
 

 

 

 

 

 

 

 

 

Copyright 

by 

Adrian Lin 

2006 

 

 



 

The Dissertation Committee for Adrian Lin Certifies that this is the 

approved version of the following dissertation: 
 

 

A Low-Complexity Radar for Human Tracking 

 

 

 

 
Committee: 
 

Hao Ling (Supervisor) 

Dean P. Neikirk 

David R. Tanner 

Ross Baldick 

Mircea D. Driga 

 



A Low-Complexity Radar for Human Tracking 

 

by 

Adrian Lin, BSEE, MSEE 
 

 

Dissertation 
 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 
 

 

The University of Texas at Austin 

May, 2006 



 

 

 

 

 

 

 

 

 

 

To my wife Shuang for her profound love, encouragement, and endless support. 

 



 v 

Acknowledgements 

 

The making of this dissertation would have been impossible without the 

support from numerous people I encountered throughout my educational, 

professional, and personal life.  First of all, I would like to express my deepest 

appreciation and gratitude to my supervisor, Dr. Hao Ling, for his teaching and 

guidance which become my source of inspiration and motivation.  I would also 

like to thank my committee - Dr. Dean P. Neikirk, Dr. Ross Baldick, Dr. David R. 

Tanner, and Dr. Mircea D. Driga – for their time and helpful suggestions during 

my research work.  My sincere appreciation also goes to my colleagues for their 

contributions throughout my research work, namely Shobha Sundar Ram, 

Matthew Starosta, Ann Marie Raynal, Yaoqing Yang, Sungkyun Lim, 

Youngwook Kim, Yang Li, and Nick Whitelonis.  Most of all, I would like to 

thank my wife Shuang, for her love, encouragement and support throughout the 

development of this dissertation and my entire graduate studies.   

 

ADRIAN LIN 

The University of Texas at Austin 

May 2006 



 vi 

A Low-Complexity Radar for Human Tracking 

 

Publication No._____________ 

 

Adrian Lin, Ph.D. 

The University of Texas at Austin, 2006 

 

Supervisor:  Hao Ling 

 

Human detection and tracking have become the key necessities in security 

and surveillance systems, especially with the growth of terrorism threats and 

incidents worldwide.  A low-cost, low-complexity radar for tracking multiple 

moving humans in indoor surveillance applications is investigated in this 

research.  The basic concept is to employ two-element receiving array to obtain 

the bearing of the targets.  Conventional bearing detection requires the use of an 

antenna array with multiple elements.  In this dissertation, the use of only two 

elements in the receiver array for bearing tracking is investigated.  The concept 

entails resolving the Doppler frequencies of the returned signals from the moving 

targets, and then measuring the phase difference at each Doppler frequency 

component to calculate the bearing of the targets.  
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The concept is extended by employing an additional element for vertical 

scanning.  This extension enables the system to provide two-dimensional bearing 

tracking of multiple movers in the azimuth and elevation planes.  A possible 

application of frontal-imaging of human is also investigated.  Given the fact that 

body parts in a moving human may give rise to different Doppler returns, their 

bearing information may be extracted and correlated to construct a frontal image 

of human.  Since the frontal view of human may offer more information than the 

conventional top-down view (down-range), it can potentially be used for target 

classification purposes.   

The concept is extended further by incorporating two frequencies to obtain 

the target range information.  The Doppler separation among the moving targets 

are again exploited and pre-filtered before measuring the phase difference to 

arrive at the range information of the targets.  The final extension of the basic 

concept turns the system into a low-cost, low-complexity, three-dimensional radar 

for human tracking.   Simulations are performed to demonstrate the concept and 

to assess the system performance bounds.  A simplified model of human-gait is 

developed and used in the simulations to represent realistic factors such as micro-

Doppler returns of body parts.  An experimental system is designed and 

constructed to test the concept.  Measurement results of human subjects in various 

indoor and outdoor environments are presented, including through-wall scenarios.   
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Chapter 1:  Introduction 

 

An important application of radar is to detect and track humans.  The 

demand for such an application has been rapidly increasing, especially with the 

growth of terrorist threats and incident worldwide.  Human detection and tracking 

have now become the key necessities in security and surveillance systems, 

particularly for law enforcement, counter-terrorism and urban warfare.   

In human detection and tracking, information such as the number of 

people and their locations can aid in decision-making.  Therefore, the capabilities 

of detecting multiple targets and their locations become important features in such 

systems.  Another critical requirement is to be able to suppress clutter in an indoor 

environment while providing sufficient location tracking accuracy.  Furthermore, 

a long operating range has become vital where close distance monitoring might 

not be viable due to a hostile situation.  The ability to differentiate humans from 

other surrounding objects, or target recognition, is also necessary.  Moreover, in 

some cases such as urban warfare, the radar is expected to detect through walls, 

i.e. to monitor activities inside buildings or other structures such as caves from the 

outside.  Lastly, a small form factor for portability in field operation is often 

desired for the radar. 
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Many radar architectures have been developed and studied to address the 

requirements with varying degrees of complexity and success.  Architecture 

complexity tends to grow as a radar system attempts to satisfy multiple 

requirements.   The aim of this dissertation is to: 

a) develop a radar system for human tracking with minimal complexity,  

b) evaluate the system performance in meeting the various requirements, and  

c) study the system’s fundamental limitations. 

 

1.1 BACKGROUND 

The two most basic radar architectures are the pulsed-based radar and the 

Doppler-based radar, which are discussed in the following two sections, 

respectively. 

1.1.1 Pulsed-Based Radar 

In pulse-based radar, a series of short-duration, modulated pulses of a 

sinusoidal carrier are used as the radar waveform.  The echo of each pulse from a 

target is received after some time delay and is proportional to the target’s down-

range.  The down-range resolution, ∆r, or the minimum resolvable range between 

closely located targets, is inversely proportional to the pulse bandwidth, β, [1] and 

given by: 
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β2
c

r =∆
    (1.1) 

where c is the speed of light.  Equation (1.1) implies that a very wide-bandwidth, 

or “ultra” wideband pulse is needed to resolve very closely spaced targets in order 

to produce a high-resolution image of the targets.  Thus, many techniques have 

been investigated to increase the system bandwidth and be utilized in various 

radar applications.   

Ultra wideband (UWB) technology was first demonstrated in 1978 [2].  

However, widespread development did not emerge until the recent advent of 

sophisticated microelectronics designs and fabrications, and corresponding need 

for such technology by commercial and defense industries.  Realizing its 

tremendous potential, the Federal Communications Commission (FCC) modified 

Part 15 of its rules to accommodate UWB transmission on February 14, 2002.   

Instead of using short-duration modulated pulses of a sinusoidal carrier, the UWB 

technology uses baseband pulses, or carrierless pulses of very short duration (on 

the order of sub-nanosecond) [3].  Advances in solid-state devices have resulted 

in significant pulse-generator improvements in both the rise-time and amplitude 

that make possible such short-duration, time-domain pulses. 

The benefit of extremely high bandwidth has led to various developments 

in UWB radars, predominantly for high-resolution imaging of an entire scene.  In 
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[4], an UWB radar combined with an inverse-scattering imaging algorithm was 

studied for nondestructive evaluation of civil engineering structures, mineral 

location, biological diagnostics, terrain-profiling and remote-sensing in the near-

field region.  Radar imaging through obstacles such as ground penetration and 

foliage penetration (FOPEN) have also been studied [5, 6].  The ground 

penetration radar (GPR) system in [5] uses a high-bandwidth digitizer (5 GHz) 

and is capable of imaging metallic objects up to 0.5 m underground.  The FOPEN 

radar in [6] has demonstrated an imaging range up to 16 m through foliage. 

Recent works on UWB radar have also included through-wall, indoor 

imaging.  The effects of various wall materials on UWB transmission have been 

studied in [7, 8].  As reported, signals of up to 3 GHz are optimum for 

penetrations through concrete, while bricks and cinder blocks are too lossy and 

dispersive for higher frequencies.  In [7], the detection of an idling human up to 1 

m through an indoor wall consisting of drywall and wooden frames is reported.  

However, complex signal processing algorithms such as differential image 

sequencing are needed for detecting a moving human.  To obtain cross-range 

information, the system in [8] uses a 16-element, antipodal, Vivaldi sub-array for 

reception to create 16x16 synthetic-aperture receive antennas.  The use of 

synthetic aperture is also demonstrated in [9], termed the impulse SAR UWB 

radar.  The system uses pulses with a peak-voltage of 4.5 kV, a 6 GHz digitizer, 
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and a 14-ft long rail supporting two, 9-inch, impulse-radiating antennas (IRAs).  

The IRAs are timed antenna arrays, which are equivalent to a phased array, except 

that they are excited by wideband pulses instead of narrowband signals [10].  The 

system scans in a rectilinear mode to obtain the cross-range information and is 

primarily for detecting stationary targets.   

Impulse UWB radars for human detection have been investigated for 

medical applications.  In [11], a system bandwidth of 2-10 GHz is employed to 

obtain the impulse response of a human body.  An UWB radar with a time-gating 

discriminator and an integrating amplifier in the receiver chain is demonstrated to 

monitor the heart beat and thorax movements up to 3 m under the line-of-sight 

condition [12]. 

In addition to applications in the medical field, recent works in UWB 

radar for physical security purposes regarding human detection have been 

reported.  A non-impulse, UWB radar using stepped continuous wave (CW) 

frequencies from 450 MHz to 2 GHz is experimentally constructed and tested in 

[13].  The system is bistatic and uses a 4-element array separated in a fixed linear 

spacing of up to 2.2 m wide.  Extensive signal processing is used to subtract 

background data from data with humans present, in order to remove clutter (e.g. 

walls).  Background data without humans is therefore required before the 

detection process.  As reported, this system produces ghost-images associated 
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with the fixed, linear spacing of the elements.  To fix this problem, the array 

elements are distributed with random spacing and repositioned periodically to 

obtain various scanning views in [14]. 

A portable, UWB radar for detecting and tracking moving humans is 

demonstrated in [15, 16].  The radar uses interferometry for tracking humans 

moving up to a 0.3 m/s walking speed.  The interferometric elements are used in 

pairs from a scanning 16-element array.  The maximum speed is dictated by the 3 

Hz scanning speed of the array to obtain cross-range information.  The system 

also uses a motion-filtering algorithm to ignore stationary clutter.  An additional 

filter is required to improve the signal to noise ratio. 

In summary, UWB technology offers excellent down-range resolution for 

radar applications and is used primarily for imaging the entire scene.  To obtain 

cross-range location information, UWB radar uses either physical or synthetic 

aperture antennas.  The physical aperture antennas are either mechanically or 

electronically steered to scan multiple cross-range angles.  High angular 

resolution is required for locating targets at long distances, leading to the use of a 

large physical aperture size or a long dwell-time to form a synthetic aperture.  For 

human detection and tracking, clutter suppression becomes challenging, as it 

requires complex signal filtering and imaging algorithms, especially for tracking 

multiple moving humans.  In through-wall applications, signals of up to 3 GHz 
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are optimal for wall penetrations, as frequencies beyond that either experience 

significant attenuations or become too dispersive [17-22].  Since UWB radars 

typically operate significantly above 3 GHz, wall attenuation may pose a 

difficulty.  Other challenges associated with UWB radar include the requirement 

for wideband antennas (in amplitude and phase) and the transient nature of target 

scattering [23-25].  Conventional wideband antennas such as the log-periodic and 

spiral antennas are wideband in amplitude but not in phase; therefore, they are not 

suitable for UWB applications.  The transient target scattering problem arises 

from the fact that a target echo will be distributed due to the extremely high 

bandwidth of the incident waves.  This phenomenon leads to a time-dependent 

RCS as a function of the pulse bandwidth, which in turn necessitates more 

complex target recognition algorithms and processing. 

1.1.2 Doppler-Based Radar 

In a Doppler-based radar, the shift in the transmitted carrier frequency, or 

Doppler shift, is measured to obtain the target’s radial velocity.  The velocity, v, is 

proportional to the Doppler shift, fD, according the following equation: 

c

D

v
f

λ
2

=
     (4) 
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where λc  is the wavelength of the carrier frequency.  The appeal of Doppler-

based radars is the ability to suppress stationary clutter.  Hence, they are almost 

exclusively used as motion detection radars (MDR) [26, 27].   

In addition to motion detection, recent works on the detection of humans 

have focused mainly on the Doppler characteristics of a single human [28-33].  

Since a moving human is a non-rigid body in motion, the Doppler scattering 

returns contain many detailed features of various body parts in addition to those 

associated with the main body.  This phenomenon is referred to as micro-Doppler.  

The time-varying micro-Doppler signals are best processed using joint time-

frequency representations such as the short-time Fourier transform (STFT) [34, 

35].  Detailed features from micro-Doppler can be extracted for motion or target 

classification, since different types of motion such as walking, jogging, and idling 

create different micro-Doppler signatures.  Additional target classification for a 

moving human has been investigated in [36], where an algorithm combining time-

varying polarization and time-varying frequency is used to detect and classify a 

slow-moving target.  Two differently polarized input signals (i.e. horizontal and 

vertical) are required, however. The joint polarimetric and Doppler-frequency 

signature enhances target classification where the STFT alone fails due to the 

time-frequency ambiguity region of slow movers.  These works are mainly 
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focused toward target classification, and they do not address human location 

tracking. 

Since the Doppler radar concept and architecture are well understood, 

low-cost realizations are possible.  Off-the-shelf components may be used to 

reduce development cost due to recent advances in microelectronic designs and 

availability.  A low-cost, CW Doppler radar is investigated and demonstrated in 

[37].  The radar operates at 10 GHz, and is fabricated on a 0.787 mm-thick Duroid 

5880 substrate, using two off-the-shelf field-effect transistors (FET’s) (HP ATF-

26-836).  One of the FET’s is biased to function as a local oscillator and the other 

as a mixer operating at the origins of its I-V characteristics.  This eliminates the 

1/f noise, thus improving the overall sensitivity for the detection of very low 

Doppler from slow movers such as humans. 

Advances in semiconductor fabrications have also contributed to the 

development of single-chip, CW Doppler, as demonstrated in [38].  The single-

chip radar is fabricated on a 0.25 µm, complementary metal-oxide semiconductor 

(CMOS) process, operating at 1.6 GHz and 2.4 GHz for non-contact, 

cardiopulmonary monitoring. 

A basic Doppler radar using a CW carrier frequency alone does not 

provide any down-range or cross-range information.  To obtain the range 

information, a network of CW Doppler radars is used in [39].   The distributed 
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radars give the phase difference of the Doppler signals, and by using a 

combination of the extended Kalman filter and a gradient-based Levenberg-

Maquadt algorithm, the location of the target can be derived accordingly. An 

experimental, low-cost radar operating at 10 GHz is demonstrated to localize a 

very fast moving target (300 m/s to 2000 m/s) up to a few meters from the radar. 

Frequency modulated CW (FMCW) radars can also be used to extract the 

down-range and Doppler information [1, 40, 41].  In FMCW radars, the CW 

frequencies are swept at a predefined rate (linearly or non-linearly), and the 

frequency difference from the delayed echo is measured at each sweep.  The 

difference is proportional to the down-range information of the target.  The 

Doppler information, which is necessary for clutter rejection in human tracking, 

can be processed by measuring the phase difference between subsequent sweeps.  

The sweep rate governs the range and Doppler ambiguities, that is, a faster rate is 

desired if range ambiguity is to be avoided and a slower rate is desired for 

reduced ambiguity in Doppler detection.  Since humans are slow movers, the 

sweep rate has to be low enough to avoid Doppler ambiguity.  A slow sweep rate 

severely limits the unambiguous range.  Therefore, FMCW radars are not suitable 

for moving-human detection in a cluttered environment.   

A combination of pulsed-based and Doppler-based radar can also be used 

to provide the down-range information as well as the motion indication, such as in 
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pulse-Doppler or Moving Target Indicator (MTI) radars [41].  The pulse-Doppler 

radar uses a high pulse repetition frequency (PRF) and high duty-cycle, while the 

MTI radar uses a low PRF and low duty-cycle.  The PRF and duty-cycle values 

influence the range-Doppler ambiguity region.  MTI radars are employed where 

any range ambiguities are to be avoided; however, it suffers from many 

ambiguities in the Doppler domain.  On the contrary, pulse-Doppler has many 

range ambiguities but none in the Doppler domain.   

Since humans are slow-moving targets, a good Doppler resolution with no 

ambiguities is required to detect their low Doppler shifts.  Pulse-Doppler radar is 

therefore more suitable for human detection, as demonstrated in [42].  Using a 

carrier frequency of 5.8 GHz, the radar in [42] can provide a range accuracy of 

approximately 30 cm with a minimum target velocity of 4 cm/sec.  The operating 

range is limited to 4 m for through-wall operation.  To obtain the bearing 

information, the radar is mounted on a ground-mobile robot that directs the 

antenna beam to the desired azimuth angle.  The system is limited to single target 

detection within the direction of the antenna beam. 

Multiple target detection using a Doppler radar system has been explored 

in [43].  The system uses a superheterodyne receiver architecture operating at a 

10.53 GHz carrier frequency to detect the velocity and acceleration of a rocket-

driven flare.  The Doppler returns are downconverted, digitized and processed 
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using the short-time Fourier transform.  Multiple targets can then be detected as 

long as they move at different velocities.  Target acceleration can be calculated by 

observing the rate of Doppler change with respect to time from the result of the 

STFT process.  The system, however, does not provide the bearing information of 

the targets. 

In order to acquire the bearing information, or direction of arrival (DOA) 

of multiple targets, the standard approach is to use multiple receiving elements 

and apply a direction-finding algorithm such as MUSIC or ESPRIT [44, 45].  

Such methods require the number of elements to be at least one greater than the 

maximum number of targets.  That is, they require at least N + 1 elements to 

detect N targets simultaneously [46-48].  However, increasing the number of 

elements leads to an increase in the physical size, cost, and complexity of the 

overall system.  

In summary, Doppler-based radars are excellent for detecting movement, 

especially in a cluttered environment.  The most basic Doppler radar is the CW-

Doppler radar, where only a single, continuous wave frequency is used in the 

system.  Recent advances in microelectronic designs and fabrications enable the 

implementation of low-cost Doppler radars using off-the-shelf components as 

well as single-chip solutions.  However, the basic CW-Doppler radar does not 

provide any range information.   
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FMCW and pulsed-Doppler radars are capable of providing range 

information, but their range-Doppler ambiguities are too high for slow movers 

such as humans.  An array of elements can be used to obtain the bearing 

information.  However, more elements are needed to simultaneously detect 

multiple targets, which increase system complexity and cost.   

Despite the lack of ranging and bearing capabilities, the simplicity of a 

basic CW-Doppler radar, low development cost, and versatility in clutter rejection 

make it an ideal candidate for moving-human detection and tracking. 

 

1.2 MOTIVATION AND OBJECTIVES      

The need for detecting moving targets (such as humans) and their 

locations is becoming one of the key necessities in security and surveillance 

systems, as well as in search-and-rescue missions.  Critical requirements in 

human detection and tracking include the number of movers and their locations, 

and adequate operating range and clutter suppression in an indoor environment.  

In some cases, through-wall capability and small form factor are also required.  

Past works have been done to address the requirements with varying degrees of 

success.  The cost and complexity increase as the radar is designed to meet 

several or all of the requirements.    
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The primary objective of the work in this dissertation is to investigate and 

develop a prototype of a low-complexity radar for human tracking.  The prototype 

is designed and implemented using integrated components which are available for 

the consumer wireless market at very low cost.  The system uses an architecture 

with a three-element array and two frequencies to maintain low complexity, while 

meeting the human tracking requirements within its limitations. 

The secondary objective is to validate the system performance by 

conducting human tracking under various measurement scenarios.  System 

simulations, validated with actual measurement results, are then used to 

investigate fundamental limitations of the system.  

 

1.3  SUMMARY AND ORGANIZATION OF THE DISSERTATION 

In this work, a low-complexity radar for human tracking is explored.  

Chapter 2 describes the basic concept and development of the radar.  The basic 

concept of the radar is to use a low-complexity, two-element receiving array for 

detecting multiple, moving targets.  The DOA of a mover is obtained from the 

phase difference of reflected waves arriving at the two receiving antennas.  

However, a two-element receiving array is not capable of resolving the DOA 

from multiple targets due to multiple wavefronts arriving simultaneously at the 

two receiving antennas.  Different moving targets, on the other hand, typically 
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give rise to different Doppler shifts with respect to the radar, as exploited in [49, 

50].  Therefore, by processing the data via Doppler discrimination, the DOA 

information can be extracted by measuring the phase difference at each Doppler 

frequency component. 

Numerical simulations are first conducted to test the concept.  Detection of 

two movers is simulated to analyze factors influencing the DOA accuracy such as 

the Doppler separation between movers.  A Monte Carlo simulation is then 

performed to predict the DOA error resulting from the reduced Doppler 

separation due to multiple movers.  The confidence level of correctly detecting 

the DOA versus the number of movers is generated accordingly.  An experimental 

radar system is designed and constructed to validate the concept.  The system 

consists of a two-element antenna array, dual-quadrature receivers using off-the-

shelf integrated circuits (IC) and a transmitter operating at a CW frequency of 2.4 

GHz.  Since the IC is targeted for the consumer wireless market, it is extremely 

low-cost.  Microstrip antennas are used to conserve small form factor.  The 

receiver uses a direct conversion architecture [51], eliminating the need for 

secondary mixing and filtering as in the superheterodyne architecture.  The 

received signals are downconverted, digitized and processed for Doppler and 

DOA calculations.  Since the two antennas are spatially separated in the 

horizontal dimension, the system tracks the azimuth DOA only.  
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 In Chapter 3, measurements of the DOA from multiple targets are 

presented.  Various measurement scenarios involving human subjects are 

performed.  The limitations of the proposed system resulting from DOA 

ambiguity of multiple moving targets are studied.  The performance of the system 

under through-wall scenarios is also investigated. 

The concept is extended to provide two-dimensional tracking in the 

azimuth and elevation planes, as presented in Chapter 4.  An additional element is 

added in the vertical dimension for the elevation scanning.  Measurements of two-

dimensional tracking are carried-out and analyzed.  A possible application for 

frontal imaging of a human is investigated as well, since body parts in a moving 

human give rise to different Doppler returns such that their bearing information 

may be extracted and correlated to construct a frontal view of a human. 

In Chapter 5, the use of more than a single CW frequency is investigated 

to obtain the target’s down-range information.  Multiple-frequency continuous 

wave (MFCW) techniques have been investigated to provide the down range 

information in a Doppler radar [52-54].  To maintain low complexity, only two 

CW frequencies are considered.  However, a two-frequency system can only 

acquire the range for a single-target configuration.  To overcome this limitation, 

the Doppler separation among the moving targets are again exploited and pre-

filtered before measuring the phase difference to arrive at the range information of 
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the targets.  The final extension of the basic concept is to employ the two-

frequency approach, thereby transforming the system into a low-cost, low-

complexity, three-dimensional radar for human tracking.  Measurements of 

human subjects in a three-dimensional plane are presented, and through-wall 

range performance of the radar is discussed. 

Realistic system performance bounds are studied and analyzed in Chapter 

6.  A simplified model for the human gait that includes micro-Doppler 

components is developed.  Overlapping micro-Doppler from the body parts of a 

large number of movers is expected to reduce system performance.  Monte Carlo 

simulations incorporating the gait model is performed to analyze and predict the 

system performance for a large number of movers.  A detection confidence level 

based on the bearing and range accuracy within a pre-defined threshold is 

established.  Multipath effects on the system performance are also investigated in 

this chapter. 

Chapter 7 presents the conclusions, contributions of the research work, 

and a summary of possible topics for future studies. 
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Chapter 2:  Radar Development 

 

2.1 BASIC THEORY 

To obtain the DOA information, consider a two-element receiver array as 

shown in Fig. 2.1(a).  Assuming the far-field case, the incoming wave scattered 

off the target arrives at the two antennas with a path length difference, x, of: 

 θsindx =       (2.1) 

where d is the spacing between the two antennas and θ is the DOA of the target.  

The measured phase difference, ∆ψ, of the two array outputs can be expressed in 

terms of x by: 

x
cλ
π

ψ
2

=∆
       (2.2) 

where λc is the wavelength of the carrier frequency.  Therefore, the DOA of the 

target can be obtained by:  
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    (2.3) 

However, this scheme works when only one target is present.  When multiple 

targets are present, the incoming signals at the two antennas are the summation of 
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the scattered waves from all the targets.  The individual phase information of each 

target is no longer available, and therefore their corresponding bearings are not 

resolvable. 

To obtain the DOA of multiple targets, the Doppler discrimination that is 

possible for moving targets is exploited.  Referring to Fig. 2.1(b), consider the 

signals arriving at the two receivers, s1(t) and s2(t).  For the sake of simplicity, the 

scattered waves arriving at the receivers are assumed to have the same strength.  

After demodulation, the signals can be expressed as: 

( ) ( )tjtj eets 21)(1
ψψ +=      (2.4) 

( )( ) ( )( )2211)(2
ψψψψ ∆+∆+ += tjtj eets    (2.5) 

The phase term ψn(t) of target n can be expressed as: 









−−=
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λλ
πψ

22
2)( 0

    (2.6) 

where R0n and vn are, respectively, the initial distance and the radial velocity of 

target n with respect to the radar.  Similar to equation (2.2), the term ∆ψn is the 

phase delay due to the position of the antenna elements and the direction of the 

incident wavefront for target n. 
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Figure 2.1:   DOA detection using a two-element array: (a) Single target and (b) 
Multiple targets. 
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Next, each signal is Fourier transformed.  By assuming infinite integration time 

and ignoring the constant term, the signals become: 

( ) ( )
21

)(1 DD fffffS −+−= δδ    (2.7) 

( ) ( ) 2

2

1

1
)(2

ψψ δδ ∆∆ −+−= j

D

j

D effefffS   (2.8) 

where fDn = 2vn/λc is the Doppler frequency of target n.   If the targets generate 

different Doppler frequencies due to the difference in their radial velocities with 

respect to the radar, then the DOA of target n with respect to the receiver array 

boresight can be determined by: 
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    (2.9) 

It can be seen from equation (2.9) that this concept applies as long as the Doppler 

frequencies from different targets are sufficiently distinct.  

 

2.2 SYSTEM PERFORMANCE SIMULATIONS 

Simulations are performed to test the concept.  A point-scatterer model, 

where each mover is modeled as a single, localized source, is used throughout the 

simulations for simplicity.  The first simulation evaluates the DOA error behavior 

as the Doppler spacing between two movers is reduced.  The error is expected to 
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increase, since the individual phase information of each mover becomes obscured 

(due to summation or subtraction) as their Doppler spacing decreases, and 

therefore, their true DOA can not be resolved. 

Next, the DOA error as a result of reduced Doppler spacing for more than 

two movers is analyzed.  The difference between the expected and the calculated 

DOA is evaluated: if the difference is within a pre-defined limit then a successful 

detection is declared.  The number of successful DOA detections for a given 

number of movers is recorded and a profile of successful DOA detections vs. the 

number of movers is generated accordingly.  The profile may be used to indicate 

the confidence level of correctly detecting the DOA for a given number of 

movers.  The confidence level is predicted to decrease for a higher number of 

movers due to a higher probability of insufficient Doppler spacing between 

movers. 

Since spectral leakage due to high sidelobe levels may occur because of 

the windowing function during the FFT process [55], the effect of windowing on 

DOA accuracy is subsequently investigated.  The sidelobe level is reduced by 

setting the appropriate window parameter.  DOA error vs. the number of movers 

is then evaluated.  The reduced sidelobe level is expected to improve the correct 

DOA detection in a case where there is a significant difference in signal strength 

between targets. 
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The last simulation evaluates the effects of receiver and transmitter 

placements on DOA error.  Up to this point, all simulations are performed in the 

monostatic configuration, where both receiver and transmitter are co-located.  In 

this simulation, the receiver and transmitter are placed at two different locations 

(in a bistatic configuration), and DOA error vs. the number of movers is analyzed.  

The detection confidence level profiles for the monostatic and bistatic cases are 

generated accordingly and analyzed to decide the radar topology in the actual 

implementation.     

2.2.1 DOA Error vs. Doppler Spacing 

Fig. 2.2(a) shows the simulation result of the Doppler frequency versus 

DOA from two moving targets.  An FFT integration time of 0.25 second and 

Kaiser windowing with β = 1 are used in the Doppler processing.  The Kaiser 

parameter β  is set to one to yield the minimum spectral width that is equivalent to 

no windowing of the signals [55].  With these parameters, the expected minimum 

resolvable Doppler separation is 4 Hz. 

The Doppler of the first target is 8 Hz with a DOA of -20° while the 

second target has 80 Hz Doppler and +20° DOA.  Under this Doppler spacing 

(8:80), the algorithm produces the correct DOA information for both targets.  The 

Doppler of the first target is then increased to 76 Hz while its DOA is kept at -
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20°.  With the reduced Doppler spacing (76:80), the DOA of the two targets 

becomes hard to identify and is erroneous (as shown in Fig. 2.2(b)).  This is 

expected since the minimum resolvable Doppler separation is 4 Hz due to the 0.25 

second integration time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Simulations for two targets with a 4 Hz resolution: (a) Doppler 
spacing 8:80 and (b) Doppler spacing 76:80 
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2.2.2 DOA Error vs. Multiple Movers 

To predict the DOA error behavior as a result of reduced Doppler spacing 

for two or more movers, a more exhaustive Monte-Carlo simulation with more 

realistic input parameters s performed.  The simulation input parameters include a 

spatial boundary of 10 m by 10 m, moving targets with speeds of uniform 

distribution from 0 m/s to 6 m/s, and a direction of motion that is uniformly 

distributed from 0 to 2π.  A carrier frequency of 2.4 GHz is assumed.  Two or 

more moving targets are placed inside the boundary with the selected velocities.  

These parameters are used to mimic people in a typical indoor environment.  

Amplitude decay as a function of 1/r
4
, where r is the distance of the target from 

the radar, is also accounted for in the simulation.  The decay calculation is 

included to evaluate the effect of the received signal strengths of the two targets 

on the DOA calculation.  Fig. 2.3(a) illustrates the simulation setup.  The Monte 

Carlo simulations use the monostatic configuration where both the receiver and 

transmitter are co-located at the (0, 0) coordinate.  One hundred thousand 

realizations are generated.  The DOA errors with respect to the Doppler 

separation of multiple moving targets are calculated.  However, only the worst 

DOA error of all targets is recorded in each realization. The recorded DOA errors 

are plotted at the end of all realizations.   
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Figure 2.3: Monte Carlo simulations for N movers: (a) Setup and (b-d) Worst 
DOA errors vs. Doppler separation for N = 2, 5 and 7, respectively. 
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Figs. 2.3(b)-(d) show the simulation results for multiple moving targets, 

for two, five and seven movers.  The color scale indicates the relative signal 

strengths between the targets, with redder colors representing more similar 

strengths and black representing a difference in strengths of more than 50 dB.  As 

seen by the trend in Fig. 2.3(b), the DOA error generally gets larger when there is 

smaller Doppler separation between the two targets, and vice versa.  However, 

there are also cases that contain large DOA errors even though the Doppler 

separations are large (shown as darker color). The darker color results correspond 

to cases where there is a significant difference in the signal strengths of the two 

targets (more than 50 dB).  This corresponds to the case when one target is 

located much closer to the radar (thus a much larger reflected signal) than the 

other.  This phenomenon is referred to as the close-far effect, where the sidelobe 

energy from the stronger, closed-in target contaminates the phase of the much 

weaker signal from the far-away target in its frequency bin. 

As N increases, the DOA error increases, as observed in Figs. 2.3(c) and 

(d).  At the end of the simulations, the number of successful DOA detections for a 

given number of movers is counted.  If the difference between the calculated and 

the expected DOA is less than 5°, then the sample is considered a success.  A 

profile of the percentages of successful DOA detections can be generated 

accordingly. 
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As shown in Fig. 2.4, the percentage of successful cases decreases as the 

number of movers is increased.  This is expected since a larger number of movers 

result in more occurrences of close Doppler spacing (similar velocities).  From the 

simulation, it can be concluded that the DOA accuracy of the two-element system 

is affected by the number of movers.  Nevertheless, a success rate of 70% can be 

maintained for four targets or fewer under this condition. 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: DOA successful detection profile with 5° failure threshold. 
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2.2.3 DOA Error vs. FFT Windowing Size 

One way to mitigate the close-far effect due to spectral leakage is to 

reduce the sidelobe energy by setting the Kaiser window parameter β accordingly 

[55].  The Kaiser parameter β controls the sidelobe level such that higher values 

of β cause the sidelobe level to decrease while the width of the main lobe 

increases [56].  Fig. 2.5 below shows the frequency response of the Kaiser 

window for β = 1 (blue line) and β = 10 (red line).  The first sidelobe reduces 

from -14.8 dB (β = 1) to -74.2 dB (β = 10), or as much as 59.4 dB reduction.  The 

3-dB main lobe increases by a factor of two, however, from 0.918 Hz to 1.836 Hz.   

 

 

 

 

 

 

 

 

Figure 2.5: Kaiser window with β  = 1 (blue) and β = 10 (red). 
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The effects of reduced sidelobe levels are investigated by repeating the 

simulation of DOA error vs. the number of movers with a Kaiser window 

parameter β =10.  Fig. 2.6 shows a comparison between the simulation results 

with the higher (β =1) and the lower (β =10) sidelobe window for five movers.  

This time there are much fewer occurrences of the DOA error due to the close-far 

effect. 

 

 

 

 

 

 

 

 

Figure 2.6: Monte Carlo simulations for the number of movers N = 5 with 

Kaiser window parameter: (a) β =1 and (b) β =10. 
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2.2.4 Monostatic vs. Bistatic 

Previous simulations show that significant differences in signal strengths 

of the target returns can cause DOA error.  This phenomenon is called the close-

far effect.  In the monostatic case, a strong close-far effect occurs when one target 

is located very close to the radar while the other one is located significantly 

farther away.  To illustrate this case, consider two targets at locations 1 (red) and 

2 (blue) inside a square room of dimension L as shown Fig. 2.7.   

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Placement of targets for close-far effect analysis in the monostatic 
configuration. 

 

 L 

L
 

Target #1 

Target #2 

Rx and Tx at (0, 0) 



 32 

 From the radar range equation, the signal return S is inversely 

proportional to the squared product of the target ranges Rr from the receiver and 

Rt from the transmitter [1]: 

2

1








∝

trRR
S      (2.10) 

If the range coordinates (Rr, Rt) of target 1 and 2 are (d, d) and (d + L, d + L), 

respectively, their signal returns S1 and S2 can be expressed as: 
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and the relative strength Sr of the return signals from the two targets for the 

geometry arrangement in Fig 2.7 can be evaluated by: 
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Let us consider the bistatic configuration where the receiver is still located at (0, 

0) coordinate but the transmitter is placed at (10, 0) as shown in Fig. 2.8.  The 

range coordinates (Rr, Rt) of target 1 and 2 are now (d, x) and (d + L, x), 

respectively.   
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Figure 2.8: Placement of targets for close-far effect analysis in the bistatic 
configuration. 
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which result in a relative signal strength of: 
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Since d = 0.5L(√2 – 1), it follows that: 
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Equation (2.17) predicts that, for the close-far case in the given geometry 

arrangement, the relative strength in the monostatic case is about 15 dB worse 

than that of the bistatic case.  Higher relative strengths between targets result in a 

strong close-far effect, which in turn causes more DOA errors.  The previous 

Monte Carlo simulations are repeated to evaluate the influence of the bistatic 

configuration on DOA error vs. the number of movers.   

Fig. 2.9(a) and (b) show the simulation results of the monostatic and the 

bistatic case, respectively, with the highest sidelobe window setting (β = 1) for 

five movers.  The DOA error trend of the bistatic case is very similar to the 

monostatic case, but there are fewer occurrences of the close-far effect.  With a 

lower sidelobe window setting (β = 10), the close-far effect in the bistatic case 

(Fig. 2.9(d)) is hardly noticeable and also less than in the monostatic case (Fig. 

2.9(c)).  The results agree with the earlier prediction in equation (2.17) that the 

close-far effect is lessened in the bistatic case compared to that in the monostatic 
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case.  The influence of the reduced close-far effect in the bistatic case to the 

detection confidence level is investigated next.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Simulation results of five movers with: (a) monostatic and (b) 

bistatic cases with the highest sidelobe level (β = 1), (c) monostatic 

and (d) bistatic cases with the reduced sidelobes (β = 10). 

(a) (b) 

(c) (d) 

Monostatic 
N = 5 

ββββ  = 1 

Bistatic 
N = 5 

ββββ  = 1 

Bistatic 
N = 5 

ββββ  = 10 

Monostatic 
N = 5 

ββββ  = 10 



 36 

 A profile of the percentages of successful DOA detections is generated 

for the monostatic and the bistatic cases with the reduced sidelobe level (β = 10), 

as shown in Fig. 2.10.  Previous results of the monostatic case with the highest 

sidelobe level (β = 1) are also plotted for convenience.  The DOA successful 

detection limit is set to 5° as in the previous case. 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: DOA successful detection profile with 5° failure threshold for 
various simulation conditions: monostatic with highest sidelobe 
(grey) and reduced sidelobe (red), and bistatic with reduced sidelobe 
(blue). 
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The simulations suggest that the optimal radar configuration is the monostatic 

case with reduced sidelobe levels.  Under this configuration, five targets or fewer 

can be detected at a success rate of 70%.   

The simulations also suggest that the primary contributor to the DOA error 

under multiple movers is the reduced Doppler spacing.  This conclusion is 

evidenced by analyzing and comparing the downward slopes of the success rate in 

the monostatic and the bistatic cases with the reduced sidelobe level.  Doppler 

sensitivity in the bistatic case is less than in the monostatic case, hence 

movements with similar Doppler shifts, or reduced Doppler spacing, are more 

likely to occur in the bistatic case.  More occurrences of the reduced Doppler 

spacing cause more DOA errors, which in turn lead to a drop in the success 

detection rate demonstrated by a faster slope in the bistatic case than in the 

monostatic case.  Based on these observations, the chosen system is a monostatic 

radar with reduced sidelobe levels given by a Kaiser window (β = 10) for the FFT 

process. 

 

2.3 SYSTEM DESIGN AND IMPLEMENTATION 

An experimental monostatic radar system is designed and constructed to 

test the concept.  The radar receiver consists of a two-element direction-finding 

array, with each element having full quadrature detectors, to determine both the 
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Doppler shift and the DOA of the target.  The transmitter uses a continuous wave 

(CW), operating at 2.4 GHz carrier frequency.  Two microstrip antennas are used 

as receiving antennas.  The antennas are fabricated on a 1.6 mm-thick FR-4 

substrate with a dielectric constant of 4.3.  Each patch is of dimension 3 cm by 3 

cm and follows conventional half-wavelength microstrip antenna design [57].  

The antennas are configured to receive vertical polarization, since the human 

body is predominantly vertical (i.e. the height is greater than the width).  The 

spacing between the feed points is 5 cm (slightly less than λc/2) to avoid DOA 

ambiguity while providing good sensitivity in the scanning range from -90° to 

90°.      

Two low-cost, off-the-shelf integrated boards manufactured by Analog 

Devices (AD8347) are used as the quadrature (or I/Q) receivers.  Each receiver 

has the low-noise amplifier (LNA), I/Q mixers, gain control, and baseband 

amplifications all integrated on one chip.  The chip allows a direct conversion 

from RF to baseband, eliminating the need for additional mixing and special 

analog filtering as in the superheterodyne conversion.  Fig. 2.11 shows the radar 

system block diagram and the actual hardware implementation.  After being 

received and downconverted, the reflected signals from the moving targets are 

low-pass filtered by a 2-pole anti-aliasing filter with 250 Hz bandwidth and 

digitized by a 12-bit analog to digital converter (ADC) from National Instruments  
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Figure 2.11: Radar hardware: (a) System block diagram and (b) Hardware 
implementation 
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(NI-DAQ 1024E).  The signals are sampled at a 1000 Hz sampling rate, which is 

sufficient to sample data of human movement at 2.4 GHz.  The sampled data are 

then logged into a computer and further processed using Matlab software.  Signal 

processing is performed on the time domain data using an FFT to obtain the 

Doppler spectrum for each channel.  The Kaiser window with parameter β = 10 

(reduced sidelobe level) is used during the FFT process, unless otherwise noted.  

By comparing the phase difference between the two Doppler spectra at each 

Doppler bin, the DOA information can be obtained one Doppler frequency at a 

time using Eq. (2.9). 

 

2.4  SYSTEM CALIBRATION 

Since the radar uses a homodyne architecture, it is inherently sensitive to 

the hardware gain and phase errors of the in-phase and quadrature (I/Q) 

downconversion mixers [51].  I/Q gain and phase errors introduce signals at the 

image frequencies of the actual downconverted signal that can interfere with other 

target returns at those frequencies.  A correction algorithm is therefore needed to 

rectify the I/Q gain and phase errors. 

During the calibration, a known sinusoidal tone at a frequency of fdcal 

above the carrier frequency fc is injected at the RF input terminal.  The signal 

level of the calibration tone is set to maximize the system dynamic range while 
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avoiding input saturation.  This level is typically 10 dB below the 1 dB input 

compression point of the system.  After the calibration tone is downconverted, the 

actual I/Q gain and phase errors are measured at the frequency fdcal. 

The following equations are then used to represent the actual  

downconverted I and Q signal measurements: 

( ) ( )tAI
caldωε cos1+=

    (2.18) 

( )ψω += tAQ
caldsin

    (2.19) 

where A is the signal amplitude, and ε and ψ are the I/Q gain and phase errors, 

respectively.    The errors can be corrected by the following equation [58]: 
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The corrected I and Q signals then become: 

ψω cos)cos( tAEII
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   (2.23)  
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As shown in Eqs. (2.23) and (2.24), the corrected I and Q signals are of equal 

amplitude and 90° out of phase with each other.  Note that this algorithm works as 

long as the errors do not vary as a function of frequency.  Since the radar has a 

very narrow bandwidth (250 Hz) and the errors are relatively stable throughout 

the bandwidth, the algorithm could therefore be employed.  An fdcal of 40 Hz is 

typically used for the calibration. 

 

2.5  RADAR RANGE ESTIMATION 

The radar equation is used to estimate the maximum operating range of the 

radar: 
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   (2.25) 

where 

 PT = transmitter output power = 11.5 dBm 

 GT = transmitter antenna (horn) gain = 7 dBi 

 GR = receiver antenna (microstrip) gain = 0 dBi 

 λc = carrier frequency wavelength = 0.125 m 

 σ = human body radar cross-section = 0 dBsm [41] 

 SNF = measured system noise floor = -120 dBm 
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 S/Nmin = minimum signal-to-noise ratio = 10 dB 

 

Using equation (2.25) with the parameters above, the maximum operating 

range of the radar for human detection in free-space is estimated to be 86.4 m.  

This free-space range estimate agrees fairly well with the outdoor measurements 

on human subjects which will be discussed in the next chapter. 
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Chapter 3:  Data Collection 

 

A series of measurements are conducted using the radar hardware in order 

to validate the concept and simulations.  Data collections are taken using the two-

element system for one-dimensional bearing in the azimuth plane; hence, all DOA 

measurements in this data collection refer to the azimuth DOA.  The first 

measurement series is performed using loudspeakers driven by audio tones.  The 

loudspeakers are chosen as calibration targets because they produce very stable 

and repeatable results.  The subsequent measurement series are carried-out with 

human subjects.  Color scaling is used throughout the measurements, where 

redder colors indicate stronger signals. 

 

3.1 LOUDSPEAKER MEASUREMENTS 

3.1.1 One Loudspeaker 

The back-and-forth vibration of the loudspeaker membrane can be 

analyzed as a simple mechanical vibration as shown in Fig. 3.1. 
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Figure 3.1: Doppler return of mechanical vibrations. 

 

The radar transmits a CW signal with a carrier frequency fc, located at distance Ro 

from the membrane; dpk is the peak displacement during vibration, and fm is the 

vibrating frequency.  The returned wave can be expressed by the following 

equation: 
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where the modulation index β is: 
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and λc is the wavelength of fc.  The instantaneous frequency of the returned wave 

can then be expressed in the following equation: 
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Eq. (3.3) shows that the returned wave is frequency modulated by the membrane’s 

vibrational frequency, and the instantaneous Doppler frequency shift can be 

expressed by: 
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Since the returned wave is frequency modulated, its time domain return can be 

written into a Fourier series with coefficients that follow the Bessel function of 

the first kind and of order n and argument β [59]: 

( ) ( )tnftfJtS mC

n

nr ππβ 22cos)( += ∑
∞

−∞=

  (3.5) 

Assuming an infinite integration time, the spectrum of the returned wave consists 

of the summation of all harmonics of the modulating frequency, fm, weighted by 

the Bessel coefficients.  The Doppler response of the actual loudspeaker is 

measured next.  The loudspeaker is positioned at the radar’s boresight and is 

driven by an audio tone of 40 Hz.  The vibrating membrane of the loudspeaker is 

covered by aluminum tape to enhance its return (Fig. 3.2(a)).  The expected 

Doppler spectrum agrees well with the measured data in Fig. 3.2(b).  The 

measured spectrum clearly shows the first and second harmonic of the vibrating 

frequency (+/- 40 Hz and +/- 80 Hz).  The measured azimuthal DOA of the 
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loudspeaker is shown in Fig. 3.2(c) and agrees with the expected bearing of 

approximately 0°. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Doppler measurement of a loudspeaker: (a) Setup, (b) Doppler 
spectrum and (c) azimuth DOA 
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3.1.2 Two Loudspeakers 

To demonstrate multiple-target detection, two loudspeakers are used.  The 

two loudspeakers are placed at -25°and -15° to the radar boresight and driven by a 

55 Hz and a 35 Hz audio tone, respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Two-loudspeaker measurement: (a) Setup, (b) Measured azimuth 
DOA with Doppler spacing (55:35) 
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Both loudspeakers are located at about 4.5 m away from the radar and separated 

by 0.6 m from each other (Fig. 3.3(a)).  Their expected Doppler returns are +/- 55 

Hz and +/- 35 Hz with a DOA of -25° and -15°, respectively.  The two-sided 

nature of the Doppler is due to the frequency modulation.  The measured data is 

plotted in Fig. 3.3(b) and clearly show the expected returns. 

To investigate the effect of Doppler separation on the DOA accuracy, the 

55 Hz audio tone is lowered in 1 Hz decrements to approach the 35 Hz tone.  

Since the length of the FFT integration time used in this measurement is 1 s and 

the Kaiser window parameter β is set to one, the corresponding minimum 

resolvable Doppler separation is 1 Hz.  Therefore, the DOA calculation is 

expected to be accurate up to about 1 Hz.  The measured data is plotted in Fig. 

3.4(a) and clearly shows that the DOA accuracy is still maintained for a 1 Hz 

Doppler separation.  Both audio tones are then set to 35 Hz.  Fig. 3.4(b) shows the 

measured data with incorrect DOA as a result of zero Doppler separation. 

The next set of measurement results shows the close-far phenomenon.  

First, the monostatic configuration is used in an outdoor setting (Fig. 3.5(a)).  The 

two loudspeakers are placed at -20°and -10° to the radar boresight and driven by 

75 Hz and 55 Hz audio tones, respectively.  The loudspeaker at -20° is located at 

3 feet from the radar, while the other one (at -10°) is at 42 feet away.   
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Figure 3.4: Two-loudspeaker measurement: (a) Doppler spacing (36:35) and (b) 
Doppler spacing (35:35) 

 

As predicted by the simulation in section 2.2.5, the monostatic case shown in Fig. 

3.5(b) demonstrates the close-far effect, where the incorrect DOA is measured for 

the far-away target.  The closer loudspeaker dominates the Doppler return of the 

far-away one, causing both DOA to be -20° (instead of -20°and -10°).  In the  
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Figure 3.5: Close-far monostatic measurement of two loudspeakers: (a) Setup 
and (b) Measured Doppler and DOA. 
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Figure 3.6: Close-far bistatic measurement of two loudspeakers: (a) Setup and 
(b) Measured Doppler and DOA. 
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bistatic configuration (Fig. 3.6(a)), the transmitter is placed equidistant from the 

two loudspeakers.  As shown in Fig. 3.6(b), this time the correct DOA are 

measured for both targets (-20°and -10°).  This experiment proves that the bistatic 

configuration reduces close-far effects.  However, as predicted by the earlier 

simulations, the dominant contributor to the DOA error is the reduced Doppler 

spacing for a higher number of movers.  In this regard, the bistatic configuration 

performs worse than the monostatic due to the reduced Doppler sensitivity. 

3.1.3 Three Loudspeakers 

The next measurement involves three loudspeakers driven at different 

audio tones: 55, 75, and 35 Hz.  The purpose is to demonstrate detection of more 

than two movers using only a two-element array.  They are placed at 

approximately -50°, -20° and +55° to the radar boresight at about 6.5, 10 and 2 m 

away from the radar (Fig 3.7(a)).  Their expected Doppler returns are +/- 55 Hz, 

+/- 75 Hz and +/- 35 Hz with a DOA of -50°, -20° and +55°, respectively.  The 

measured data is plotted in Fig. 3.7(b) and clearly shows the expected returns.  

Also note from Fig. 3.7(a) that the environment is full of stationary clutter.  

However, the clutter does not contaminate the DOA results due to the Doppler 

processing. 
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Figure 3.7: Three loudspeakers measurement: (a) Setup and (b) Measured 
Doppler and azimuthal DOA. 
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It can be summarized from the loudspeaker measurements that the DOA 

accuracy can be maintained as long as there is sufficient Doppler separation.  One 

of the factors influencing the Doppler separation is the integration time.  A longer 

integration time results in better Doppler resolution.  However, long integration 

times might introduce other issues, especially for fast moving targets.  This effect 

is similar to photography when shooting fast-moving objects with a low shutter 

speed.  In particular, Doppler returns from humans contain complex, higher-order 

motions of body parts such as arms, legs, etc.  The higher-order information is 

contained in the so-called micro-Doppler returns [28-33].  The next set of 

measurements is taken on moving humans to analyze such phenomena affecting 

the DOA accuracy. 

 

3.2 HUMAN MEASUREMENTS 

Since radar returns from humans contain time-varying micro-Doppler 

features, the measured data should be processed using the short-time Fourier 

Transform (STFT).  The STFT is well-suited for analyzing a non-stationary 

signal.  For a signal s(t), its STFT is defined as: 
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where h(t) is the sliding analysis window.  Windowing the signal leads to a 

tradeoff in time resolution versus frequency resolution.  Good time resolution 

requires a short-duration sliding-window, while good frequency resolution 

requires a long-duration window.  For human measurements, a good sliding-

window duration is empirically determined to be around 0.5 second.  The result of 

the STFT is presented as a spectrogram, which is the squared modulus of the 

STFT.     

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Spectrogram of a walking human. 
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Figure 3.8 shows the spectrogram of a human walking toward and away 

from the radar.  As shown in the spectrogram, the micro-Doppler modulation 

results in higher overall Doppler frequencies than the main body-return.  For a 2.4 

GHz carrier frequency the main body-return of a human walking at 1.5 m/s 

produces a 24 Hz Doppler shift; however, the body parts produce much higher 

Doppler shifts close to a hundred Hertz.  If there are multiple humans walking 

simultaneously, then there is a possibility that their micro-Doppler returns will 

overlap with each other.  The overlapping micro-Doppler returns degrade the 

Doppler discrimination, which could lead to an increase in DOA error. 

3.2.1 One Human 

Figure 3.9(a) shows the measurement setup for a walking human.  The 

walking path starts at about 20° to the left of the radar.  The subject walks in a 

straight path away from and then towards the radar.  The turning point is 

approximately 10 m away from the radar.  During the walk, the radar 

continuously measures and outputs the DOA of the subject (Fig. 3.9(b)).  The 

different colors indicate the strengths of the returned signal, from red (strongest) 

to blue (weakest).  As expected, as the subject walks farther away from the radar, 

the return signals get weaker (as indicated by the color).  The plot also shows that 

the signal fades out at approximately t = 4.5 s, when the subject stops and turns 

around toward the radar.  The Doppler return when the subject stops falls into the 
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zero Doppler bin and is filtered out by the software.  Hence the signal appears to 

fade out the most during this time interval.  The round-trip walking trajectory 

appears to be curved because it is plotted at the perspective or angular view of the 

radar.  

 

  

 

 

 

 

 

 

 

Figure 3.9: Measurement of a human walking away and towards the radar: (a) 
Setup and (b) DOA vs. time. 

 

The next measurement scenario involves a human walking from the right 

to the left of the radar as shown in Fig. 3.10(a).  The starting position is 
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walks across the radar (Fig. 3.10(b)).  As expected, the walking trajectory spans 

approximately ± 40° of the radar boresight.  The DOA trace also shows detailed 

movements of the body parts as indicated by the arrows corresponding to the right 

and left feet of the subject. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Measurement of a human walking across the radar: (a) Setup and (b) 
DOA vs. time. 
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Through the time sequence, it is possible to identify that the subject’s left foot 

reaches -20° at t = 2.5 s first.  In the subsequent stride, the right foot reaches -40° 

at t = 4 s.  Since the left foot is also closer toward the radar, its return is stronger 

than the right foot, as indicated by the arrow pointing to the redder colored area 

on the plot. 

3.2.2 Two Humans 

To demonstrate DOA detection of multiple targets, the next set of 

measurements involves multiple human subjects.  Fig. 3.11(a) shows the setup for 

two humans walking at the same speed but in opposite directions.  As expected, 

the measured DOA vs. time plot (Fig. 3.11(b)) shows two traces corresponding to 

the angular positions of the two subjects as they walk during the data acquisition. 

In the following scenario, two humans walk in the same direction - first 

away and then toward the radar (Fig. 3.12(a)).  Since they move at about the same 

speed, their Doppler returns overlap significantly, resulting in DOA errors.  As 

shown in Fig. 3.12(b) and indicated by the arrow, the overlapping instances 

appear as lines bridging across the two correct traces.  This DOA behavior due to 

overlapping Doppler returns is similar to the earlier simulation result of Fig. 

2.2(b).  The system basically produces incorrect DOA under this condition.  This 

effect is an intrinsic limitation of the radar, which has been addressed earlier in 

the simulation results. 
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Figure 3.11: Measurement of two humans walking in opposite direction: (a) Setup 
and (b) DOA vs. time. 
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Figure 3.12: Measurement of two humans walking at the same speed and 
direction: (a) Setup and (b) DOA vs. time. 
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3.2.3 Three Humans 

The last measurement set involves three human subjects.  Two of the 

subjects walk at the same speed but in opposite directions while the third one 

walks sideways with respect to the radar boresight (Fig. 3.13(a)).  The measured 

DOA vs. time plot (Fig. 3.13(b)) shows three traces corresponding to the angular 

positions of the three subjects as they walk during the data acquisition.  Again, 

there are some instances where line features, bridging across the three correct 

traces, appear in the figure due to the overlapping Doppler returns.  Such 

appearances are rather similar to the cross-term effects in the Wigner-Ville 

distribution [34].  However, the radar is still capable of capturing three distinct 

targets over a large portion of the time interval. 

 

3.3 THROUGH WALL MEASUREMENTS 

Subsequently, the system performance in through-wall scenarios is 

evaluated.  Since a Doppler shift can only be induced by a moving target, Doppler 

sensing provides very good stationary clutter suppression.  In through-wall 

scenarios, the returns from the wall itself fall into the DC bin and are filtered out, 

while the Doppler frequency components are passed through (although 

attenuated).  From [17], significant wall penetration is expected at 2.4 GHz 

compared to the higher frequencies.  
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Figure 3.13: Measurement of three humans: (a) Setup and (b) DOA vs. time. 
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Figure 3.14(a) shows the through-wall measurement setup where the radar 

is placed against a 15-inch exterior brick wall.  Figure 3.14(b) shows the DOA vs. 

time of a human walking away and towards the radar on the opposite side of the 

wall, with approximately a 10 m maximum walking distance from the wall.  In 

this scenario, the human walks in a straight path along the radar boresight.  As 

expected, the corresponding trajectory is approximately straight at 0° DOA, as 

shown in the measured data. The through-wall performance using two 

loudspeakers placed at different locations was also reported earlier in [49]. 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: Through-wall measurement of a walking human: (a) Setup and (b) 
DOA vs. time. 
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Measurements are also performed to evaluate the wall attenuation on the 

radar returns for different types of walls.  A loudspeaker is used again as a test 

target, positioned at 4 m away from the radar boresight. 

The three measurements are carried-out: in free space (no wall), in-situ 

with a gypsum/wooden wall in an interior room, and in-situ with an exterior brick 

wall.  As shown in Figs. 3.15 and 3.16, the processed radar returns are -83.5 dBm, 

-99.6 dBm and -103.4 dBm for the free-space, 5” gypsum/wooden wall, and 15” 

brick wall cases, respectively.  Therefore, it can be concluded that the attenuations 

of the gypsum/wooden wall and brick wall are respectively 16 dB and 20 dB, and 

the estimated maximum operating ranges become 34.4 m and 27.3 m, 

respectively.   

 

 

 

 

 

 

 

Figure 3.15: Free-space reference level measurement on a loudspeaker. 
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Figure 3.16: Wall attenuation measurements: (a) 5” Gypsum/wooden wall and (b) 
15” Brick wall. 
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In summary, simulation and measurement results of a Doppler and one-

dimensional DOA radar for detecting multiple moving targets have been 

conducted and studied to test the concept.  The measurements were performed 

using a low-cost, two-element receiver array operating at 2.4 GHz.  Based on the 

measurement results, simultaneous DOA detection of multiple movers using a 

two-element array is feasible.  The study further showed that the system can be 

used in indoor and through-wall scenarios due to the use of Doppler processing to 

suppress stationary clutter.  An extension of the concept to gather two-

dimensional bearing information follows. 
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Chapter 4:  Two-Dimensional Bearing Tracking 

 

4.1 MOTIVATION 

Previous simulations, data collections and studies show the one-

dimensional DOA sensing of multiple moving targets from a two-element 

receiver array utilizing Doppler discrimination.  The phase difference of the 

reflected waves arriving at two receiver antennas are measured at each Doppler 

bin to allow for the DOA determination of multiple movers with sufficient 

Doppler separation.  Since the two antennas are spatially separated in the 

horizontal dimension, only one-dimensional DOA sensing in the horizontal 

(azimuth) plane can be achieved.  

In this chapter, the extension to two-dimensional (azimuth and elevation) 

tracking of multiple movers by using a receiving array consisting of three 

elements is conducted.  The receiver array is implemented using three 

commercial, off-the-shelf, integrated receivers.  With two-dimensional 

information, the tracking of multiple humans moving at different elevations in a 

structure, such as a multi-storied building, becomes possible. 
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 4.2 THEORY AND IMPLEMENTATION 

Different moving targets typically give rise to different Doppler shifts with 

respect to the radar.  Therefore, by processing the data via Doppler 

discrimination, their DOA information can be extracted by measuring the phase 

difference at each Doppler frequency component.  This concept has been 

exploited and demonstrated previously for bearing detection and tracking of 

humans in the azimuth direction.   

To obtain the bearing information in the elevation direction, an additional 

receiving antenna (Rx3) is placed directly above Rx1 as shown in Fig. 4.1(a).  

The additional receiver Rx3 and the existing receiver Rx1 form a new pair of 

elements to provide the DOA in the elevation plane, θEL.  The Doppler and DOA 

processing of Eq. (2.9) are then repeated for the Rx1 and Rx3 signals.  Finally, by 

correlating the DOA results based on their associated Doppler, a data matrix 

[A(fDi), θAZ(fDi), θEL(fDi)], where A(fDi) is the signal strength at the Doppler 

component fDi, is constructed.  Hence, the two-dimensional bearing sensing of 

multiple movers can be achieved, provided that the movers have different Doppler 

frequencies. 

The two-dimensional concept is implemented by adding another 

microstrip antenna to the existing radar hardware.  The additional antenna is 

placed above one of the existing antennas at a distance of 5 cm (slightly less than 
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λc/2) to provide good resolution, while avoiding DOA ambiguity within the 

scanning range from -90° to 90° in the elevation plane.  An additional receiver IC 

is also added to the system to receive and downconvert the radar returns from the 

newly added antenna. Fig. 4.1(b) and (c) show the system block diagram and a 

photograph of the radar hardware. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Two-dimensional human tracking: (a) Basic concept, (b) Radar 
system block diagram, and (c) Actual hardware implementation. 
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4.3 DATA COLLECTION 

4.3.1 Loudspeakers 

Three loudspeakers driven by 20 Hz, 30 Hz and 66 Hz audio tones are 

used as stable test targets.  The vibrating membrane of each loudspeaker is 

covered by aluminum tape to enhance its return.  The tones cause the loudspeaker 

membrane to vibrate back and forth and the radar returns are FM signals with 

fundamentals at +/-20 Hz, +/-30 Hz and +/-66 Hz.  The three loudspeakers are 

placed at the approximate (azimuth, elevation) coordinates of (-28°, -10°), (-30°, 

10°), and (-15°, 18°), respectively.  The measurement setup is depicted in Fig 

4.2(a).  As expected, Fig. 4.2(b) shows that the Doppler and azimuth DOA of the 

three loudspeakers are (+/-20 Hz, -28°), (+/-30 Hz, -30°) and (+/-66 Hz, 18°).  

Fig. 4.2(c) portrays the Doppler and elevation DOA of (+/-20 Hz, -10°), (+/-30 

Hz, 10°) and (+/-66 Hz, 18°), which correspond to the expected elevations.  By 

correlating the two measurements based on the Doppler information, a two-

dimensional DOA plot can be constructed accordingly.  Fig. 4.2(d) shows the 

resulting azimuth and elevation coordinates of the three loudspeakers.  A 

comparison of Figs. 4.2(a) and (d) demonstrates a close correspondence of the 

DOA results to the frontal perspective of the radar. 
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Figure 4.2: Loudspeaker Doppler and DOA measurements: (a) Setup, (b) 
Azimuth DOA, (c) Elevation DOA, and (d) Two-dimensional DOA. 
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4.3.2 Bouncing Ball 

A bouncing basketball as a moving target is used to show two-dimensional 

trajectory tracking.  The ball is also covered by aluminum tape to enhance its 

return.   The ball is launched from the left side of the radar toward the radar 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Bouncing ball measurements: (a) Setup, (b) Azimuth DOA vs. time, 
(c) Elevation DOA vs. time, and (d) Two-dimensional tracking. 
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boresight and bounces on the floor three times during its trajectory.  Fig. 4.3(a) 

shows the measurement setup and results.  The short-time Fourier transform [34, 

35] is used to process the measured data to extract the Doppler components of the 

moving target with respect to time.  The corresponding DOA versus time plots are 

used to show the motion trajectory of the ball in the azimuth and elevation planes, 

as shown in Figs. 4.3(b) and (c).  After correlating the DOA information from 

both planes according to their Doppler, a two-dimensional DOA trajectory is 

generated (Fig. 4.3(d)), which shows the entire time that the ball is in motion.  

The color indicates the signal strength.  The measured trajectory result agrees 

with the actual trajectory: the first bounce is at approximately (-30°, -20°), 

followed by subsequent bounces at (-10°, -20°) and (15°, -20°), as indicated by 

the three white dots. 

4.3.3 Human Tracking 

The subsequent measurement involves human subjects.  Two human 

subjects in front of a building walk in the patterns shown in Fig. 4.4(a).  The 

subject on the left begins at point A (at approximately (-60°, -20°) with respect to 

the radar) and climbs a staircase to the top at point B (-20°, 40°).  The subject then 

turns around, descends to the ground level, and back to point A.  The subject on 

the right starts at point C (at approximately (20°, -20°) at the ground level) and 
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walks to the right until reaching point D at (85°, -20°).  The subject then turns 

around and walks back to point C.   The radar is placed approximately 10 m away 

from the building.  Since a directional horn is used as the radar transmitter, the 

measurable angular range in the azimuth plane is limited to approximately +/-70°.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Two-human tracking: (a) Setup, (b) Azimuth DOA vs. time, (c) 
Elevation DOA vs. time, and (d) Two-dimensional tracking. 
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Figs. 4.4(b-d) show the measured azimuth, elevation and two-dimensional 

DOA trajectories, respectively.  As shown in Fig. 4.4(d), the measured walking 

trajectories span from point A to point B for the person on the left, and from point 

C to point D for the person on the right. 

 

4.4 FRONTAL IMAGING OF A HUMAN 

4.4.1 Motivation 

In the previous section the two-dimensional tracking of multiple humans 

has been investigated and demonstrated.  In this section, the idea is explored 

further for a possible imaging application.  In addition to tracking multiple 

humans, the radar may be employed to generate a two-dimensional image or a 

frontal view of a human.  Ultra-wideband imagers utilize wideband pulses to 

gather range information and a one-dimensional aperture to resolve azimuth.  

Consequently, the resulting imagery is a top-view of the target.  While this type of 

imaging setup is useful for targets such as airplanes and ground vehicles, for 

human targets the frontal image may provide more information than the top-view.  

To acquire the frontal image, a two-dimensional collection aperture is required, 

leading to a significant increase in complexity.  In this section, a two-dimensional 
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frontal imager by using only the existing three-element receiving array and a 

transmitter is investigated.  The concept entails resolving the micro-Doppler 

frequencies of the returned signals from a moving human, and then measuring the 

phase difference at each Doppler frequency component to determine the direction-

of-arrival (DOA) of the various body parts.  If each body part gives rise to a 

different Doppler frequency, then the resulting bearing map should correspond 

closely to a two-dimensional frontal view of a human. 

4.4.2 Data Collection 

A human subject stands at 2 m from the radar boresight.  The height of the 

subject is approximately 1.8 m.  During the measurement period the subject 

remains at the 2 m distance, while moving each body part sequentially.  After 

correlating the azimuth and elevation DOA measurements based on their Doppler 

information, a two-dimensional or frontal view of the human is constructed and is 

shown in Fig. 4.5(a).  The measured frontal view shows the position of each limb, 

making an outline of the subject.  The dynamic range of the image is 40 dB.  The 

measurement is then repeated in-situ with a 5” thick gypsum/wooden wall in an 

interior room.  The subject stands at approximately 1 m behind the wall, while the 

radar measures the return versus time.  Fig. 4.5(b) shows the measured through-

wall view of the human.  In comparison with the free-space image shown in Fig. 

4.5(a), the through-wall image appears larger since the subject stands closer to the 
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radar.  The image also appears to be less focused due to the significant attenuation 

from the wall.  However, the outline of the human is still visible.  The dynamic 

range of the image is 20 dB and the transmitted power used is -10 dBm. 

 

 

 

 

 

 

 

Figure 4.5: Measured frontal view of a human (a) In free-space and (b) Through 
an indoor wall. 

 

In summary, a very low complexity radar concept for generating the two-

dimensional frontal image of a human has been investigated and presented.  The 

concept exploits the Doppler separation among the moving body parts, and 

derives their corresponding two-dimensional DOA.  Measurements were 

performed using a low-cost, three-element receiver array, operating at 2.4 GHz.  

By correlating the azimuth and elevation DOA measurements based on the 

Doppler information, the two-dimensional locations of the moving body parts 

(a) (b) 
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were derived to construct a frontal view of a human in free space.  A through-wall 

measurement result showed some agreement with the free-space result, albeit at a 

much lower signal-to-noise ratio.  While the proposed radar has very low-

complexity, it is based on the assumption that different body parts give rise to 

different Doppler frequencies.  When this condition is not met in practice, the 

resulting bearing information is not accurate.  Therefore, the present radar concept 

can be termed an “imaging of opportunity” that captures glimpses of the human 

subject.  This premise is similar to other types of target-motion induced sensing 

schemes such as inverse synthetic aperture radar. 
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Chapter 5:  Three-Dimensional Tracking 

 

5.1 MOTIVATION 

Previous sections have described the theory and operation of a low-

complexity, two-dimensional radar for human tracking in the azimuth and 

elevation planes.  Since the radar is using a single CW frequency, it is not capable 

of obtaining the distance information of a target.  In this chapter, the ranging 

capability is added to the existing radar to achieve three-dimensional location 

tracking.   

In contrast to the pulsed-based or frequency-modulated continuous wave 

(FMCW) radar, multiple frequency continuous wave (MFCW) radar is a simple 

and low-cost way to acquire range information [52-54].  To keep the radar 

architecture as simple as possible, only two frequencies are used.  However, a 

two-frequency system can only acquire the range for a single-target configuration.  

To overcome this limitation, the Doppler separation among the moving targets is 

used as a prefilter before measuring the phase difference to arrive at the range 

information of the moving targets. This two-tone approach, in conjunction with 

the existing three-element radar, can then provide three-dimensional locations of 

humans.   
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5.2     TWO-FREQUENCY DOPPLER RADAR 

5.2.1 Basic Theory 

Fig. 5.1 shows the basic operation of a two-frequency Doppler radar.  The 

two CW signals (LO1 and LO2) are combined and transmitted simultaneously.  If 

there is a moving target at a radial velocity, v, and distance, R, from the radar, the 

signals are scattered off of the target, received by the receiving antenna and routed 

into two separate I/Q receivers Rx1 and Rx2.  The local oscillator (LO) of receiver 

Rx1 is set to LO1 and that of Rx2 is set to LO2.   

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Basic two-tone radar operation. 
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After the down-conversion and low-pass filtering, the signals can be expressed as: 
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where c is the speed of light, while fc1 and fc2 are the CW carrier frequencies of 

LO1 and LO2, respectively.  The terms fD1 and fD2 are the Doppler frequencies of 

the target as a result of the demodulation in Rx1 and Rx2, respectively.  For an fc1 

of 2.4 GHz and an fc2 10 MHz below fc1, the Doppler shifts of a moving human fD1 

and fD2 are very similar hence fD1 ≈ fD2 = fD.  The down-converted signals can then 

be expressed with the following equations: 











−

= c

Rf
tfj

c

D

ets

1
4

2

1 )(

π
π

     (5.3) 











−

= c

Rf
tfj

c

D

ets

2
4

2

2 )(

π
π

     (5.4) 

Next, each signal is processed by the Fourier transform.  By assuming infinite 

integration time and ignoring the constant term, the signals become: 
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If there are n moving targets, and each target generates different Doppler 

frequencies due to the difference in their radial velocities with respect to the radar, 

the signals in Eqs. (5.5) and (5.6) can also be expressed as a summation of n 

Doppler components with their associated range information: 
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The range, R, of target n from the radar can then be determined by the phase 

difference between S1(f) and S2(f) at each Doppler bin fDn: 
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12     (5.9) 

where ∆f = fc1 - fc2.  It can be seen from equation (5.9) that this concept applies as 

long as the Doppler frequencies from different targets are sufficiently distinct.  

 

5.2.2 Range Ambiguity 

Since the phase difference in equation (5.9) is modulo 2π, the range 

becomes ambiguous when the phase difference is 2πm (m is a positive integer).  

The maximum unambiguous range Runamb occurs for m = 1, or 
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For ∆f = 10 MHz, the maximum unambiguous range Runamb is 15 m, which is 

sufficient for most indoor surveillance where a typical room size is 10 m by 10 m. 

 

5.3 IMPLEMENTATION 

The two-frequency approach is implemented and integrated to the existing 

two-dimensional radar.  Fig. 5.2 shows the overall block diagram of the integrated 

system.   

 

 

 

 

 

 

 

 

 Figure 5.2: System block diagram of a three-element and two-frequency 
Doppler radar. 

Rx1 Rx3 Rx4 Tx 

FFT FFT FFT 

Azimuth 
DOA 

Range 

∑ 

LO2         LO1 

d 

Rx2 

FFT 

Elevation 
DOA 

d 



 86 

The system operates at two CW frequencies fc1 (2.4 GHz) and fc2 (10 

MHz below fc1).  The frequency separation is selected to achieve a maximum 

unambiguous range of 15 m.  The two CW frequencies are combined and 

transmitted simultaneously.  The scattered wave off of a target is received by 

three microstrip antennas connected to the radar receivers.  

The three receivers Rx1, Rx2, and Rx3 are the existing three-element 

receivers for the two-dimensional bearing tracking in the azimuth and elevation 

planes.  The first two elements Rx1 and Rx2 are spatially separated in the 

horizontal dimension for azimuth scanning.  The third element Rx3 is placed 

directly above Rx2 to form a scanning pair in the elevation plane.  Each element-

pair is spaced at d = 5 cm apart (or slightly less than a half wavelength) to avoid 

DOA ambiguity, while providing good sensitivity in the azimuth and elevation 

scanning range from -90° to 90°.  The down-converted signals are digitized, and 

the Doppler frequencies of the target are extracted after applying the sliding-

window fast Fourier transform.  The phase difference, ∆Φ32, at each Doppler bin 

from Rx3 and Rx2 is measured to obtain the elevation DOA information θEL as 

shown in the following equation: 
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where λc1 is the wavelength of fc1.  Likewise, the phase difference, ∆Φ21, at each 

Doppler bin from Rx1 and Rx2 is measured to obtain the azimuth DOA 

information θAZ by using the following equation: 
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An additional receiver Rx4 is added to implement the two-tone approach.  The 

local oscillator (LO) frequency of receivers Rx1, Rx2, and Rx3 is set to fc1, and that 

of Rx4 is set to fc2. The received signal at Rx3 is also routed into Rx4; hence the 

receiver pair Rx3 and Rx4 forms the two-frequency system.  The phase difference, 

∆Φ43, at each Doppler bin from Rx4 and Rx3 is measured to calculate the target 

range, R, using the following equation: 

f
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43      (5.13) 

where ∆f = fc1 - fc2 and c is the speed of light.  By correlating the azimuth and 

elevation bearings, and the range information based on the associated Doppler, 

the data matrix [A(fDi), θAZ(fDi), θEL(fDi), R(fDi)], where A(fDi) is the signal strength 

at the Doppler bin fDi, can be assembled.  The three-dimensional range and 

bearing information of multiple movers can then be obtained accordingly as long 

as the movers have different Doppler frequencies.  Fig. 5.3 shows the actual radar 

hardware implementation. 
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Figure 5.3: Actual radar hardware for three-dimensional tracking of a human. 

5.4 DATA COLLECTION 

5.4.1 Loudspeaker Measurement 

Fig. 5.4(a) shows the measurement setup and the loudspeakers locations.  

The first loudspeaker is located at approximately (θAZ, θEL, R) coordinate of (-40°, 

-5°, 3 m) and driven by a 35 Hz audio tone.  The second loudspeaker is positioned 

at approximately (20°, 15°, 6 m) and driven by a 55 Hz audio tone.  The measured 

data show good agreement with the expected Doppler vs. azimuth DOA of (+/-35 

Hz, -40°) and (+/-55 Hz, 20°), as in Fig. 5.4(b).  In Fig. 5.4(c), good agreement is 

demonstrated between the measured and the expected Doppler vs. elevation DOA 

of (+/-35 Hz, -5°) and (+/-55 Hz, 15°).  The expected Doppler vs. range of (+/-35 

Hz, 3m) and (+/-55 Hz, 6 m) also agree with the measured data in Fig. 5.4(d).  
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The location of each loudspeaker can now be determined after correlating the 

measured azimuth, elevation and range based on their Doppler information.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Two loudspeakers measurement: (a) Setup, (b) Doppler and azimuth 
DOA, (c) Doppler and elevation DOA, and (d) Doppler and range 

(a) (b) 

(c) (d) 
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Figure 5.5: Three-dimensional tracking of two loudspeakers: (a) Top view, (b) 
Frontal view, and (c) Three-dimensional coordinate.  Note that an 
elevation of 0 m corresponds to the ground level (the radar’s own 
elevation has been taken into account). 

(a) (b) 

(c) 
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By using the spherical-to-Cartesian transformation (R sinθAZ cosθEL, R cosθAZ 

cosθEL, R sinθEL), a three-dimensional location coordinate (cross-range, down-

range, elevation) can be constructed accordingly.  Figs. 5.5(a) and (b) show the 

corresponding cross-range vs. down-range (top-view), the cross-range vs. 

elevation (frontal view), and the three-dimensional coordinates of the 

loudspeakers.  Comparing Figs. 5.4(a) and 5.5(c), the measured coordinates of the 

left and right loudspeakers are close to the expected locations at (-2 m, 2.5 m, 

0.75 m) and (2 m, 5.5 m, 2.6 m). 

5.4.2 Human Measurements 

Three-dimensional tracking of two human subjects is investigated.    Two 

human subjects walk in a straight path at approximately the same speed but in 

opposite directions (Fig. 5.6(a)).  During the walk, the radar continuously 

measures and outputs the bearing and range information of the subjects (Fig. 

5.6(b-d)). During the first four seconds of the measurement, Fig. 5.6(b) shows two 

distinct azimuth-bearing trajectories: the first one progressing from approximately 

-20° toward -60°, and the second one from 20° to 15°.  These measured bearing 

trajectories are expected, since they are plotted based on the perspective of the 

radar.  As the subject to the left walks in a straight path toward the radar, the 

measured bearing angle advances away from the radar boresight.  The opposite 
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happens for the subject on the right: the measured bearing angle advances toward 

the radar boresight as the subject walks farther away from the radar.  The 

elevation tracks of the two human subjects are shown in Fig. 5.6(c); however, the 

tracks are not distinguishable since the humans are walking on the same elevation 

plane (ground level) and have approximately the same body height of 1.8 m.  Fig. 

5.6(d) shows the measured range tracks.  In the first four seconds of the 

measurement, there are two distinct range tracks: the first one starts at about 10 m 

and ends at 2 m while the second one progresses from approximately 2 m to 10 m. 

The first range track is associated with the subject to the left of the radar, who 

walks toward the radar during this time.  The second range track belongs to the 

subject to the right, who walks away from the radar during the time interval.  At 

approximately t = 4 sec, both subjects turn around and walk back to their original 

starting positions.  This is clearly shown in Figs. 5.6(b) and (d) as changes in the 

bearing and range tracks at t = 4 sec.  The corresponding cross-range vs. down-

range and cross-range vs. elevation maps are constructed and shown in Fig. 5.7(a) 

and (b), respectively.  It is evidenced from Fig. 5.7(b) that both humans walk on 

the same elevation plane (ground level). 

The measurements are repeated but this time the two humans walk at 

different elevation planes: the human to the left crouches on the ground while the 

human to the right walks on a table of 1 m height.  All measured data are similar 
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to the previous measurements when both humans are at the ground level hence 

they are not plotted, except for the frontal-view (cross-range vs. elevation) data.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Two-loudspeaker measurement: (a) Setup, (b) Doppler and azimuth 
DOA, (c) Doppler and elevation DOA, and (d) Doppler and range 
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Figure 5.7: Three-dimensional tracking of two humans: (a) and (b) Top-view 
and frontal-view when both humans are at the ground elevation, 
respectively, (c) Frontal-view when both humans are at two different 
elevations, and (d) Three-dimensional tracking of (c)   

(a) (b) 

(c) (d) 
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The frontal-view now shows two distinct subjects at two different elevation 

planes as shown in Fig. 5.7(c).  The measured elevations correspond to the 

expected elevations: the subject to the left is at the ground level and the subject to 

the right is at an elevation of approximately 1 m, or at table height.  The height of 

1m of the subject to the left also shows good agreement with the fact that he 

crouches, while the height of subject to the right reaches almost 3 m since he 

walks on top of the 1 m-tall table.  Fig. 5.7(d) shows the three-dimensional 

tracking of the humans. 

5.4.3 Through-wall Measurement 

The maximum operating range for through-wall sensing is measured.  Figure 5.8 

shows the through-wall measurement setup whereby the radar is placed against a 

15-inch exterior brick wall.  A human subject walks in a straight path away from 

and toward the radar on the opposite side of the wall, starting at approximately 4 

m to 35 m maximum walking distance from the wall.  The total walking time is 

30 seconds, and the radar continuously measures and outputs the spectrogram and 

range information of the subject during the walk.  From the spectrogram (Fig. 

5.8(a)), the turning point when the human reaches the 35 m distance is 

approximately t = 17 seconds, as indicated by the transition of the Doppler returns 

from negative (walking away from the radar) to positive (walking toward the 

radar).  Fig. 5.8(b) shows the range measurement of the subject during the walk.  
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As predicted by Eq. (5.10), the maximum unambiguous range is 15 m, which 

causes the range to repeat to 0 m at time t = 5, 14, 20 and 28 seconds, or 

whenever the subject walks past an integer multiple of 15 m of distance from the 

radar.  During the first 17 seconds, the subject travels twice the 15 m distance plus 

the remaining 5 m, as evidenced by the three distinct range tracks during the time 

interval 0 to 5 seconds, 5 to 14 seconds, and 14 to 17 seconds.  Since t =17 

seconds is the turning point, the approximate measured walking range becomes 35 

m.  Thus, the radar is capable of measuring a human subject at least 35 m away 

and through a 15-inch exterior brick wall.  The measured operating range is in 

good agreement with the previously predicted maximum range of 27 m for this 

type of wall.  The range difference is the result of the difference in minimum   

 

 

 

 

 

 

 

Figure 5.8: Through-wall range measurement of a human subject: (a) 
Spectrogram and (b) Range vs. time 

(a) (b) 
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signal-to-noise ratio (SNR) used in the actual measurement (4 dB SNR) and in the 

radar range equation (10 dB SNR). 

In summary, the existing two-dimensional radar concept for human 

tracking has been expanded to enable ranging capabilities by incorporating the 

low-complexity, two-frequency approach.  The maximum unambiguous range is 

15 m, which is sufficient for most indoor applications for a typical room size of 

10 m x 10 m.  Based on the measurement results, the system is capable of tracking 

multiple targets in three dimensions: azimuth, elevation and range.  The system 

performance bound under the influence of micro-Doppler is studied next. 



 98 

Chapter 6:  System Performance Bounds 

 

6.1 MOTIVATION 

The previous system performance simulations use a point-scatterer model 

to study the system behavior as the number of movers increased.  The simulation 

results show that the detection confidence level decreases for a higher number of 

movers.  The dominant factor contributing to the detection errors is the 

insufficient Doppler spacing between movers.  This effect is attributed to the fact 

that there are more occurrences of movers with similar velocities for cases with a 

higher number of movers.  In the actual case, however, the Doppler spacing is 

further reduced by the overlapping micro-Doppler returns from the body parts of 

each mover, which results in a lower detection confidence level. Therefore, a 

more realistic model is needed to account for the micro-Doppler effects. 

Rigorous models of the human gait have been investigated in [31, 60-62].  

These models are intended for very accurate modeling of the human gait for 

virtual reality animation or classification purposes.  In [31], the human is modeled 

with 12 body parts of various shapes (e.g. spheres, cylinders or ellipsoids) to 

accurately represent the actual moving-human body parts.  The kinetics of the 

movements are derived rigorously to account for complex, interdependent 
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trajectories in the arms, legs, ankles, head, and main body during each stride.  

Radars with operating frequencies of up to 76.7 GHz are used to observe and 

validate the accuracy of the model.  Although this approach presents a very 

realistic representation of the human gait, the intricacy leads to computational 

burden, especially for the high number of iterations required in a Monte Carlo 

simulation.  Furthermore, these detailed movements (e.g. ankles, upper/lower 

arms and head) do not produce observable effects for a low-frequency radar due 

to the reduced Doppler sensitivity in the radar under low operating frequencies 

such as 2.4 GHz. 

 

6.2 A SIMPLIFIED MODEL FOR THE HUMAN GAIT 

A simpler model is therefore investigated and developed to reduce 

complexity while maintaining the physics of the human gait.  Only two body parts 

are selected (instead of twelve) in the simplified model: the main body and the 

legs.  The selection is based on observations from the spectrogram measurements 

of human walking with the radar operating at 2.4 GHz.  At this operating 

frequency, the spectrograms show that the primary contributors to the time-

varying micro-Doppler are the main body and the legs.  Experiments are also 

conducted to validate the observations by making the human subject wear corner 

reflectors to accentuate the Doppler returns of the main body and legs.  The 
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experimental results agree with the observations that the features in the human 

gait spectrogram using a 2.4 GHz radar are predominantly from the micro-

Doppler of the main body and legs only.  Fig. 6.1 shows a typical spectrogram of 

a human gait using a 2.4 GHz Doppler radar. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Spectrogram of a human walking using a 2.4 GHz Doppler radar. 

 

Since the simplified model considers only the main body and leg movements (no 

arms), it is more suitable in representing a strolling or sauntering human.  A 

stroller or saunterer hangs their arms by his or her sides instead of swinging them 
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during their walk.  For indoor applications where a typical room size is only 10 m 

by 10 m, this type of human gait is reasonable.  That is, slow movers such as 

strollers are more likely present than fast movers such as runners inside the room.  

An upper limit for the walking velocity is therefore required to ensure the validity 

of the model.   

The upper-limit velocity can be determined by analyzing the mechanics of 

human walking [63].  During a normal walk, a human body leans forward and 

causes each leg to commence a stride.  Since the center of mass of the body is 

between the hip joints, the main body moves forward in a series of circular arcs as 

illustrated in Fig 6.2. 

 

 

 

 

Figure 6.2: Forward body movements as a series of circular arcs.   

 

As illustrated in Fig. 6.2, the body and legs are initially at rest (vertically aligned).  

The leg is modeled as a straight line of length l.  As the body leans forward from 

the resting position “A”, one of the legs commences forward for a step and lands 

on the ground at position “B” to comfortably support the body weight.  Both legs 
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are spread for a distance, dspread, before returning to the next resting position “B” 

following the arc trajectory (noted by dotted lines).  The initial leaning-forward 

movement is analogous to a body moving in a circle with an acceleration towards 

the center of the circle (i.e. centripetal motion).  If the body’s velocity is v and the 

radius of the circle is r, the acceleration is v
2
/r.  If the stroller’s body has a 

velocity, v, at the stage of the stride when both legs are vertical (position “A”), 

then the body undergoes a downward acceleration of v
2
/l.  The stroller’s legs 

support the body from falling due to gravity; therefore the downward acceleration 

can not be greater than the gravitational acceleration, g (9.8 m/s
2
), such that: 

l

v
g

2

≥     (6.1) 

For a typical length of a human’s leg of 0.9 m, the maximum walking velocity is 

approximately 3 m/s.  The human will be at the verge of running when exceeding 

this velocity and can no longer maintain both feet on the ground during successive 

strides. 

The velocity of the legs during a walk is then analyzed.  Fig. 6.3 illustrates 

simplified human strides.  The blue line represents the left leg and the red line 

corresponds to the right leg.  A full stride begins and ends with the foot of the 

same leg.  The left and right legs take turns as the starting leg of each subsequent 

stride.  During each half-stride, the body lays exactly midway between both legs, 

and the normal walking angle θnorm can be obtained by the following equation: 
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For l = 0.9 m, dspread is empirically determined to be 0.7 m, which yields a θnorm of 

22.9°.  This normal walking angle is the angle formed by the legs as a result of 

both feet being placed on the ground comfortably to support the bodyweight 

during each stride.  Therefore, this angle is constant regardless of the length of the 

leg as long as the human is walking below the maximum velocity of 3 m/s. 

 

 

 

 

 

Figure 6.3: Simplified illustration of human strides. 

 

The distance, S, traveled by the body at a constant velocity, v, is simply the 

product of the number of strides and dspread, or: 

( )( ) ( )( )θsin2## lstridesdstridesS spread ==   (6.3) 

Since v is the distance traveled by the body per second, the number of strides per 

second, or the stride frequency, can then be expressed as: 

v 

dspread dspread 

stride #1 

dspread 

stride #2 

l 
θnorm 
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θsin2sec
#

l

vstrides =     (6.4) 

Therefore, the period of each stride Tstride (seconds) is simply the inverse of Eq 

(6.4): 

v

l
Tstride

θsin2
=     (6.5) 

For v = 1.2 m/s and l = 0.9 m, the stride period, Tstride, is about 0.6 s, which agrees 

well with the actual spectrogram measurement in Fig. 6.4. 

 

 

 

 

 

 

 

Figure 6.4: Spectrogram measurement of a human walking at 1.2 m/s: (a) Main 
body and legs and (b) Enlarged view of the stride inside the dotted 
white rectangle. 

 

From observations of the measured spectrogram, the main body return at a 

constant velocity, v, can be modeled as: 

(a) (b) 

Tstride 
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The parameter A is the return strength as a function of 1/r
4
, where r is the target 

distance from the radar, and λc is the wavelength of the radar operating frequency 

fc.  The micro-Doppler of the legs is periodic with a period of Tstride and has the 

same sign as the Doppler return of the main body.  That is, the micro-Doppler of 

the legs stay positive (above 0 Hz) as the human walks toward the radar, and the 

stay negative as the human walks away from the radar.  This periodic behavior of 

the legs can be modeled as a simple frequency modulated sinusoidal wave with 

the following equation:  
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The parameters G andα are empirically determined by the following equations: 
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The spectrogram of the frequency modulated signal in Eq. (6.7) has a peak 

frequency deviation, fdpeak, which can be expressed as: 
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For Tstride = 0.6 second and λc = 0.125 m, the resulting fdpeak is 57.7 Hz, which 

agrees well with the measured spectrogram of the legs in Fig. 6.4(b).  The 

simplified model of the main body and legs can now be expressed as: 

( ) ( ) ( )tytyty legsbody +=     (6.11) 

The spectrogram of the model is generated for a human walking with a constant 

velocity v = 1.2 m/s and a leg length of 0.9 m (Fig. 6.5).  The simulated 

spectrogram shows eight strides in the duration of 4 seconds with a body return of 

approximately 20 Hz and peak Doppler shift of 58 Hz for the legs, which is in 

good agreement with the actual measured spectrogram features in Fig 6.4(a). 

 

 

 

 

 

 

 

Figure 6.5: A simulated spectrogram of a human walking at a constant velocity.   
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6.3 SYSTEM PERFORMANCE BOUNDS 

By using the simplified model of the human gait to include micro-Doppler 

effects, Monte Carlo simulations are generated to predict more realistic system 

performance bounds.  The simulation input parameters include a spatial boundary 

of 10 m by 10 m, moving targets with speeds of uniform distribution from 0 m/s 

to 3 m/s, and a direction of motion that is uniformly distributed from 0 to 2π.  A 

carrier frequency of 2.4 GHz is assumed.  Two or more moving targets are placed 

inside the boundary with the selected velocities.  A monostatic radar configuration 

is assumed in the simulations, and one hundred thousand realizations are 

generated per iteration.  Figs. 6.6(a-c) show the simulation results of the DOA 

errors for multiple moving targets for two, five and seven movers.  The detection 

confidence level for a successful DOA detection level of 5° is also generated and 

is shown in Fig. 6.6(d).  The previous simulation of a point-scatterer model is also 

plotted for comparison.  As expected, the overlapping micro-Doppler of body 

parts between movers significantly reduces the Doppler spacing for higher 

numbers of movers, thus lowering the overall detection confidence level.  Under 

these parameters, only three targets or less can be detected at a success rate of 

approximately 70%.  This result is consistent with the measurement results where 

successful detection of three movers or higher is harder to achieve.  
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Figure 6.6: Monte Carlo simulations with micro-Doppler effects for the number 
of movers, N = 2, 5 and 7 from (a) to (c) respectively, and (d) 

Successful DOA detection profile with 5° failure threshold. 
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Similar Monte Carlo simulations are performed to evaluate the range error trend 

as a function of the Doppler spacing.  Figs. 6.7(a-c) show the simulation results 

for the number of movers set to two, five, and seven respectively.  As expected, 

the range error also increases as the Doppler spacing decreases and worsens for 

higher numbers of movers.  The detection confidence level based on the range 

accuracy is generated and shown in Fig. 6.7(d). Similar to DOA detection, the 

confidence level based on the range accuracy shows three movers or fewer can be 

detected with a success rate of 70%.  Again, this simulation result is consistent 

with the measurement results where successful detection of three movers or 

higher is harder to achieve.  

 In summary, the system performance bounds have been studied.  Micro-

Doppler effects are considered and a maximum walking velocity of 3 m/s is used 

to represent a more realistic indoor tracking scenario for slow movers (i.e. 

strollers).  A simplified model of the human gait is developed and incorporated 

into Monte Carlo simulations.  Based on the simulation results, the DOA and 

range error trends are expected to increase as the Doppler spacing decreases and 

worsen for a large number of movers.  The detection confidence level using the 

DOA and range thresholds of 5 and 1 m, respectively, indicates that three movers 

or less can be detected with a success rate of approximately 70%. 
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Figure 6.7: Monte Carlo simulations for range error trend with micro-Doppler 
effects for the number of movers, N = 2, 5 and 7 from (a) to (c) 
respectively, and (d) Success detection profile with 1 m range failure 
threshold. 
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6.4 MULTIPATH EFFECTS 

Another possible phenomenon that can degrade system performance is 

multipath.  Multipath arises when the target echo undergoes more than one path 

before arriving at the receiving antenna.  The total received signal becomes the 

summation of all the echoes from different paths.  Depending on the strengths of 

the indirect path signals, they may contaminate the phase information of the 

target’s direct path echo.  In a cluttered environment, multipath may arise from 

reflections off of clutter, walls, ceilings, ground, or other building structures such 

as supporting columns.  Multipath echoes can not be easily separated because the 

location of the dominant source of the multipath is difficult to identify, especially 

in indoor environments where possible multipath sources are spatially close to 

each other.  For modeling purposes, a known object acting as a dominant 

multipath source can be purposefully introduced to the measurement setup to 

produce a worst-case multipath scenario.  An estimation of the system 

performance in such a severe configuration can be evaluated, and a general 

assessment of the performance in a more typical arrangement can be deduced.    

A set of measurements to evaluate the system performance under a worst-

case multipath scenario is conducted.  Initially a loudspeaker driven by a 55 Hz 

audio tone is placed at the radar boresight at 1 m from the radar.  The close 

placement is to ensure that the radar receives only the direct echo and not the 
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echoes from other possible multipath sources such as ground or clutter.  The DOA 

of the loudspeaker is measured and recorded to be approximately -2.5° under this 

initial condition.  A large 1 m by 1 m metallic plate is then placed at a distance of 

2 m from the radar and the target (Fig. 6.8(a)).  The measured DOA under this 

configuration is shown to be unchanged, or still approximately at -2.5° (Fig. 

6.8(b)).   

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8: Multipath measurement: (a) Metallic plate at 2 m of distance from 
the radar and the loudspeaker and (b) Measured loudspeaker azimuth 
DOA. 
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The metallic plate is then placed closer, at a 1 m distance from the loudspeaker 

and the radar (Fig. 6.9(a)), and the DOA is measured under this arrangement.  Fig. 

6.9(b) clearly shows the multipath effect caused by the metallic plate in that the 

measured DOA is shifted by 5° to 2.5°.    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9: Multipath measurement: (a) Metallic plate at a 1 m distance from the 
radar and the loudspeaker and (b) Measured loudspeaker azimuth 
DOA. 
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From this worst-case multipath measurement, the system performance is affected 

and up to 5° DOA error is observed.  The general assessment is that the system 

will be less susceptible to multipath effects under a more typical room 

arrangement (with less severe multipath sources).  The actual measurements 

under a typical indoor room in section 3.1.3 show that the system performance is 

indeed less susceptible to the multipath effects. 
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Chapter 7:  Conclusion 

 

7.1 CONTRIBUTIONS 

The most notable contribution of this work is the investigation and 

development of a low-complexity radar for human tracking.  The research 

explores the concept of using Doppler filtering prior to processing the bearing and 

range information of targets.  This concept allows a minimal complexity 

implementation that uses only three-elements and two frequencies to achieve 

simultaneous tracking of multiple moving targets in three-dimensional locations 

(azimuth, elevation and range).  Various measurements to track multiple human 

subjects under different scenarios were conducted to validate the concept and to 

demonstrate the radar operation.  The possibility of capturing the frontal-view of a 

human was also introduced and explored.  Although this frontal imaging concept 

is basically an “imaging of opportunity” that captures glimpses of a human 

subject, it has potential use for target classification purposes because a frontal-

view of a human is easier to recognize than a top-view.  The measurements also 

showed that the radar could be used in indoor and through-wall scenarios due to 

the use of Doppler processing to suppress stationary clutter.  Through-wall human 

tracking of up to 35 m was demonstrated with the system.  Multipath effects were 
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also investigated, and an acceptable system performance with less than 5° bearing 

error is expected under multipath influence in a typical indoor environment.  The 

low-complexity radar also allows for the exploitation of off-the-shelf components 

for a low-cost implementation. 

The second contribution of this research comes from the system 

performance bound study.  Since successful detection and tracking are influenced 

by the Doppler spacing between movers, exhaustive Monte Carlo simulations 

were conducted to predict the system performance bound in the presence of 

multiple movers.  Realistic simulation parameters were employed, and critical 

factors such as the close-far effect and overlapping micro-Doppler between 

movers were investigated.  The monostatic and bistatic configurations were 

studied and, although the bistatic case reduces the close-far effect, the monostatic 

configuration offers better overall system performance bettering terms of Doppler 

sensitivity, especially for higher numbers of movers.  A simplified human-gait 

model was developed to take into account the micro-Doppler effects on the 

detection accuracy.  The model captured the essential physics of the human gait at 

low frequencies and used a straightforward, closed-form approximation that 

alleviated computational burdens.  The model showed good correlation with the 

measured human-gait spectrogram.  The simulation results with the human gait 

model showed bearing and range detection error trends as a function of the 
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number of movers.  As expected, the errors increased for higher numbers of 

movers due to insufficient Doppler spacing and overlapping micro-Doppler from 

body parts.  A profile of the percentages of successful detections was generated 

accordingly, and a confidence level of successful detection was established.  The 

study concluded that three movers or less can be detected and tracked with an 

approximate 70% success rate using 5° bearing and 1 m range failure thresholds.  

The systematic approach and simplified modeling to assess the performance 

bounds may be used in predicting and evaluating other radar systems intended for 

human tracking. The study can also be used as the basis of research and 

development for more complex systems, or to assess their potential performance. 

 

7.2 FUTURE WORK 

The basic concept to detect and track humans with various requirements 

has been studied and a prototype of the radar system with minimum complexity 

has been constructed to test the concept.  A system-limitation study has also been 

presented.  The natural next step would be to address the system limitations and to 

investigate possible improvements. 

The study indicates that the dominant factor contributing to system 

limitations is insufficient Doppler spacing for higher numbers of movers.  One 

possibility for overcoming this limitation would be to use a receiving antenna 
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beam-forming approach to spatially isolate each mover.  Such an approach would 

lead to higher numbers of elements and complexity.  However, considering that 

the applications of the radar are primarily for indoor detection with limited 

numbers of movers, a research study could be conducted to find an optimum 

number of elements with an acceptable confidence detection level and 

complexity.   

Another possibility for future work would be to investigate a networked-

sensor configuration where sensors could be strategically placed to cover or 

illuminate different areas of the room.  The sensors could also operate at slightly 

different frequencies in order to increase the probability of successful detections. 

 An investigation of self-induced error may also be a topic for future work.  

Since the system is a Doppler-based radar, it is sensitive to the operator’s Doppler 

shift, especially in a portable or field operation unit.  A motion compensation 

algorithm could be studied to reduce this type of error; however, this idea would 

be challenging because the target’s Doppler return would be of the same order as 

the self-induced Doppler shift.  

To address system portability for field operation, an integrated radar 

receiver and transmitter in one unit with small form factor would be desirable.  

Although this design is possible with the use of integrated circuits (ICs) for the 

electronics, the close proximity of the receiver and transmitter placement poses a 
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challenging issue due to significant coupling of RF energy from the transmitter to 

the receiver.  The coupling would reduce the receiver’s RF input sensitivity and 

cause input saturation. The receiver’s saturation would cause non-linear 

responses, which in turn would lead to non-linear Doppler measurements where 

the Doppler components would produce undesired harmonics during the 

downconversion process.  One possible topic for future work would be to 

investigate a feedback control system to reduce the amount of transmitter 

coupling into the receiver.  The feedback would produce an equal but opposite 

phase signal to cancel the coupled energy at the input of the receiver. 

One last possible topic for a future work would be to investigate passive 

radar operation, where the transmitter is eliminated completely for covert 

operation.  In fact, the concept of exploiting existing airwave signals for radar 

applications has long been explored by the military.  Lockheed’s “Silent Sentry” 

radar utilizes commercial TV/FM signals to covertly detect and track in-flight 

aircraft.  Similar systems have also been researched in the United Kingdom using 

cellular phone signals.  Such passive radars operate covertly, thus eliminating the 

threat of being targeted by anti-radiation missiles.  Passive radars for covert 

human tracking in a typical office building environment could take advantage of 

the presence of wireless networking signals.  However, such passive radars face 

very difficult technical challenges.  For instance, today’s commercial wireless 
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signals use mostly digital modulations with very wide bandwidth (11 MHz or 

higher for WLAN 802.11b/g).  This intrinsically wide bandwidth makes accurate 

Doppler detection of low-velocity moving targets such as humans (on the order of 

tens of Hertz) extremely difficult.  As such, passive radars present a very 

interesting and challenging research topic, considering their potential applications 

in covert security-monitoring for law enforcement and anti-terrorism, as well as 

commercial intrusion detection. 
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