one for the theoretical result using the MM
model and one for the theoretical result using the point-scatterer model. Each of these re-
ceive matrices is subject to matched-filtering and peak-finding as in equation (4.10). Each
of the three radar signals are then constructed as in equation (4.11). The three radar
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Parameter

label Description Value

fe Carrier frequency 50 GHz

R Range between the transmitter and target 100 m

v Target velocity 0 m/s

SCS Subcarrier Spacing 960 kHz

N Number of subcarriers 14

BW Receive signal bandwidth 14.4 MHz

PRF Pulse Repetition Frequency 0.5 MHz

N Number of samples per pulse 29

A Number of pulses 2k

P, Transmit Power 3.16 W

Gtz Transmitter system gain 20 dB

Gra Receiver system gain 40 dB

Ny Receiver system noise figure 20 dB

1 Length from the center of the propeller to the start of 90 mm
the blade

L2 Length of the propeller blade 4+ L1 100 mm

RPM Rotations per minute for each propeller 20 k rot/min

Noprop Number of propellers 4

Nilades Number of blades per propeller 4

RCSy RCS area for each point scatterer along the blades 0.05 m?

RCS, Static RCS for the center-of-mass 0.5 m?

Table 4.1: Experimental verification parameters for Section 4.2.1.
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Figure 4.2: Experimental range-speed response for the scenario described in Section 4.2.1.
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Fres = 5.1335 kHz, Tres = 500 ps
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Figure 4.3: Experimental micro-Doppler signature for the scenario described in Section
4.2.1 using Swerling model 3 RCS for all scatterers.
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signals are then analyzed in joint time-frequency domain using Short-Time Fourier Trans-
forms (STFT) with a Kaiser window to construct a spectrogram. The parameters for the
experiment are as follows in Table 4.1.

The range-speed response Figure 4.2 shows that the entire drone fits into two range
bins. The range resolution is given by ¢/2BW which is roughly 10.4m here so the two
range bins which the drone fits into are the bins which are roughly from (88.54,98.96]
and (98.96,109.38] meters. The experimental received matrix at the index of maximum
correlation n, points to the (98.96,109.38] range bin and produces the spectrogram shown
in Figure 4.3. Three distinct contributors are distinguishable: the static portion of the
drone which is a horizontal line at 0 Hz, the negative relative velocity components and the
positive relative velocity components which appear sinusoidal. The range-speed response is
shown in Figure 4.2. Both Figures show that the drone is clearly detectable at this range
with these limitations on output power based on the noise introduced in the MATLAB
simulation.

The MM model micro-Doppler signature is shown in Figure 4.4 and that of the point-
scatterer model is shown in Figure 4.5. The point-scatterer model accurately resembles the
experimentation excluding its amplitude. This is likely due to a difference in RRE between
the Phased Array toolbox in MATLAB and what is used to scale the amplitude in this
theory. The MM model’s micro-Doppler signature seems to not display the signature at
all.

To determine why the signature is not being displayed correctly in the MM model, the
¢ vector, as defined in equation (3.80) is scaled by a factor of 200 and the simulation is run
again. The spectrogram result is shown in Figure 4.6.

The micro-Doppler pattern seems to match the experimental and point-scatterer mod-
els, however the bandwidth occupied is wrong and there are distinct peaks for the entire
band when positive and negative relative velocities are peaked; i.e. when the sin functions
are maximum and minimum. This is due to the effect of the sinc function in the r,[n,, ]
signal, shown in Figure 4.7. The spectrogram shows drastic peaks at the same moments
in time when the relative propeller velocities are maximum and minimum. Clearly, this is
a major issue that must be resolved with the augmented MM model.

To attempt to resolve the issue, the theoretical MM model’s assumptions are revisited.
Taking inspiration from the point-scatterer model, the far-field approximation that the
velocities all originate from the center of the propellers as in the original MM model is
revised to be at the tip of each of the blades. This modifies the equation for 1 a(Paras(t))
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Fres = 5.1335 kHz, Tres = 500 ps
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Figure 4.4: Theoretical MM model micro-Doppler signature for the scenario described in
Section 4.2.1.
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Figure 4.5: Theoretical point-scatterer model with one scatterer at the end of each blade
for each propeller.
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Fres = 5.1335 kHz, Tres = 500 ps
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Figure 4.6: Theoretical MM model micro-Doppler signature for the scenario described in
Section 4.2.1.
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Theoretical MM Time-Domain Radar Signal
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Figure 4.7: Time domain signal for z[n| = r,[n,, :] for augmented MM model
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from equation (3.115) to

[Go—2]-S)e 1) (20 1)

Ui (Pua(t)) = o(t) Yo oI fe(1+2(

L2(C)
I-1 N;—1 - . —j4r feR; nc™ . — ”ﬂin i,n
+ eﬂfrfctz (La(i) — Ly (i))e 9"t 16J4ﬂfcc LR (=R
’ i=0 n=0 L2 (Bin)
L) 2gp (L2 = T () s (4.12)
2 Y
where R; , = ||Z7,—7|| is the distance between the transceiver and the tip of the nth blade

2R;
— T)

3 IR,
I(i,n) = 4n f.c! ((T %) (t - &) (4.13)
,M &

This modification to the model is possible because the far-field approximation is being used
in the original model to simplify the position of the scatterer from a distance o along the
blade to the center of the propeller. Instead of simplifying the distance a to the center of
the propeller, it is simplified to the tips of the blades.

on the ith propeller. The expression for [ is also modified from | = 4 f.c™ (7" %)(t
to

With this modification, the simulation is adjusted and the simulation is performed
again. The spectrogram for the radar signal generated using the MM model is shown in
Figure 4.8.

This time, the micro-Doppler signature perfectly matches the signature from both the
experimental model and the point-scatterer model. This concludes that applying the far-
field approximation in this way produces much better results than approximating the
distance to the center of the propeller. The range-speed response for the modified MM
model is shown in Figure 4.9. It correctly predicts the range bins to which the target is
located and the speeds at which it is traveling.

In addition, the time-domain signal r,[:, 5] for the first three pulses (8 = 1,2,3) are
displayed for the experimental, point-scatterer and MM models in Figure 4.10. When
compared to the 5G OFDM pulse being used as radar signal, shown in Figure 4.11, the
received signals indeed appear to be delayed versions of the transmit signals in that there
are two distinct peaks in each signal but also don’t immediately show the transmit signal.
This is when the combination of pulses comes into play to create radar processing gains
to ensure the target is detected. When these signals are aggregated for each pulse and fed
through the matched-filter, the correlations are output as in Figure 4.12. The correlation
seen in this Figure is proportional to the probability of a target being in each range-bin.
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Fres = 5.1335 kHz, Tres = 500 ps
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Figure 4.8: Theoretical MM model micro-Doppler signature for the scenario described in
Section 4.2.1 with far-field approximation being used at the tip of the blades instead of at
the center of the propeller.
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Range-Speed Response Pattern
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Figure 4.9: Theoretical range-speed response for the scenario described in Section 4.2.1
with modified MM model.
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scenario described in Section 4.2.1.
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15 CW 5G OFDM Transmit Signal Pulse
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Figure 4.11: Transmit pulse used in experiment described in Section 4.2.1.

The magnitude of the correlation itself is not of major importance when comparing all
three models, only that all three of the shape of each of the graphs are very similar, though
each of the theoretical models exhibit more range-leakage than that of the experimental
model. This is consistent with the range-speed response for the MM model shown in
Figure 4.9. The experimental model’s correlation function is likely more sharp due to the
fact that there is significant noise in the received signal, from both the Swerling models of
the scattering centers and the inherit noise to the transceiver system, both of which are
not present in the theoretical models (but could easily be included).

Applying windowing to the received signals as in Figure 4.13 reduces the range-leakage.
This is displayed in Figure 4.14. Notice that the correlation function tapers much more
quickly for the theoretical models than prior to windowing.

Using the range-bin correlation function y[n], one can deduce that the object at roughly
100m away does not reside solely in one range-bin but two. This is consistent with the
experiment setup. So theoretically, examining the micro-Doppler signature in the index
of maximum correlation n, displays the micro-Doppler velocities which are occurring only
between the range of [98.96,109.38]. Omne could also perform a similar micro-Doppler
investigation within the range of [88.54,98.96]. Doing so produces an almost identical
micro-Doppler signature to those displayed for all three models in this experiment. The
conclusion can then be made that there is an entity moving in the same manner in both
range bins. This is consistent with the experiment setup since two of the four propellers
are within the closer range bin and two are in the farther one. This raises the question: if
the two front propellers are spinning at a different rate than the back propellers, do the
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MM Model Range Bin Correlation with Transmit Signal
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Figure 4.12: Range-bin correlations for each model investigated in Section 4.2.1 for r,
generated using Ygqrk-
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Figure 4.13: Windowed time-domain signals for both theoretical models. The experimental
model does windowing automatically.
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MM Model Range Bin Correlation with Transmit Signal
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Figure 4.14: Range-bin correlation after windowing the received signal to go from 44,1 to
Y, as in equation (4.3).
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Fres = 4,9282 kHz, Tres = 520.8333 ps
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Figure 4.15: Full-system simulation micro-Doppler signature for the scenario described in
Section 4.2.2 using Swerling model 2 RCS for all scatterers.

micro-Doppler signatures display a difference in bandwidth? This is further examined in
Section 4.2.3.

4.2.2 More Realistic System Numerical Assessment

The full-system simulations in Section 4.2.1 were optimistic by having high gains and low
receiver system losses. This simulation is intended to essentially repeat the experiment in
Section 4.2.1 but with more realistic system parameters. These more realistic parameters
are detailed in the Table 4.2, for example having receive and transmit gains of 10 dBi
instead of 20 and 40 dBi respectively. Results are displayed in Figures 4.15 through 4.20.

The three models all show similar results. The magnitudes between the MM model and
the full system simulation in both the range-speed response and micro-Doppler signatures
are almost identical, indicating that the RRE used in the simulations match, while the
magnitude for the PS model is about 20 dB higher than expected. This is an interesting
result since the RRE for both PS model and MM model is the same function call in the
MATLAB code. This affects the amount of leakage present in the range-speed response in
Figure 4.20. Comparing this range-response to the other two, more leakage in both range
and Doppler is visible due to the higher magnitude. The range-speed response for the MM
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Parameter

label Description Value

fe Carrier frequency 50 GHz

R Range between the transmitter and target 100 m

v Target velocity 0 m/s

SCS Subcarrier Spacing 960 kHz

N, Number of subcarriers 14

BW Receive signal bandwidth 14.4 MHz

PRF Pulse Repetition Frequency 0.5 MHz

Tsymbol Symbol duration 1.04 us

Touise Pulse duration 2.08 us

Ngpp Number of samples per pulse 30

A Number of pulses 2k

P, Transmit Power 3.16 W

Gt Transmitter system gain 10 dBi

Gy Receiver system gain 10 dBi

Ny Receiver system noise figure 6 dB

L Aggregate system losses 10 dB

Il Length from the center of the propeller to the start of 90 mm
the blade

L2 Length of the propeller blade 4+ L1 100 mm

RPM Rotations per minute for each propeller 20 k rot/min

Nprop Number of propellers 4

Nilades Number of blades per propeller 4

RCSy RCS area for each point scatterer along the blades 0.05 m?

RCS, Static RCS for the center-of-mass 0.5 m?
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Table 4.2: Numerical assessment parameters for Section 4.2.2.




Fres = 4.9282 kHz, Tres = 520.8333 ps
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Figure 4.16: Theoretical MM model micro-Doppler signature for the scenario described in
Section 4.2.2.
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Figure 4.17: Theoretical point-scatterer model with one scatterer at the end of each blade
for each propeller.
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Range-Speed Response Pattern
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Figure 4.18: Full-system simulation range-speed response for the scenario described in
Section 4.2.2.
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Figure 4.19: MM model range-speed response for simulation in Section 4.2.2.
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Range-Speed Response Pattern
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Figure 4.20: PS model range-speed response for simulation in Section 4.2.2.
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model shows some lesser range and speed leakage which is consistent with MATLAB’s
full system simulation model in Figure 4.18. In the micro-Doppler plots for the MM and
PS models, the two plots show correct shapes as well as subtle fading on the upper side
of the graph at around 25 kHz. This fading is also present in the full-system simulation
micro-Doppler plot where the fading causes the signal to be obscured by the presence of
noise. The major differences between the micro-Doppler plots for the MM and PS models
that the magnitude of the PS model is about 20 dB higher and the static component (0
Hz) is more apparent in the MM model.

In general, it is shown that the augmented MM model matches the full-system sim-
ulation and the signatures are visible and detectable in the presence of noise using the
more realistic radar parameters as in Table 4.2. If one were provided the results of the
experiment without knowledge of its setup, deductions can easily be made. For example,
one revolution of one of the blades takes about 3 ms as shown in the spectrogram. This is
equivalent to 333 revolutions per second or 20k revolutions per minute, exactly the RPM
used in this simulation. Additionally, based on the bidirectional micro-Doppler shift maxi-
mums of around 70 kHz in the spectrogram, one can conclude that the propellers’ velocities
are 209.5 m/s using the Doppler formula. Inference can then be made that the radius of
rotation for the propeller is r = 209.5-3-1073/(27) = 0.1m, exactly the length of Ly used
in the simulation.
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40 — Doppler Response in Target Range Bin
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Figure 4.21: All three models are compared when analyzing a specific horizontal slice of
the range-Doppler response for the system. This is effectively the same information as is
contained in one slice of the range-speed response at 100m.

In addition, specific slices of either the range-speed response may be analyzed to provide
further insight. For example, Figures 4.21 and 4.22 show the resulting successful compar-
ison for a specific range and for a specific time window respectively. These figures show
that the peaks and valleys of all three different models line up perfectly, even through the
full system simulation’s white noise present.

4.2.3 Experiment: Multiple Propeller Velocities
This section shows the results acquired from the simulation of the same scenario as in

Section 4.2.1 but with the two propellers closest to the transceiver spinning at half the
speed as the propellers farther away. The range of the center of the drone is chosen to land
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micro-Doppler signature in the time-frequency response. The vertical slice occurs at 1ms
with a time range of 0.2ms around the point, that is, from 0.9ms to 1.1ms.
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directly in between two range bins: 7 : [88.54,98.96] and r, : [98.96, 109.38]. Additionally,
the distance between the center of the drone and the center of each propeller is chosen to
be 5m, i.e. ||Z}]] = 5 m,Vi. The experiment is setup this way to unambiguously place
the front propellers in r; and the back propellers in r so it should be expected that the
maximum Doppler shift shown in the micro-Doppler signature spectrogram for the front
propellers be twice that of the back propellers.

First, the range correlation signals are shown in Figure 4.23. The range correlation
represents how similar the transmit signal is to the received for each range bin. According
to these three graphs, the correlation for the full-system simulation is higher than it is
for both the MM model and the PS model. This is due to the presence of noise in the
full-system simulation and its absence in the other two models. The important thing to
note is that the three graphs have the same shape and peak at the exact same time. It is
expected based on the simulation setup that the correlation signal peaks somewhere near
100m and be relatively flat in those two range bins and then taper off. It is clear from
the Figure that there are only two range-bins which could realistically contain a portion
of the target. This is excellent behavior for the MM model. The indices are r; and 75 as
expected for all models. The range-speed response for all three different models, shown
in Figure 4.24, shows that for r; and ro, different propagation Doppler shifts are present.
This is consistent with what is expected. It is shown in these graphs that signal resulting
from the range-bin that is farther away and containing a portion of the drone, r, on the
y-axis, the power is less spread out than for that of portion of the signal representing the
range bin ;. We can infer from this that the propellers which are farther away are moving
much slower. The range-speed response for the PS and MM models are very similar in
shape which shows that the MM model accurately predicts the pattern of movement, as
the PS model on the left is effectively showing the result from the full-system simulation
without the noise.

Second, the micro-Doppler signatures for r,[rq,:] and r,[rs, :| are shown in Figure 4.25
and 4.26 respectively. The micro-Doppler signatures clearly show that each of the range
bins are dominated by the velocities generated by the propellers in each of the range bins.
Some leakage is present in that the non-dominant velocities’ signatures are still present in
signatures for both ry and rs.

This allows for inference: a system able to perform this processing on the signals can
infer that a target exists which spans r; and ry. Inference can also be made that the
target is composed of multiple rotating parts which rotate at different velocities which are
based on the maximum frequency shift in the micro-Doppler signatures for the two range
bins, similar to as is done at the end of Section 4.2.2. The ratio between static RCS and
dynamic RCS can also be used to infer that either the drone component in r; is either a
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MM Model Range Bin Correlation with Transmit Signal
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Figure 4.23: Range-bin correlation after windowing the received signals for each of the
three models.
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Figure 4.24: Range-speed response for all three models: left - MM model, middle - PS
model, right - experimental model.
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Figure 4.25: Micro-Doppler signatures for the front two propellers in the range bin at index
r1 for all three models: left - MM model, middle - PS model, right - experimental model.
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Figure 4.26: Micro-Doppler signatures for the front two propellers in the range bin at index
ro for all three models: left - MM model, middle - PS model, right - experimental model..
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large propeller or multiple smaller ones.

4.2.4 More Precise Modelling

With a larger bandwidth OFDM radar pulse signal, achievable by increasing the number
of subcarriers used, the target can be broken down even further into its components. With
a bandwidth of 14.4 MHz in prior experiments, corresponding to a range-bin size of 10.4m,
the drone could fit in either one range-bin or two but no more. If additional precision
is required or desired, the number of subcarriers could be increased to for example 1040.
This would lead to a bandwidth and sampling frequency of about 1 GHz and thus a range-
bin resolution of 15 cm. With this increased precision, similar analysis could be done to
determine different micro-Doppler signatures at all the range-bins occupied by the target.
This would produce precise data about the target allowing further inference.

4.3 Summary

In summary, two algorithms are provided for generating simulations using the augmented
MM model using pulsed OFDM radar. Firstly, the simulation which makes use of the
stop-and-hop approximation to enhance performance is shown. The stop-and-hop approxi-
mation assumes the drone does not move at all for the duration of a single pulse. Although
it does improve performance, the accuracy of the algorithm may decrease. Hence, the
second algorithm provided makes no such assumption to increase precision at the cost of
computational complexity. The two algorithms are written with the nomenclature pre-
sented in this thesis to help the reader map the algorithm to portions of this work. Actual
MATLAB simulations may also be provided to the reader upon request so the reader does
not have to translate the algorithm into actual code. The two algorithms are explained in
detail.

4.3.1 Stop-and-Hop Augmented MM model Simulation

Before the algorithm even begins, it is assumed that time-independent system parameters
are set such as antenna gains and system losses as well as target parameters such as in
equation 3.118. The algorithm first defines a window buffer of 5m. This window buffer
allows for the receiver to continue to receive the signal even if the target is slightly outside of
the window range (by an amount defined by this parameter). The pulses are then iterated
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as in line 2. The time in the simulation at the start of the pulse ¢, is the current pulse
number times the pulse repetition interval (PRF~!). The time-dependent parameters of
the model - core position and velocities of UAV and transceiver, drone orientation through
the rotation matrix R, the rate at which the drone is spinning f. and the current RCS
of the drone o. The time-dependent parameters for each propeller is then updated - the
blade angles €;, the relative position of this propeller relative to the center of the UAV
T,;, the orientation of the propeller w.r.t. the UAV R} and the rate of rotation of each
propeller f,o;. It is up to the simulation designer to program the update_params() and
update_prop_params() functions as the trajectory can be whatever they want. To remove
some more work from the user, they could instead provide the Euler angles defining the
orientation of the drone for the orientation matrix to be calculated thereafter. The setup
for this pulse is then complete.

The pulse time then starts on line 10. The if-statement on line 11 tests whether or
not the UAV is within the distance where a return signal is expected. If it’s not, then
the return signal value is kept at zero. The result is initialized to zero on line 12 and
each of the OFDM subcarriers are iterated thereafter. Then, for each of the propellers on
the UAV, the position of the center of the propeller relative to an outside observer Z; is
calculated using orientation and position of the drone. Line 17 then iterates all the blades.
The positions of the tips of the blades are then calculated first relative to the propeller
and then relative to the observer. The range vector between the tip of the blade and the
transceiver is calculated on line 20. The core of the augmented MM model follows: first,
calculate h as in equation (3.79), next, calculate ¢ as in equation (3.80), next, calculate
[ as in equation (4.13). The result for the dynamic portion of this discrete-time index is
then calculated using the MM model expression in equation (4.12). Note that the RRE()
function represents the amplitude term to/Ls(R;,) in the expression for the dynamic
portion and o0 /La(R;,) for the static portion'. The for-loop iterations are terminated
for the blade, propeller and subcarriers. The result matrix r, at this index for pulse m is
then set to the combination of the static and dynamic result multiplied by the amplitude
of the OFDM symbol z(k,1). The result index is incremented before the fast-time loop
continues to the next iteration.

1One could also add-in a width parameter to the RRE() function for the dynamic portion of the drone
which would scale the RRE by a factor of (1+width) to account for the blade not being infinitesimally
thin; e.g. if the blade has a width of 4mm then the RRE would be g - 1.004/L2(R; ).
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4.3.2 Precise Augment MM model Simulation
The only difference between this algorithm and then stop-and-hop approximation algorithm

is that the update_params() and update_prop_params() functions are called every time the
time index is increased for this algorithm.
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Algorithm 4.1 Stop-and-Hop Augmented MM model Simulation

1: whb<+5 — window buffer of 5m

2: form+— 1;m < M;m<+ m+1do — iterate the pulses; slow-time

3: t, < (m—1)/PRF — t, := time at pulse start

4: [xu,ft ;02025 RY; feo; 0] <— update_params(t,)

5: R« |70 —Zf|

6: fori<1;:<I;i+1+1do

7: [Q4; T2 Ry frota] < update_prop_params(t,, 1)

8: end for

9: 1dx < 1

10: for t <+ 0;t < 1/PRF;t <« t+ f;! do — iterate time in pulse; fast-time
11: if (2(/R| — wb)/c <t) A (t < Tuympor + 2(|E| + wb)/c) then

12: res < 0

13: for k < —|Ns/2|;k < [Ns/2] — 1;k < k+ 1 do — iterate the subcarriers
14: fori+ 1;:<I;i+i+1do

15: Ty RyT) + 7]

16: R, «~ R R

17: forn+ 1;n< N;n<+ n+1do

18: T8 4= Lo[cos(Qy )5 sin(Qy, )5 0]

19: a:Lz — R :Ef;—i—x;i
20: R)nﬁ—a:LQ —zf
21: h 70— vt +2n f Ry [~ 5 0; L) ]
29: q < frotz o= sin(€,4); cos(Q i); 0]
S ) 2
24: res < res+x(k, 1)(L2—L1)RRE(|RM ) exp <j27'('(fc Symbol) (t — @))
25: - exp (J4W(fc ) (Tﬁi"j) (t - Q‘Rf”‘ )>
26: cexp(j (L1 + L2)l/2)sinc((Ly — L1)1/2) — compute Rx signal
27: end for

28: end for ~

29: res < res + x(k, 1) RRE(R) exp <j27rfC (t — @))

30: end for

31: r.lide, m] < res

32: end if

33: 1dx < idx + 1

34: end for

35: end for
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Algorithm 4.2 Precise Augmented MM model Simulation

1: whb<+5 — window buffer of 5m

2: form+— 1;m < M;m<+ m+1do — iterate the pulses; slow-time

3 t, < (m—1)/PRF — t, := time at pulse start

4 1dr <1

5 for t <+ 0;t < 1/PRF;t <« t+ f;! do — iterate time in pulse; fast-time

6 (20,2202, 0°; Ry; fe; o] <— update_params(t, + t)

T: R+ |20 — Zf

8 fori«+ 1;:<I;i+i+1do

9: [Q; 2005 Ry 5 froti] < update_prop_params(t, +t,14)

10: end for

11: if (2(|R| — wb)/c < t) A (t < Taymbor + 2(|R| +wb)/c) then

12: res <0

13: for k < —[N,s/2|:k < [N;/2] — 1;k < k+ 1 do — iterate the subcarriers
14: fori«+ 1;i<I;i+i+1do

15: Ty RO+ T

16: R, <« 'R

17: forn+ 1;n < N;n<n+1do

18: Tt <= Lalcos(Qy);sin(2y,4); 0]

19: TP, < Ry 77" + I,
20: EM —Tp, —Tf
21: h 00— 0 + 2r f Ry [—.xp 05 oy |
22: 7 < frot iRy [—sin(Qy,); cos(€2,3); 0]

™ q-Rn,i 2|Rp i

23: L (et ) e (- Pl )
24: res < res+x(k,1)(Loa—L1)RRE(| R,.;]) exp <j27r(fc + ﬁ) (t — @))
25 -exp <j47r(fc +o)e! (TRR"‘) (t— 2“1"*”))
26: ~exp(j(Ly + Lo)l/2)sinc((Ly — Ly)l/2) — compute Rx signal
27: end for
28: end for .
29: res < res + x(k, 1) RRE(R) exp (j27rfc(t - @))
30: end for
31: r.[idx, m] < res
32: end if
33: 1dx < 1dx + 1
34: end for
35: end for
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Chapter 5

Conclusion

5.1 Conclusions

The problem statement of constructing a simple, versatile, closed-form simulation model
which can be used to model OFDM pulsed-radar reflections from drones is answered by
a simulation model constructed by starting with the MM model and augmenting it to
allow it to include multiple propellers along with a rigid body and using an OFDM pulsed
radar. Algorithms 4.1 and 4.2 how exactly how these simulations are performed. Since
the simulation is constructed using the augmented MM model derived here instead of the
industry standard way to model complex targets, the point-scatterer model, redundancy
is achieved. This is beneficial to increase one’s certainty that the simulations will match
real-world data when generating predictions if the two models agree. The two models are
shown to produce very similar results through various MATLAB simulations. From the
prediction output, one can infer: drone position relative to the transceiver, orientation,
topology, velocity, etc.

5.2 Summary of Contributions

1. Derivation of closed-form drone backscatter model for OFDM radar using
MM model. No other source provides a radar backscatter modeling mechanism
specifically for drones which has so few assumptions which limit it. As explored
in Section 1.1, the assumptions of various other authors limit the capacity of their
simulation algorithms such as limiting the movement capability of the simulated
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target or its topology. The modeling method presented in this thesis allows the
simulator to construct any arbitrary scenario with a drone model whose topology is
free to vary as the simulator wants. In using the point-scatterer model to define a
complex target in a simulation, a lot of work is needed to define exactly where each
point-scatterer is and what their velocities are at each point in time. The framework
presented in this thesis simplifies this process in the MM model and can also be used
to facilitate this task of modeling the target using the point-scatterer model.

. Implementation of simulation models in various scenarios. Various simu-
lations have been constructed throughout this thesis which showcase that, in each
scenario, the model provides accurate predictions compared to the industry-standard
algorithm with full-system simulations. These show easily that multiple inferences
can be made about the target given only the result of the simulation, such as position,
topology and velocity of the drone. From the implementation of the simulations, a
conclusion was made as to how the far-field approximation should be used to most
accurately predict the micro-Doppler effect using the MM model.

. Derivation of augmented Martin-Mulgrew model. No other sources explicitly
extend the MM model beyond its original use which was to model the backscatter
from a single propeller where the height of the propeller center is equal to the height
of the monostic transceiver. This can be useful for anyone looking to use the model
in a more general manner in the future.

. Derivation of initial Martin-Mulgrew model. The best source for deriving
the initial MM model is [15], however, it is not the most detailed derivation. The
derivation provided in this thesis can help in the understanding of this model.

5.3 Future Works

By virtue of using an OFDM radar in this work with numerous degrees-of-freedom such as
the data symbols, the modulation type, the number of subcarriers, etc., various ideas can
be explored.

1. JCR/ISAC. An optimization problem can be looked into where data rate and radar

capability are simultaneously maximized, though the two are inherently a trade-off.
This would allow the multi-purpose use of OFDM transceivers.
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. Bistatic/multistatic inferences. Instead of having a monostatic transceiver as
in this thesis, consideration can be made for different positions and velocities of
transmitters and receivers in the same OFDM environment. This would allow for
better, more precise positional inference for the target through triangulation and
redundancy.

. Optimal OFDM TX radar signal. Since the radar’s transmit signal can vary
significantly in this framework, it would be useful to know what the optimal OFDM
radar transmit signal is. This could be done by examining the ambiguity function of
various candidate transmit waveforms fitting the framework.

. Machine Learning training of classification or general inference models.
This simulator could be used to provide training data for ML models. One obvious
use-case would be to generate the training data for an ML model in the form of the
micro-Doppler time-frequency plot and validate the model using real-world data. A
highly accurate model would validate the use of simulations to augment the training
data.

. Further analytical computations. Substituting the position of each of the blades
on the drone for an analytical expression produces an expression including the Bessel
function. This could be further explored to provide closed-form solutions and ana-
lytical insights.

. Low Probability of Intercept (LPI). Using an OFDM radar could allow for a
signal which is not obviously a radar signal but still perform as one. Simulations can
be done using the simulator constructed here to predict how well an LPI transmit
waveform would perform.

. Interference with users on the 5G system. Using an OFDM radar in the
manner described in this thesis could interfere with users on the 5G system. Further
processing could be done at the base stations to prevent this.
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