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Abstract
Passive coherent location (PCL) is a field of interest in the radar community. PCL
requires no transmitter and instead uses opportunistic transmissions to accomplish
the objective. PCL is advantageous in low cost system design and applications where
transmission is infeasible or unwanted. PCL to date has primarily been developed
with regards to high-power, terrestrial transmitters in a bistatic configuration. We
explore the development and usage of multistatic PCL, particularly with interest
in satellite-borne transmitters related to positioning.
The Global Positioning System (GPS) provides accurate positioning information,
nearly, anywhere in the world. The signal is designed for positioning, the transmitters are available regardless of geographic region, and is well-suited for multistatic
configuration. This dissertation intends to provide the necessary background and
currently available methods pertaining to GPS processing and PCL applications.
This dissertation then provides analysis, capabilities and limitations of a PCL
system employing the GPS signal.
The methodology is developed and posed in a general PCL framework, and
verified as proof of concept using signals with comparable results in the literature.
The methodology is then adapted for specific usage of the GPS signal and verified
in simulation. An experimental design is then presented and tested with results
for GPS PCL. This dissertation presents the capability of GPS PCL for target
detection, position estimation and Doppler estimation in an applicable environment.
Additional PCL improvements are presented as ancillary objectives. These
improvements are framed in the generic PCL framework and include, a matched
filter alternative, direct signal suppression and signal quality metrics for resource
optimization. The improvements present aspects of PCL that are often a challenging
implementation requirement and compounded by the complexity of GPS PCL.
The GPS PCL system is capable of detection and ranging for position estimation
solutions within 25 m and is comparable to that of standard GPS positioning. The
GPS PCL system is capable of Doppler estimation and accurately provides velocity
and direction within 5 m s−1 .
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Chapter 1 |
Introduction
1.1 Introduction
Passive coherent location (PCL) is a field of interest in the radar community.
As commercial electronics bridge the gap between the analog and digital radar
domains, implementation and processing of complex systems becomes more feasible.
PCL becomes particularly advantageous in a spectrally dense civilian environment,
where another radio transmission is unnecessary, and often unwanted. PCL requires
no transmitter and instead uses opportunistic transmissions to accomplish the
objective. PCL reduces the cost of design and operation, at the expense of using
an imperfect illuminator.
The application and motivation of PCL is analogous to the requirements of
conventional radar. PCL, however, often has more generic intentions, since the
system and waveform are not specifically designed for the task. The general case
of PCL is for surveillance and monitoring applications, where the cost, or lack of
transmission outweighs the performance of a fully developed radar system. Low
cost applications can leverage existing commercial off the shelf technology and
mass produced hardware to rapidly develop and deploy PCL systems. Common
examples of PCL systems include radio broadcasting, mobile communications,
and video broadcasting, all of which have readily available, low cost hardware.
Leveraging low cost hardware, and the lack of transmitter hardware, allow for
adjunct and complementary radar systems to be designed and deployed. In the
case of gap-filler radars, PCL is a viable technology that would provide coverage
to a radar system operating area that may otherwise not have the resolution or
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capability to extend the coverage. This has been proposed for weather radars, as
well as netted defense radars. PCL also provides the capability to be ecologically
and environmentally conscious. Given an environment where a transmitter would
not otherwise be allowed, PCL would be beneficial; examples include wetlands
where there is not physical space for a full radar footprint, or where radiation
would be detrimental to the natural habitat. Additional constraints would be
allowable power for a transmitter, not being available, such as mobile applications
or areas with inconsistent power supply. Lastly, the military applications cannot
be overlooked. PCL is suggested to be able to covertly detect and track targets
without transmission, such that they themselves cannot be targeted. PCL is also
suggested to be able to provide complementary bistatic and forward scattering
radar cross sections, whereby most targets of interest may be designed to minimize
back scattering, thus they may have larger returns in other look directions.
This dissertation provides the current literature of PCL. PCL to date has
primarily been developed with regards to high-power, terrestrial transmitters in a
bistatic configuration. We explore the development and usage of multistatic PCL,
particularly with interest in satellite-borne transmitters related to positioning. The
Global Positioning System (GPS), provides accurate positioning information, nearly,
anywhere in the world. The signal is designed for positioning, the transmitters are
available regardless of geographic region, and is well-suited for multistatic configuration; for these reasons it is considered for PCL application. The current literature
of satellite-based PCL is primarily for synthetic aperture radar applications or in a
forward scattering geometry.

1.2 Objectives and Contributions
This dissertation intends to provide the necessary background and currently available
methods pertaining to GPS processing and PCL applications. The understanding
of GPS is necessary to provide the framework for advancements in GPS PCL. The
background and history of PCL is necessary to provide the caveats, capabilities
and limitations of bistatic radar, and PCL geometry, system design and common
processing techniques. A literature review is provided to credit past works and the
foundation of which this work is based on, as well as, highlight the differences and
contributions herein.
2

The objective of this dissertation is to formulate a multistatic PCL framework
for target detection, position and Doppler estimation. It is provided that the basis
of this work was designed around available literature corresponding to Frequency
Modulation (FM) waveforms, and further extended to GPS PCL after a proof
of concept phase. The multistatic PCL framework is developed as an analytical
method, proven in simulation and realized in hardware. A significant contribution
of this work is the position and Doppler estimation of a target using a multistatic
GPS PCL configuration.
This dissertation allows for further work to be continued and expanded in this
field pertaining to GPS PCL, where methods were otherwise unavailable. This
work could be expanded to a fielded system with dedicated hardware developed
based on these methods. This work could be expanded to include other satellite
positioning systems and provide more coverage, or improved results with higher
power and larger bandwidth availability.

1.3 Overview
This dissertation is developed as follows: Chapter 1 is the Introduction; it provides the motivation, objectives and contributions of the paper. Chapter 2 is the
Background; it provides the necessary understanding for Chapter 3, and is the formulation of basic GPS and PCL methods. Chapter 2 also provides past works and
a literature review to acknowledge the contributions this work advanced. Chapter 3
is the Methods; it provides the analytical analysis and framework for computation
and processing of the developed PCL systems. This dissertation provides proof of
concept FM PCL systems, to include multistatic, forward scattering and Doppler
estimation methods. It further develops these methods for GPS PCL. Chapter
3 also provides other contributions to further general PCL research, not specific
to GPS PCL, but is applicable and beneficial. The PCL improvements include
an alternative direct signal suppression method, resource set optimization and an
approach for an alternative generation of a matched filter. Chapter 3 then provides
the experimental procedure, where systems first required preliminary analysis and
consideration, followed by a proof of concept phase utilizing FM and including both
simulation and experimentation, followed by development of GPS PCL methods,
including simulation and experimentation verification of the methods. Chapter 4
3

is the results of Chapter 3. Chapter 4 provides the simulation and experimental
results for the proof of concept phase using FM for multistatic multilateration
position estimation, position estimation with a forward scatterer, and Doppler
estimation. The simulation and experimental results are also provided for GPS
PCL for the multistatic position and Doppler estimation. Chapter 4 includes the
general PCL improvement results, as well, and includes the pros and cons of the
alternative methods for direct signal suppression, resource allocation and matched
filtering.

4

Chapter 2 |
Background
2.1 Introduction
Chapter 2 provides the background and supporting information. Chapter 2 introduces the Global Positioning System (GPS), Passive Coherent Location (PCL)
and a literature review of previous contributions to the field. Chapter 2 is the
foundation for the remainder of the dissertation.
Chapter 2 introduces GPS as a system and its subsystems. It provides an
overview of how the system works, what is incorporated in the space component
and what is incorporated in the receiver component. This subsection details the
available information from GPS, what is measured, what is derived and how to
arrive at a positioning solution.
Chapter 2 introduces PCL as a derivative of bistatic radar. It provides the history
of passive radar, how it began, why it continued and where it is going. It provides
the basic theory of bistatic radar and the necessary processing requirements. For
functional PCL, matched filtering and direct signal suppression are a requirement.
The conventional methods developed in the literature are introduced.
Chapter 2 provides a literature review, categorized into three sub-topics applicable to advancing GPS PCL. These topics include GPS Bistatic Radar, GPS
space-surface bistatic synthetic aperture radar (SS-BSAR), and GPS remote sensing. GPS bistatic radar primarily includes forward scattering detection and often
lacks position estimation and multistatic geometries developed in Chapter 3. GPS
SS-BSAR is primarily focused with imaging and is important to note for the contribution to field, but generally cannot be implemented in a real-time operational
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scenario due to long integration times, and is not always concerned with target
detection. GPS remote sensing, and GNSS reflectometry is the largest sub-field
with contributions to GPS PCL, however, the focus is again not as interested in
target detection and often includes long integration times. The primary intention
of GPS remote sensing is for physical phenomenology of the earth.

2.2 Global Positioning System
The global positioning system (GPS) is a subset of the global navigation satellite
system (GNSS) hierarchy. GPS is a constellation of 24 satellites in six orbital
paths, where the satellites are divided equally among the paths. The Satellites have
an orbital radius of 26,560 km, whereas the earth has a radius of 6,361 km. The
satellites have a mean altitude of 20,192 km above mean sea-level. The constellation
is designed such that nearly anywhere on the earth’s surface, a GPS receiver should
have direct line of site to at least 4 satellites and up to 12. With an elevation mask
of 5°, 7 satellites are visible 80% of the time [1]. Figure 2.1a is a notional view of
the constellation and Figure 2.1b is its path over earth.
Each satellite is instrumented with a transmitter. The primary transmission
is the L1 signal which defines the civilian positioning component. The satellite
transmitter power, PT , output is 25.6 W and the antenna gain, GT , is 13 dBi. The
L1 transmission specification states that the signal must be transmitted with enough
power to ensure a minimum power level of -158.5 dB W at the earth’s surface [2].
Equation 2.1 defines the Friis’ transmission formula, where R is distance [3].
PR =

PT GT λ2
16π 2 R2

(2.1)

Equation 2.1 uses the variables, where PT is the transmitter power; GT is the
transmitter gain; λ is the wavelength; and R is the distance. The shortest distance
is at zenith for 20,192 km, while the farthest distance is at the horizon for 25,785
km [1]. Assuming an omnidirectional antenna, these distances correspond to the
strongest and weakest power levels at the receiver. For the L1 signal at 1575.42 MHz,
the weakest signal is within specification at -157.6 dB W. The power difference
between them,
∆PR = (RZ /RH )2 ,
6

(a) Visual GPS Constellation

Equator

(b) GPS Satellite Orbital Path

Figure 2.1: GPS Constellation Visual
is calculated as 2.1 dB. The transmitter antenna is designed such that equal power
is distributed at the surface of the earth. The antenna pattern is compensated for
the power difference such that there is less gain in the center than at the 3 dB
beam width [2].
The receiver must designed to accept Doppler caused by satellite motion [4].
The satellite orbital path is half a sidereal day, which is 11 h, 58 min, 2.05 s. This
yields an angular velocity of dθ
≈ 1.458 × 10−4 rad s−1 . This angular velocity yields
dt
a velocity of vs ≈ 3874 m s−1 . Given the elevation angle of the satellite from the
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user, the Doppler velocity, vD , can be calculated according to 2.2.
vD = q

vs re cos θ
re2 + rs2 − 2re rs sin θ

(2.2)

Equation 2.2 uses the variables: vs - satellite velocity; re - earth’s radius; rs satellite radius; θ - elevation angle from the receiver. The maximum of Equation
2.2, can be calculated by differentiating and solving for the zero crossing.
vs re (re rs sin2 θ − (re2 + rs2 ) sin θ + re rs )
dvD
=
=0
dθ
(re2 + rs2 − 2re rs sin θ)3/2
This shows the maximum at θ = arcsin rres , which yields a maxima of max vd = 928.8
m s−1 . The Doppler shift is shown as
fD =

v
.
λ

For the L1 transmission , this equates to a maximum Doppler shift of ±5 kHz for
a stationary receiver and ±10 kHz for a fast moving receiver.
The satellite transmitter transmits its respective location, status and precision
time information. Using this information from multiple satellites, the receiver is
able to determine its own position. The basic concept is that the distance of a
point, u, from a known point, s, can determine the position if the dimensionality is
less than the number of known points [1]. This is shown in Figure 2.2, with Figure
2.2a showing the two dimensional solution and Figure 2.2b visualizing the three
dimensional solution. As seen in Figure 2.2a, the distance from point u to point s
produces a radius of u positions. However, with two radii, there is an ambiguous
solution of 2 intersections of possible u positions. In the case of 3 s positions, the
position u can be unambiguously determined since there cannot be more than one
location that the 3 circles intersect in a 2-D case. In some cases, only 2 s positions
are required, if there is only one intersection, or if the second intersection is an
invalid solution. An invalid solution could be that the receiver is on the earth and
the second intersection yields a solution in space or in the earth. This is expanded
to the three dimensional case in Figure 2.2b, where every radius represents a sphere.
For the three dimensional case, a minimum of 4 satellite positions are required
for an unambiguous solution [1]. For comparison, a radar uses its own known
8

position, the measured distance to a target and the measured angle to the target
to determine target position.

s1

s2

u

s3

(a) Two Dimensional Solution

x2,y2,z2
z
x3,y3,z3

x1,y1,z1

x4,y4,z4

y
x

(b) Three Dimensional User Solution

Figure 2.2: GPS Position Solution
A GPS archetype is shown in Figure 2.3a [5]. The coordinate system is earth9

centered, earth-fixed (ECEF). Earth-centerd is defined as a cartesian coordinate
system of X, Y, Z m, with (0, 0, 0) being the center of mass of the earth. Earth-fixed
is defined as the axes being aligned with the international reference pole and the
international reference meridian, where the Z-axis extends through the poles and
the X-axis intersects 0° latitude, φ and 0° longitude, λ. For convenience, the
ECEF coordinate system can be converted to latitude, longitude and altitude or
the Universal Transverse Mercator (UTM) projection for an intuitive understanding
and plotting [1]. Figure 2.3b shows the ECEF coordinate system and relationship
to latitude and longitude.
To solve for the receiver position, the pseudorange ρ is computed for each visible
satellite. Equation 2.3 defines pseudorange as the cartesian Euclidean distance.
ρn =

q

(xn − xu )2 + (yn − xu )2 + (zn − zu )2 + ue

(2.3)

Equation 2.3 uses the variable n to indicate an index of the visible satellites, where
n = 1, 2, ...N , where N is the number of visible satellites. In Equation 2.3, xn , yn , zn
are known variables and xu , yu , zu and u are unknown variables. The variable
u incorporates measurement error including clock bias. It is very difficult to
synchronize the clocks between the satellite and the receiver [1]. The system is
then defined as Equation 2.4a, with each variable a matrix defined in 2.4b.
∂ρ = α∂u

(2.4a)

h

iT

h

iT

∂ρ = ∂ρ1 ∂ρ2 · · · ∂ρN
∂u = ∂xu ∂yu ∂zu ∂u


α






=





∂ρ1
∂xu
∂ρ2
∂xu
∂ρ3
∂xu

∂ρ1
∂yu
∂ρ2
∂yu
∂ρ3
∂yu

∂ρ1
∂zu
∂ρ2
∂zu
∂ρ3
∂zu

1

..
.

1
..
.

∂ρN
∂xu

∂ρN
∂yu

∂ρN
∂zu

1

..
.

..
.
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(2.4b)

(a) GPS System Visualization
(xn,yn,zn)

Z

(xu,yu,zu)

r



Y

0LATITUDE

X

(b) Earth-Centered Earth-Fixed Coordinate System

Figure 2.3: GPS System and Coordinate System
The variables of Equation 2.4b are defined according to Equation 2.4c.
∂ρn = [(xn − xu ) ∂xu + (yn − yu ) ∂yu + (zn − zu ) ∂zu ] (ρn − u )−1 + ∂u
∂ρn
∂xu

=

xn −xu
ρn −u

,

∂ρn
∂yu

=

yn −yu
ρn −u
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,

∂ρn
∂yu

=

zn −zu
ρn −u

(2.4c)

The solution of Equation 2.4a can be solved by Equation 2.5.
h

∂u = αT α

i−1

αT ∂ρ

(2.5)

The position, u can be solved through an iterative process in Equation 2.6b, where
Equation 2.6b are the initial conditions.
h

iT

h

iT

h

iT

û = 0 0 0 0
∂ρ = 0 0 0 0
∂u = 1 1 1 1

(2.6a)

while { ∂v ≥ 1
ρi − ρˆn − u

∂ρ =


A=












∂ρ1
∂xu
∂ρ2
∂xu
∂ρ3
∂xu

∂ρ1
∂yu
∂ρ2
∂yu
∂ρ3
∂yu

∂ρ1
∂zu
∂ρ2
∂zu
∂ρ3
∂zu

1

..
.

1
..
.

∂ρN
∂xu

∂ρN
∂yu
−1

∂ρN
∂zu

1

..
.

∂u =
û =

..
.




1 









(2.6b)

A ∂ρ
û + ∂u

}
The stopping criteria ∂v is defined.
∂v =

q

∂u2x + ∂u2y + ∂u2z ∂u2

When the stopping criteria is met, u ≈ û and the position of the receiver is known.
To determine the pseudorange required for a receiver position solution, the
satellite position is first computed using Equation 2.7 [1].






x
y
z










=





r cos Ωer cos φ − r sin Ωer cos i sin φ
r sin Ωer cos φ + r cos Ωer cos i sin φ
r sin i sin φ
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(2.7)

In Equation 2.7, i is the inclination angle and φ is a correction term defined as
φ=v+ω
where ω is the argument of pedigree [1]. The distance from the satellite to the
center of the earth, r, is defined as
r=

as (1 − e2s )
1 + es cos v

where as is the semi-major axis of the satellite orbit, es is the eccentricity of the
orbit, and v is the true anomaly [1]. The true anomaly is defined as
cos E − es
v1 = arccos
1 − es cos E


q

v2 = arcsin 



1 − e2s sin E

1 − es cos E




v =v1 sgnv2
where E is the eccentricity anomaly [1]. The eccentricity anomaly is an iterative
process, which converges quickly, and is defined as
Ei+1 =M + es sin Ei
E0 =M
where M is the mean anomaly. The mean anomaly is defined as
M = M0 + n(tc − toe )
where n is the mean motion and tc is the coarse clock time [1]. Mean motion is
defined as
s
µ
n=
+ ∆n
a3s
where µ is the earth’s gravitational pull, and ∆n is the mean motion difference [1].
In Equation 2.7, Ωer is defined as
Ωer = Ωe + Ω̇ (t − toe ) − Ω̇ie t
13

The variable Ω̇ie is the earth’s rotational rate; Ωe is the longitude of ascending node
of orbit plane at a weekly epoch; and Ω̇ is the rate of the right ascension. The
variable toe is the reference time ephemeris and t is the corrected transmit time [1].
The corrected transmit time is defined as
t = tc − ∆t

(2.8)

where ∆t is the time correction term [1]. The time correction is defined as
∆t = af 0 + af 1 (tc − t0c ) + af 2 (tc − toc )2 + ∆tr − TGD
where toc , af 0 , af 1 and af 2 are clock correction terms and TGD is the group delay
differential [1]. The term ∆tr is the relativistic correction term defined as
√
2 µ √
∆tr = 2 es as sin E
c
√
where c is the speed of light. The variables i, ω, as , es , M0 , tc , toe , ∆n, Ωe , Ω̇,
toc , af 0 , af 1 , af 2 and TGD are demodulated from the ephemeris data. The variable
µ, Ω̇ie , and c are a constant. Additionally, the correction terms, δφ, δr and δi are
necessary [1].
δφ =Cus sin 2φ + Cuc cos 2φ
δr =Crs sin 2φ + Crc cos 2φ
δi =Cis sin 2φ + Cic cos 2φ
φ ⇒φ + δφ
r ⇒r + δr
i ⇒i + δi + idot(t − toe )
The variables Cus , Cuc , Crs , Crc , Cis and Cic are the sine and cosine harmonic
correction terms, respectively, to the argument of latitude, orbit radius and, and
angle of inclination respectively and are available from the ephemeris. The variable
idot is the rate of angle inclination and is available from ephemeris [1].
Each satellite transmits the ephemeris data modulated onto the carrier and
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an identifying pseudo-random noise (PRN) sequence. Each satellite has a distinct
individual PRN sequence that is highly orthogonal from other satellites in the
constellation. This information provides satellite identification and location. The
ephemeris data provides course time information of when that information left the
satellite. The precision time information is derived from the PRN sequence chips.
Both the course time and the precision time are measured relative to all visible
satellites, where the shortest travel time must be the shortest distance from the
receiver [1]. The psuedorange, ρ, is defined in Equation 2.9
ρ − c(tu − δt) = ks − uk

(2.9)

where tu is the offset of the receiver clock from the system time, δt is the offset of
the satellite clock from the system time and ks − uk is the norm of the satellite
and receiver positions, which provides distance. The time measurement is shown in
Figure 2.4a, whereas the range time equivalent is shown in Figure 2.4b. Figure 2.4b
shows ∆t as the geometric range time equivalent, Ts as the system time at which
the signal left the satellite, Tu as the system time at which the signal was measured
at the receiver, Ts + δt as the satellite clock reading at the time time that the signal
left the satellite, and Tu + tu as the receiver clock reading at the time the signal
was measured [1]. The variable δt is largely corrected for with ephemeris data and
is considered negligible, δt → 0, for range calculations after clock corrections are
applied in Equation 2.8.
Given the satellite position and pseudorange, the receiver position can be
calculated using the least mean square solution in Equation 2.6b. The velocity of
the receiver can be obtained by differentiating the receiver position
du
u(t2 ) − u(t1 )
=
dt
t2 − t1
if the error in positions is much less than the difference of position over time [1].
σu(t1 ) ∪ σu(t2 )  u(t2 ) − u(t1 )
where u(t) is the receiver position at time t. Alternatively the velocity can be
computed from the Doppler frequency measured at the receiver.
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Figure 2.4: GPS System and Coordinate System
The classical Doppler equation is defined in Equation 2.10
fRn = fTn

(vn − u̇) · a
1−
c

!

(2.10)

where fT is the transmitted satellite frequency, v is the the satellite velocity, a is
the unit vector from the receiver position to the satellite position, and
u̇ =

du
dt

The variable fRn is defined as
fRn = fn (1 + ṫu )
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where fn is the measured frequency with error from clock drift, ṫu and
ṫu =

dtu
dt

The receiver velocity is then defined according to Equation 2.11 [1].
c(fn − fTn )
cfn ṫu
+ vn · an = u̇ · an −
fT n
fTn

(2.11)

Equation 2.11 is solved with Equation 2.12 [1]
g = A−1 k

(2.12)

where
h

g = u̇x u̇y u̇z − cffTn ṫu

iT

n



k

c(f1 −fT1 )
fT1
c(f2 −fT2 )
fT2
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2.3 Passive Coherent Location
Passive coherent location (PCL) systems are subsets of radar systems. PCL uses
reception of independent transmitters reflected from targets for detection and
tracking. There is no dedicated transmissions, thus a signal of opportunity must
be used. PCL can be theoretically implemented using any signal with civilian
or military origins with its original application being radar or communication.
Traditional PCL is developed using bistatic radar theory. Bistatic PCL uses bistatic
range and angle of arrival measurements to determine target position. The bistatic
range measurement is calculated based on the the time difference of arrival (TDOA)
17

from the reference channel to the surveillance channel. The reference channel is the
direct line of site from the transmitter to the receiver and the surveillance channel
is reflected signal from the transmitter to the target to the receiver. The channels
are often separated using antennas or array beam forming with physical hardware
separation before being digitized. The cross correlation between the two signals is
the time difference. The angle of arrival is calculated based on antenna pattern
and pointing direction. Using the available information the bistatic triangle can be
solved for target position [6].

2.3.1 History
Historically, passive coherent location evolved from conventional radar practices.
Originally, most radars were developed as bistatic radars due to hardware constraints.
Eventually, the distinction between monostatic radar and bistatic radar is defined.
If the transmitter and receiver separated by a distance comparable with the target
distance; the distances from the target to the transmitter and the target to the
receiver differ by an amount that is a significant fraction of either distance; or
the angle of the transmitter and receiver from the target differ by an angle that
is comparable to or greater than either antenna beam width it is classified as
bistatic. Initial passive coherent location systems were forward scattering fences
and were derived before the term passive radar was coined. Forward scattering
fences were designed and implemented both actively and passively. The concept of
a forward scattering fence is that there is a line of sight link between transmitter
and receiver. As a target bisects the link, the transmission will be broken, which
indicates detection. The system cannot detect location along the link, only that the
link has been broken. Thus, there is a target in the direct path between transmitter
and receiver. This system was often used in collaboration with other fences to
indicate the direction of a target and estimate velocity. The first documented PCL
demonstration was in 1935. It used the BBC Empire transmitter at Daventry
to detect an aircraft at 8 km and tracked for 12 km. Research followed and
systems were implemented at the onset of World War II (WWII). During WWII,
the Germans exploited the English radar chain, known as Chain Home, which
consisted of several radar stations across the English channel. The passive radar
implementation was the first true passive radar and able to track aircraft in the
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channel. After World War II, interest in passive radar waned with the advent of
the transistor and duplexer; these advances allowed proliferation of monostatic
radar. Other technological and theoretical advances for monostatic radar outpaced
and outperformed bistatic radar, and consequently passive bistatic radar. When
processing technology began to match pace with hardware development, PCL
regained momentum in the 1980s and again in the 1990s. In the 1980s the interest
was primarily in passive location referring to passive emitter tracking and passive
jammer location, which allowed the positioning of a transmitting radar or jammer
rather than a target. However, the passive location resurgence of the 1980s did have
an investigation into the passive coherent location topic of pulse chasing. Pulse
chasing refers to tracking the beam of the transmitter with the beam of the receiver
in both the reference and surveillance chains. In the 1990s, NATO produced a
study on passive and noise radar, which concluded with a symposium. The 1990s
produced the concept of using broadcast transmitters for PCL applications, and
primarily focused the covert aspects of implementation and potential anti-stealth
capability. The covertness of PCL operation is derived from the lack of transmission.
The anti-stealth technology is derived from the majority of stealth technology
attempting to minimize monostatic radar cross section, rather than bistatic radar
cross section. The present technology (in the 2000s), allows for commercialization
of PCL systems intended for defense applications. Large defense contractors have
produced deployable systems or demonstrators. Some notable systems are designed
by Thales, Selex, Cassidian, BAE and Lockheed Martin. These systems primarily
used terrestrial digital video broadcast (DVB-T), digital audio broadcast (DAB),
Global System for Mobile communication (GSM) and frequency modulation (FM)
radio signals. Other notable systems have been designed for academic application,
which include developments by Warsaw University of Technology and University of
Washington. These systems use FM signals. Other academic publications consider
passive coherent location using satellite borne transmitters [7, 8].

2.3.2 Bistatic Radar
An introduction to bistatic radar is presented since passive coherent location is
largely based on bistatic radar theory. As stated earlier, bistatic radar is defined
according to the site separation or angle between them. A bistatic radar example
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Figure 2.5: Visual bistatic radar and bistatic triangle.
is shown in Figure 2.5. The bistatic radar has site separation by a baseline length
L and the target is at a third site, thus forming the bistatic triangle. The bistatic
angles, θT and θR are the angles from the transmitter to the target and receiver to
the target respectively [9, 10]. The angle β is the bistatic angle, which is internal to
the bistatic triangle and by geometry is provided as
β = θT − θR
The range from the transmitter to the target is denoted as RT and the range from
the receiver to the target is denoted as RR .
In order to more fully understand the difference between monostatic and bistatic
radar, the coordinate system and relationships must be addressed. One major
difference is that due to the separable transmitter and receiver sites, range R, as is
typical for monostatic radar is often measured in terms of the sum of the ranges
RR + RT . The range sum defines an isorange contour of constant range. The
constant range contour is an ellipse with the transmitter and receiver positions
as the loci, and the range defined by the target distance. The isorange contour is
presented in Figure 2.6a. However, bistatic radar range equations are often defined
in terms of the bistatic angle, β. Thus Figure 2.6b presents isorange contours
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Figure 2.6: Isorange contours.
The range for bistatic radar is defined in Equation 2.13.
(RT RR )max =

v
u
u
t

PT GT GR λ2 σB
(4π)3 kT B(S/N )min
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(2.13)

Equation 2.13 defines the variables as: PT is the power of transmitter, GT and GR
are the gain of the transmitter and receiver antenna, respectively; λ is wavelength; σ
is the radar cross section with the subscript B indicating the bistatic configuration
of the system; kT B determine the thermal noise in the system, with k being
Boltzmann’s constant, T being temperature and B being bandwidth; (S/N )min is
the minimum signal to noise ratio for detection capability. Similar to the isocontour
range rings, constant S/N isocontours can be developed. Figure 2.7 shows the
constant S/N ranges defined by Cassini ovals. Figure 2.7 shows distinct operating
regions and dictate the applications that bistatic radar is used. For example,
the receiver-centered
region, or the small oval around the receiver, occurs when
q
L > 2 (RT RR )max and RT  RR . This infers applications using a standoff
transmitter, also known as, over the shoulder operation. The application would be
where the receiver has short-range applications, such as receiver only penetrating
aircraft and ground based surveillance for air and ground. The transmitter
centered
q
region, or the small oval around the transmitter, occurs when L > 2 (RT RR )max
and RR  RT . This infers applications such as monitoring short-range activity
near a non-cooperative transmitter. Such applications would include detection
of aircraft leaving an airstrip, where there are air traffic control radars in the
region. The co-site
region are the ovals surrounding both transmitter and receiver
q
site, where L < 2 (RT RR )max . This infers applications such as medium range air
defenses, satellite tracking from ground stations and toward the centerline cusp
forward scatter fences [9, 10].

SNR = 10 dB
SNR = 13 dB
SNR = 16 dB
SNR = 20 dB
SNR = 23 dB
SNR = 27 dB
SNR = 30 dB

TX

CUSP

Figure 2.7: Constant S/N contours.
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Range cells and target separability are another consideration for bistatic radar.
The bistatic range cell resolution and the bistatic range resolution for target
separability is defined as
cτ
2 cos β2
2∆θR RR
∆Rψ ≈
cos β2
∆RB ≈

where τ is the pulsewidth, ∆RB is the separation of the isorange contours defining
a bistatic range cell and ψ is the angle with respect to the bistatic bisector. Figure
2.8a shows the bistatic range cell and Figure 2.8b shows the bistatic resolution [9,10].
To determine target location, RT + RR is defined as
RT + RR = c∆Trt + L
where ∆Trt is the measured time interval between reception of the transmitted
pulse and the reflected echo. In general, cross-range resolution is much larger than
the range resolution for 2∆θR RR  ∆RB [9, 10]. The separability is approximated
by the following
(RT + RR )2 − L2
RR =
2(RT + RR )L sin θR
Two dimensional bistatic PCL is derived in Equation 2.14. This case uses
only information from a single transmitter within the system and uses an angle
measurement for geolocation disambiguation. Variable ΘR is the internal angle of
the receiver in Figure 2.1a. Equation 2.14 shows the system of equations to describe
the bistatic system to solve the angle of arrival method, where f(x) is the calculation
of the distance difference between the direct transmitter-receiver transmission, L
and the reflected transmitter-unknown-receiver path, RT + RR , as defined in Figure
2.1a for a transmitter, and g(x) is equation for solution disambiguation with respect
to the angle ΘR , where ∆ is the difference between the direct and reflected path
lengths pertaining to the transmitter, X and Y are coordinate positions on the
plane, and the subscripts T , R, and u indicate association with the transmitter of
the receiver or unknown target, respectively.
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Equation 2.14 can be solved by using a least mean square (LMS) algorithm
defined in Equation 2.15. Equation 2.15 shows the minimization function, where
h(x) is the system of equations defined in terms of f (x) and g(x), where f (x) and
g(x) are defined according to Equation 2.14. The solution of Equation 2.14 yields
the coordinates of Xunk and Yunk within the plane.

min ||h(Xunk , Yunk )||22 = min[h1 (Xunk , Yunk )2 + · · · + hL (Xunk , Yunk )2 ]
x

x





f (Xunk , Yunk ) 
h(Xunk , Yunk ) = 
g(Xunk , Yunk )

(2.15)

An extension and expansion of bistatic radar and monostatic radar is a class
called multistatic and multisite radar systems (MSRS). This class is defined as a
radar system including several spatially separated transmitting, receiving and (or)
transmitting-receiving sites with common spatial coverage, where information of
each target is processed from all sensors are fused and jointly processed. The advantages of additional sites are derived from the availability of additional information.
MSRS may be designed to have: (a) expanded or arbitrarily defined coverage areas;
(b) power advantages; (c) higher target position estimation accuracy and increase of
resolution; (d) target velocity and acceleration vector estimation; (e) position and
velocity of a radiating source; (f) increase of signal information, including target
characteristic inferences, jamming resistance or immunity; (g) clutter reduction
and increased target handling capacity. MSRS may have limitations including:
(a) centralized control; (b) data transmission synchronization reference signals; (c)
increased data processing requirements; (d) site position and mutual alignment
must be well defined; (e) well defined coverage area to include line of sight between
multiple sites and targets and greater complexity and cost [11].

2.3.3 Matched Filter
By definition, the matched filter is the optimal linear filter for maximizing the signalto-noise ratio (SNR) in the presence of additive Gaussian noise. It is presented such
that the overall frequency response, H(Ω), is chosen to maximize the SNR [12];
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thus the waveform is x(t), the receiver output is y(t), and the frequency response is
Y (Ω) = H(Ω)X(Ω)
The SNR, χ, is defined as the power ratio between the received signal and the noise
power, np .
´∞
1
|
X(Ω)H(Ω) exp(jΩτ )dΩ|
2π
|y(τ )|2
−∞
=
χ=
´∞
np
N0
|H(Ω)|2 dΩ
4π
−∞

N0
.
2

The power spectral density of the white noise is
using Schwarz inequality defined as
ˆ
|

ˆ

!

2

The SNR can be maximized

ˆ

2

A(Ω)B(Ω)| ≤

|A(Ω)| dΩ

!
2

|B(Ω)| dΩ

Solving the inequality yields a filter defined by
H(Ω) = αX ∗ (Ω) exp(−jΩτ )
or Equation 2.16
h(t) = αx∗ (τ − t)

(2.16)

where α is a gain constant and often set as unity [12]. The definition of a matched
filter in Equation 2.16 is referred to as such because the response is "matched" to
the receiver waveform. The matched filter is a correlator, where cross-correlation is
defined in Equation 2.17.
ˆ∞
x0 (s)x∗ (s + τ − t)ds

y(t) = α

(2.17)

−∞

Equation 2.17 is shown from an input signal of x0 (t) consisting of the waveform
and noise, and the output of the filter defined by convolution.
ˆ∞
x0 (s)h(t − s)ds

y(t) =
−∞
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where
h(t) = ax∗ (τ − t)

2.3.4 Direct Signal Suppression
PCL is defined as a multi-channel system. The reference channel is designed to
provide a channel for the direct line of sight from the receiver to the transmitter and
provide a reference signal, with minimal interference, for the surveillance channel.
The surveillance channel is designed to provide a channel that measures reflections
from a target. The reference channel is often a high gain directional antenna, while
the surveillance channel is often a wide beam antenna and must have additional
bandwidth for Doppler. Figure 2.9 shows the channels of the PCL system with
their intended search space and separability [6, 13].
In PCL, the signal of opportunity (SOO) is not designed or controlled in
coordination with the receiver; additionally, the bistatic triangle must include the
reception of both the direct and reflected paths. Without the ability to separate
the path differences with full isolation, the SOO corrupts the surveillance channel
with direct signal interference. Direct signal suppression (DSS) techniques often
include antenna isolation or array beam forming isolation, but it is typical that the
direct signal in the surveillance channel still has higher power than the reflected
signal in the surveillance channel. This is difficult to control by antenna isolation
alone, since the SOO is assumed to be a communication waveform in the majority
of scenarios. The time-varying nature of the signal implies time-varying side lobes
in the ambiguity function for both bistatic range and bistatic Doppler. Without
a priori information of the side lobe characteristics for antenna isolation design,
the side lobes may lead to additional clutter or a direct signal power that is
higher than anticipated. The interference of the reflected signal in the reference
channel is considered negligible. These considerations lead to the most common
implementation of DSS being adaptive filtering techniques [6, 13].
Adaptive cancellation filters intend to remove the undesired interference as
much as possible to extract the desired target signal from the surveillance signal
operation. Given the reference channel, the surveillance channel is defined as
s(t) =Ad(t) +

NT
X

am r(t − τTm ) exp(j2πfDm t)

m=1
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Typical PCL Channels
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(a) Typical antenna patters for reference and surveillance channels.
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Figure 2.9: Direct signal interference example for PCL system.

+

NS
X

cn r(t − τcn ) + ns (t)

n=1
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, 0 ≤ t ≤ T0

200

where s is the complex envelope of the surveillance channel, d is the complex
envelope of the direct signal, r is the complex envelope of the reflected signal;
NT and Ns are the number of target and stationary ground scatters, respectively,
indexed from m = 0 and n = 0 respectively; A, a and c are the complex amplitudes
for the direct, reflected target and reflected clutter signals, respectively, and are
derived from the surveillance antenna pattern and side lobes; τ is the delay, indexed
to m or n and respective to the target subscript T or clutter subscript C; fD is the
Doppler component of the target; and ns is the thermal noise contribution in the
surveillance channel [6, 13].
The adaptive cancellation uses least mean square minimization, whereby, the
sum of the appropriately delayed and weighted replicas of the reference signal are
subtracted from the surveillance signal, which yields an estimate of the interference.
The adaptive cancellation follows least means square and is defined by using N
samples of the reference channel and the surveillance channel [6, 13].
h

sr = sr [−R + 1], · · · , sr [0], · · · , sr [N − 1]
h

ss = ss [0], ss [1], ss [2], · · · , ss [N − 1]

iT

iT

The vector is minimized according to
n

min = |ss − Xα|2

o

α

where X is the incidence matrix of sr .
X = BSs B
The matrix Sr has columns of zero-Doppler and delayed versions of the reference
signal with D as a 0/1 permutation matrix [6, 13].
Sr =

h

sr Dsr D2 sr · · · DK−1 sr

The matrix α is defined as
α = (XH X)−1 XH ss
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i

The final surveillance signal with cancellation is defined as
s0s = ss − Xα

2.3.5 Motivation
The motivation of passive coherent location is multifaceted and dependent on
intended application. Conventional radar cost is a primary consideration in design
and implementation, and PCL addresses a number of these. Conventional radar
is typically designed and implemented on a per application basis, which requires
that the design and the hardware be specific to that radar. Radar system design
and hardware design, and potentially small scale manufacturing are costly financial
and time consuming processes. PCL addresses this requirement by typically using
well defined communication systems, with commercially available hardware. The
design and the hardware already exist and are easily procurable. Sustainability,
reliability, and hardware minimization are additional factors of consideration for
mass produced hardware. Radar power and transmission is another consideration.
Power is a design constraint that must be available in the deployed scenario for
operation. Additionally, frequency spectrum allocation and licensing is another
constraint which requires time and money. Lastly, broadcasting is not always ideal
given particular applications. PCL addresses these concerns since a transmitter is
not required and frequency must already be allocated for commercial systems.
PCL reduces the cost of conventional radar by using mass produced hardware;
having no transmitter requirement; and having a pre-allocated operation frequency.
The costs of PCL operation, however, are based on these constraints. The illuminator cost and operational area is dictated by the existence of usable signals of
opportunity (SOO) rather than a self-contained system, as in conventional radar.
The SOO will likely have reduced power compared to traditional radar transmitters.
The SOO will also likely be an imperfect waveform. The waveform is not designed
for radar applications, and thus will dictate the operational performance of the PCL
system. The ambiguity function is often used as a metric for waveform capabilities
in range and Doppler. The imperfect waveform may also not be static and may have
time varying content, which will affect the performance. Examples of this include
a frequency modulated radio station, which plays jazz; during intermission and
commercial interruptions the signal content and thus the waveform is significantly
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different and thus has time varying performance capabilities. PCL assumes that
the waveform cannot be controlled and the information is not known a priori. This
can be problematic for design and implementation.
The primary application of PCL, and a majority of conventional radar, is surveillance and monitoring. The cost-benefit of PCL would exceed that of radar in low
cost applications. PCL could also perform well where ecological and environmental
considerations are a requirement. Examples of ecological considerations would
be a protected environment, such as wetlands, where the addition of transmitter
power is infeasible and further radiation would be detrimental or harmful to the
ecosystem. This lends to a small foot print, low power application. Examples
of environmental considerations would be to reduce the crowded RF spectrum,
which is controlled by regulation such as in the United States with regulations
by the Federal Communications Commission. Covert and military operations
would also be included in ecological and environmental considerations. Example of
military application would be where transmission would have repercussions such
as localization or be contested with jamming. PCL applications are unlikely to
replace traditional radar for critical applications, however they may provide adjunct
and/or complementary capabilities. The additional information from PCL, such as
bistatic radar cross section, bistatic range, bistatic Doppler, and bistatic clutter
could be useful depending on the application. The additional capabilities of PCL
for robustness, and survivability potentially complement conventional radar. PCL
forward scattering fences and gap filling capability, where it is otherwise not feasible
is another complementary capability.

2.4 Literature Review
2.4.1 GPS Bistatic Radar
A number of papers have been proposed using GPS PCL from a limited number
of collaborators. The available publications largely focus on the ability of forward
scatterer detection. A group from Sofia, Bulgaria, including Hristo Kabakchiev ,
Vera Behar, and Ivan Garvanov have published a number of papers on the topic.
The most notable publications include ‘The experimental study of possibility for
radar target detection in FSR using L1-based non-cooperative transmitter’, and
31

‘The experimental study of target FSR shadows detection using GPS signals’, with
other publications are more generic or less cited. The topics covered by this
group generally include advancements in forward scattering radar in marine and
airborne environments. The papers also cover topics of detection in clutter, and
information available from detection such as shadows or parametric classification.
Other collaborators that have published with this group include Gashinova Marina,
Kalin Kabakchiev and Mikhail Cherniakov on similar topics of bistatic clutter and
bistatic detection [14–46].
A group from Glasgow, United Kingdom, including John Soraghan and Carmine
Clemente, have published additional papers on the topic of forward scattering
micro-Doppler analysis. Their papers primarily focus on the ability to detect and
classify rotorcraft with passive bistatic radar. They have published a number of
papers on the topic of bistatic SAR and bistatic imaging, as well as bistatic Doppler,
particularly micro-Doppler signature analysis [47–53].
Other notable works include that of Cristallini, Griffiths, and Kulpa, though
they do not appear as focused in the GPS passive bistatic radar space. They
have made significant contributions to space-based passive radar, using other
space-borne transmitters, as well as passive radar and bistatic radar as a whole
[31, 32, 54–65, 65, 66, 66–72].
Other analysis include precursory power budget analysis, ambiguity analysis,
and multipath error considerations.

2.4.2 GPS Space-Surface Bistatic Synthetic Aperture Radar
Space-Surface Bistatic Synthetic Aperture Radar (SS-BSAR) is an extension BSAR,
where the transmitter path and receiver path are asymmetric. The basic operation
is the same as that of BSAR. SS-BSAR is that which has a transmitter on a
satellite, or in space, and a receiver on or near the surface of the Earth. The
receiver could be airborne, ground vehicle, shipboard, or even stationary. If the
receiver is stationary, the satellite cannot be geostationary as a requirement of SAR.
Information about the satellite orbit and coverage is an a priori requirement as it
dictates PCL capabilities. Since satellites are expensive to deploy and maintain, the
space segment is considered to be well designed for adequate power and bandwidth
for the original application. However, a SOO from space needs to be chosen with
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care in choice of waveform and geometry for PCL [61, 73].
Synthetic arrays are processed using phase history of echoes integrated over a
period of target operation. In BSAR, the phase history is dependent on trajectories
and mutual position of transmitter and receiver. The motion of both the satellite
transmitter and the receiver and the corresponding trajectories to the target must
be accounted for. SS-BSAR is well suited to be combined with a SOO, such as
GNSS [61, 73].
The SS-BSAR has a range resolution, ∆R, related to the bistatic angle, β,
defined by
c 1
∆R =
,
2B cos β2
where B is bandwidth. For GNSS SS-BSAR, the expected spatial resolution cell is
approximately 1 m × 8 m. The SNR is calculated according to
S
PT GT τi P RF RR λ Ar σ
1
η
=
2
2
N
4πRT τcp V ∆az 4πRR KT β0 Fn
where PT GT is the transmitter equivalent radiating power, RT is the transmitter
target range, P RF is the pulse repetition frequency, Ar is the receiver antenna
effective area, and σ is the target radar cross section (RCS). The variables τi
and τcp are the uncompressed signal duration and the compressed pulse duration,
RR λ
respectively. The term P RF
is the number of integrated signals during the time
V ∆az
of aperture synthesis. The term KT β10 Fn η are the noise and loss factors. Using the
values for a GNSS transmitter yields a detectable target of σ = 50 m2 at a distance
of 10 km and an integration time of 51 sec; assuming an aircraft with Ar = 0.5 m2 ,
∆az = 1 m, speed of 50 m s−1 and an S/N ≥ 5 dB.
From the analysis and simulation provided in the reference SS-BSAR is noise
limited. SS-BSAR has a practical range of 10 km for a 50 m2 target. The adjacent
path interference and direct path interference are negligible in most practical
scenarios. The proposed analysis is then short to medium range radars on light
weight autonomous vehicles. This was shown in simulation and is shown to be
experimentally valid [61, 73].
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2.4.3 GPS Remote Sensing
Remote sensing is another field using passive reflectometry for GPS remote sensing
applications. This is likely the largest application and most documented source of
GPS PCL, despite the differences in application and terminology. The field of GNSS
reflectometry (GNSS-R) uses passive remote sensing techniques for various applications with several well cited publications, textbooks and a conference on the topic.
GNSS-R uses reflectivity and refractivity measurements to infer properties about
the measurement area. The research includes atmospheric sensing for precipitable
water vapor; ionospheric sounding and mapping of topography, tomography and
ionospheric slab thickness; radio occultation for atmospheric sensing and ionospheric
sounding; ocean remote sensing for altimetry and surface roughness; hydrology and
vegetation sensing and monitoring; cryospheric sensing and monitoring for dry snow,
wet snow and sea ice; and potentially many others. There have been campaigns that
have launched satellites to monitor these conditions from a satellite-borne receiver.
These include UK-DMC, the CAT-2, GEROS-ISS and NASA-CYGNSS. These
measurements and studies are performed with anticipation to impact wave, weather
and climate modelling. GNSS-R also provides higher spatial-temporal resolution
and near real time reporting, which many other remote sensing systems do not.
The GNSS-R measurements may complement or be combined with seismology or
geodesy measurements for a global scale geodynamic process [74].

2.5 Conclusion
Chapter 2 provides the background and supporting information. Chapter 2 introduces the Global Positioning System (GPS), Passive Coherent Location (PCL)
and a literature review with previously contributions to the field. Chapter 2 is the
foundation for the remainder of the dissertation.
Chapter 2 introduces GPS as a system and its subsystems. The GPS framework
and understanding is necessary for the understanding of GPS PCL. The GPS
processing techniques are expanded for GPS PCL application in Chapter 3.
Chapter 2 introduces bistatic radar relative to PCL. The basic theory of bistatic
radar is expanded for GPS PCL and crucial to the development of multistatic
techniques and Doppler estimation. For functional PCL, matched filtering and
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direct signal suppression are a requirement, and the conventional methods are
expanded and methods are improved in Chapter 3.
Chapter 2 provides a literature review of GPS Bistatic Radar, GPS spacesurface bistatic synthetic aperture radar (SS-BSAR), and GPS remote sensing.
GPS bistatic radar is broadened to include the multistatic case and provide position
estimation, where forward scattering otherwise could not. GPS SS-BSAR and GPS
Remote sensing are noted for their contributions, however, the long integration
times and applications are not applicable to the general intent of this dissertation.
Both are noted in Chapter 5 as areas of future works and areas to improve using
the methods developed, however, they are not explicitly addressed in Chapter 3 or
Chapter 4.
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Chapter 3 |
Method
3.1 Introduction
Chapter 3 provides the development of GPS PCL methods. Chapter 3 is divided
into 3 sections, the framework of analytical methods and processing techniques
for PCL, the improvements to PCL systems, and the design and verification of
the methods. Chapter 3 defines multistatic estimation with inclusion of forward
scattering for target position and Doppler estimation using generic PCL and GPS
PCL. Chapter 3 is the theoretical contribution of the dissertation.
The section of Framework provides the generic solution to multistatic and
forward scattering position estimation. It then specifically adapts these methods
toward a GPS PCL system. This section also provides the multistatic Doppler
estimation solution and an adaptation of that for GPS PCL.
The section of Improvements provides general improvements to PCL, which
could be applied to GPS PCL. The improvements include a serial, non-recursive,
non-iterative method for direct signal suppression. This could feasibly be realized
in hardware. Another PCL improvement contribution is the concept of resource
allocation and resource optimization. The last PCL improvement is that of a
matched filtering alternative. Rather than managing the surveillance signal, in
some scenarios, it may be more beneficial to manage the filter weights of the
matched filter.
The Design section provides the preliminary analysis and realistic constraints
of GPS PCL. It is followed by the proof of concept model to test the methods
in FM before expanding them to GPS PCL. The proof of concept is necessary
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as a comparison to existing literature and to ensure applicability to GPS PCL.
GPS PCL methods are then verified in simulation, and tested experimentally for
agreement. Both, simulation and experimentation must be designed to account for
realistic constraints and operating conditions.

3.2 Framework
3.2.1 Multistatic PCL
Passive coherent location (PCL) systems are subsets of radar systems that are
capable of target detection by processing reflections from independent transmitters.
There is no dedicated transmitter and PCL can be implemented using civilian
or military signals with intended applications in either communication or radar.
The most common PCL system developed is a specific form of bistatic radar and
derived from the applicable bistatic radar theory. Bistatic PCL uses bistatic range
correlation of the direct and reflected transmission paths and angle measurements
to determine target location. With the proliferation of transmitters and increasingly
dense radio frequency (RF) spectrum, multistatic PCL can be developed without
an angular measurement.
A typical multistatic PCL system consists of N transmitters and M receivers,
which provide geolocation of a target in a three dimensional plane. Considering
applications to PCL, where transmitter site locations are typically established and
receiver site separation is often impractical, a multiple transmitter N > 1 and single
receiver scenario M = 1 is realized. This is the most operationally relevant case of
PCL, though the case of arbitrary M and N can be established in the same frame
work. In the case of M = 1, the minimum number of sites for an unambiguous
omnidirectional position estimation solution is N = 4 in a volume, and N = 3 if
they are in a two dimensional plane of reference.
Figure 3.1 illustrates a multistatic PCl system. The target location estimation
can by recursively solved using the nonlinear system of equations in Equation 3.1.



fmn (x)








:= ∆mn =

q

(XTn − Xu )2 + (YTn − Yu )2 + (ZTn − Zu )2

q

(XRm − Xu )2 + (YRm − Yu )2 + (ZRm − Zu )2

q

(XTn − XRm )2 + (YTn − YRm )2 + (ZTn − ZRm )2
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(3.1)

In Equation 3.1, the variables X,Y and Z indicate position on the x−,y−, and z−
Cartesian plane; the subscript T indicates the transmitter position with the index
n specifying the transmitter in the range of 1 to N ; the subscript R indicates the
transmitter position with the index m specifying the transmitter in the range of 1 to
M ; u indicates the target unknown; ∆ is the path length difference between the m-th
receiver and the n-th transmitter and the corresponding transmitter-target-receiver
path.

TRANSMITTER 1
TRANSMITTER 2
TRANSMITTER N

β
θR

θT
TRANSMITTER 3

RECEIVER 1

RECEIVER M

Figure 3.1: Multistaic PCL with M receivers and N transmitters.
The variable ∆ is solved with Equation 3.2a.
∆mn :=

δmn · C
Fs

(3.2a)

Equation 3.2a uses the cross-correlation between the surveillance channel and the
reference channel, the maximum lag of the cross correlation is δmn , while Fs is the
sampling frequency of the digital correlation and C is the speed of light.
δmn := arg max [Sr ? Ss ]
t

ˆ∞
[Sr ? Ss ] (t) ≡

S¯s (−τ )Sr (t − τ )dτ

−∞
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(3.2b)

Equation 3.2b defines δmn and the cross correlation between the surveillance channel
signal, Ss , and the reference channel signal, Sr , where S¯s indicates the complex
conjugate of that signal and ? is the correlation operator.
Using Equation 3.2a, Equation 3.1 can be solved using a least mean square
(LMS) algorithm defined in Equation 3.3.
h

min kf (Xu , Yu , Zu ) k22 = min f11 (Xu , Yu , Zu )2 + · · · + fM N (Xu , Yu , Zu )2
x

i

x





f (Xu , Yu , Zu ) · · · fM 1 (Xu , Yu , Zu )
 11

..
..


..
f (Xu , Yu , Zu ) = 

.
.
.


f1N (Xu , Yu , Zu ) · · · fM N (Xu , Yu , Zu )

(3.3)



Equation 3.3 defines f in Equation 3.1 and sets the system of equations to zero,
where
0 = − ∆mn +
q

q

(XTn − Xu )2 + (YTn − Yu )2 + (ZTn − Zu )2

(XRm − Xu )2 + (YRm − Yu )2 + (ZRm − Zu )2

q

(XTn − XRm )2 + (YTn − YRm )2 + (ZTn − ZRm )2

A typical GPS PCL archetype is shown in Figure 3.2, where M ≥ 1 and N ≤ 32.
TRANSMITTER 3

TRANSMITTER 1
TRANSMITTER 4

TRANSMITTER 2

TRANSMITTER N

TARGET

RECEIVER M

RECEIVER 1

Figure 3.2: Visual of GPS PCL system.
For the application of GPS PCL, the short time scale method is defined. The
short time scale position method is analogous to the multistatic multilateration
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method defined in Equation 3.1 and similar to the acquisition phase of a conventional
GPS receiver defined in Chapter 2. The short time scale position estimation uses
the PRN sequence in each channel to determine the time delay between the paths
of the transmitter to the receiver, and the transmitter to target to receiver. Using
parallel code phase search, the visibility of a satellite transmitter, as well as the
carrier frequency and code phase measurements at that time step can be determined.
The parallel code phase search searches over 1023 code phases, and -10 kHz to
10 kHz relative Doppler frequency shifts from satellite motion in 500 Hz steps. A
threshold, η, is then applied to determine if a satellite transmitter is considered
present or not. This is accomplished by using the circular cross correlation between
the incoming signal and the known PRN sequence for the applicable satellite [75].
Equation 3.4 shows the process.

y[n] = F −1 {F {x[n]} (F {p[n]})∗ }

2

(3.4)

The parallel code phase search must be applied to each of the 32 satellite transmitters.
In Equation 3.4, F denotes the Fourier Transform, and ∗ denotes the complex
conjugate. The variable x is the signal input, p is the PRN sequence of the satellite
transmitter, and y is the output signal. Then we denote max y[n] as the correlation
peak. If max y[n] ≥ η, then the satellite is present, and arg max
y[n] yields the
n
code phase of the input signal, x[n].
The parallel code phase search is performed for each of the 32 transmitters
on the reference channel. After determining the visible satellites in the reference
channel, the parallel code phase search is performed against those satellites in the
surveillance channel. The code phase, Φ, for each channel is measured in samples
for each channel and
δn = ΦSmn − ΦRmn
defined with overflow. The subscript R and S indicate the reference and surveillance
channels, respectively, and m and n indicate the receiver and transmitter index
number, respectively. If ΦS < ΦR , a wrapping function must be applied such that the
reflected path cannot be shorter than the direct path; for example 100−1000 6= −900,
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but instead 100 − 1000 = 123, since the PRN sequence is 1023 chips long and the
registers overflow at that point. Given, the PRN sequence has a period of τ = 1
ms, max RR ≤ 300 km, and δ ≥ 0, there must be less than one period and the
code phase difference can be unambiguously measured. The bistatic path length
difference is calculated using Equation 3.2a.
The bistatic path length difference is computed for each visible transmitter,
which can be applied to Equation 3.1 and solved with Equation 3.3.
For the typical GPS PCL case of M = 1, N ≥ 4, Equation 3.5a shows the initial
conditions, where T , R, and u represents the transmitter, receiver and unknown
positions, respectively, and p represents the bistatic range difference.
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(3.5a)

iT

p1 p2 p3 p4 · · · p N

i

Equation 3.5b defines the function variables for Equation 3.5c for clarity.
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p̂Tn u =

q

(Txn − ûx )2 + (Tyn − ûy )2 + (Tzn − ûz )2

q

(Rx − ûx )2 + (Ry − ûy )2 + (Rz − ûz )2

p̂Ru =
p̂Tn R =

q

(Txn − Rx )2 + (Tyn − Ry )2 + (Tzn − Rz )2

p̂n =

pTˆn u + pRu
ˆ − pTˆn R

∂ pˆn
∂ ûx
∂ pˆn
∂ ûy
∂ pˆn
∂ ûz

=

−ûx
− Rp̂xRu
−

=

−ûy
− Rp̂yRu
−

=

−ûz
−
− Rp̂zRu

q

∂v̂ =

h

h

Txn −ûx
p̂Tn u
Tyn −ûy
p̂Tn u
Tzn −ûz
p̂Tn u

∂ û2x + ∂ û2y + ∂ û2z + ∂ û2

û =
∂ p̂ =

(3.5b)

0 0 0 0

iT

0 0 0 0 ··· 0
h

∂ û =

1 1 1 1

iT

iT

while { ∂v̂ ≥ 1
(3.5c)
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p1 − pˆ1 − û
p2 − pˆ2 − û
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p4 − pˆ4 − û
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∂ uˆx
∂ pˆ3
∂ uˆx
∂ pˆ4
∂ uˆx

∂ pˆ1
∂ uˆy
∂ pˆ2
∂ uˆy
∂ pˆ3
∂ uˆy
∂ pˆ4
∂ uˆy

∂ pˆ1
∂ uˆz
∂ pˆ2
∂ uˆz
∂ pˆ3
∂ uˆz
∂ pˆ4
∂ uˆz

1




1 




1 

1

∂ û = A−1 ∂ p̂
û = û + ∂ û }
Equation 3.5b defines pTˆn u , pRu
ˆ , pTˆn R , as the range estimates from transmitter n to
42

the target, the receiver to the target, and transmitter n to the receiver, respectively;
pˆn is the bistatic range difference estimate calculated using the position estimate û,
and ∂v̂ is the stopping criterion. Equation 3.5c states the initial conditions for û,
∂ p̂ and ∂ û; ∂ p̂, A, ∂ û and û are iterated until the stopping condition is met. In
this case, the stopping condition is ∂v̂ ≥ 1. Using this solution allows û ≈ u, for
the position of the target in GPS PCL.
Alternatively, a method is developed, which is referred to as long time scale
position estimation. The measurement is directly performed within the navigation
solution process. This implies a target position estimation on the order of seconds
for a typical GPS system and subsequently a PCL system using this method. This
position estimation could be implemented using a parallel chain of commercial GPS
receiver components, with each receiver dedicated to either the reference channel
or the surveillance channel. Therefore the method was designed based around the
assumption that the system could not update faster than commercially available
components.
For the long time scale position estimation, a carrier tracking and code tracking
loop were implemented for the parallelized reference and surveillance channels. The
acquisition phase is still used for initial determination of code phase and carrier
frequency. The tracking process mixes the input signal, x[n], with an oscillator at
the carrier vci [n] to remove the carrier component. The product signal x[n]vci [n] is
split and mixed with the PRN sequence at early, prompt, and late chip intervals,
pi [n − 0.5] , pi [n], pi [n + 0.5], respectively. The in-phase and quadrature components
of each are integrated for the tracking period. Equation 3.6 defines the tracking
variables.

IE [i] =

´ t2
t1

IP [i] =
IL [i] =

´ t2
t1

x[n]vci [n]pi [n − 0.5], QE [i] =
´ t2
t1

x[n]vci [n]pi [n],

´ t2
t1

QP [i] =

x[n]vci [n]pi [n + 0.5], QL [i] =

´ t1
t2

π

x[n](vci [n]ej 2 )pi [n − 0.5]
´ t2
t1

π

x[n](vci [n]ej 2 )pi [n]

(3.6)

π

x[n](vci [n]ej 2 )pi [n + 0.5]

The index i indicates the tracking index that the carrier tracking and code tracking
loop update. The carrier loop updates the oscillator vci with Equation 3.7a and
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the code tracking loop updates the code pi [n] with Equation 3.7b.

fcri = fcr0 + Ncri
Ncri = Ncr(i−1) +

τ2cr
τ1cr

τ1cr =

QP [i]
IP [i]

tan−1

2π

−

2
(4ND
+1)2
cr
,
2
2
64NBcr ND
cr

tan−1

QP [i−1]
IP [i−1]

!

+

2π

τ2cr =

tan−1

QP [i]
IP [i]



2π

t2 −t1
τ1cr



(3.7a)

2
4ND
+1
cr
4NBcr

fcdi = fcd0 − Ncdi
Ncdi =

Ncd(i−1) +

τ2cd
τ1cd

[IP [i](IE [i] − IL [i]) + QP [i](QE [i] − QL [i])−

IP [i − 1](IE [i − 1] − IL [i − 1]) − QP [i − 1](QE [i − 1]− QL[i − 1])] +
(IP [i](IE [i] − IL [i]) + QP [i](QE [i] − QL [i]))

τ1cd =

2
(4ND

+1)2

2
256NB

2
ND

cd

cd

,

τ2cd =

cd

2
4ND

cd

(3.7b)

t2 −t1
τ1cd

+1

4NBcd

Equation 3.7 uses the subscript cr and cd to represent the carrier and code tracking
loops, respectively; f is frequency; and NB and ND are the noise bandwidth and
damping ratio of the tracking loop, respectively. Tracking must be applied to each
visible satellite with it’s respective PRN sequence, p[n] [1].
The tracking allows for decoding the ephemeris data in the navigation stream
of the reference channel, which allow for the satellite positions to be computed.
Assuming that the surveillance channel tracking is within the same time step as
the reference channel, the surveillance channel can use the ephemeris data from
the reference channel. It is assumed that the signal is too corrupted to be able to
decode the navigation message in the surveillance channel, and would introduce
error even if the reflection was adequate to do so. The summation of all satellite
channels at the target are reflected to the surveillance channel input with the same
delay from the target to the surveillance receiver.
Since the target is now the position of the receiver with time delay associated
with the travel time from target to receiver, the target position estimation can
be made based on conventional GPS receiver position solutions. Equation 3.8 is
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Figure 3.3: Region of forward scattering null.
substituted in Equation 3.5b and applied to Equation 3.5c.

pˆn = pTˆn u
(3.8)
∂ pˆn
∂ uˆx

=

− TxpnTˆ−uuˆx ,
n

∂ pˆn
∂ uˆy

=

− TypnTˆ−uuˆy ,
n

∂ pˆn
∂ uˆz

=

− TzpnTˆ−uuˆz
n

Using this solution allows û ≈ u, for the position of the target in GPS PCL [1].

3.2.2 Mulitatic Forward Scattering PCL
The physical characteristics of a forward scattering null, as defined in [68] and
shown in Figure 3.3, significantly narrow the search space for a determined solution.
With the observation of a forward scattering null, the target is contained within
the direct path from transmitter to receiver. In many cases, this linear trajectory
will be narrower than the beam width of a directional antenna pattern, and in the
case of a omnidirectional system, yields a precise range and angle constraint.
For simplification, the target is assumed to be located within the path of Tx2
and Rx , although it could be between any transmitter-receiver pair. Though
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communication links are established between the pairs Tx1 and Rx as well as Tx3
and Rx . Seemingly counterintuitive, the information contained within the forward
scattering null link provides value. As shown in [27, 76], detection is possible from
the broken link, though not much other information is available without constraints
and inferences. The observation of the forward scattering null then restricts the
system of equation to be contained within the linear path between a transmitter and
receiver pair. From the multistatic perspective, and with the inclusion of additional
transmitter pairs, Equation 3.1 can be reduced to Equation 3.9 with N = 2,
where fn is defined the same as in Equation 3.1, and gn is the two point form of
a line with Xu and Yu being the equation variables and the transmitter-receiver
positions known a priori. The subscript n is the index of transmitter from 1 to
N , X and Y are coordinate positions on the plane, and the subscripts Txn , Rx ,
and u indicate association with the n-th transmitter, receiver or unknown target,
respectively. The two dimensional case is presented and can be expanded to the
tree dimensional case.



fn (x)









:= ∆n =

q

(XTxn − Xu )2 + (YTxn − Yu )2

q

+ (XRx − Xu )2 + (YRx − Yu )2
q










 gn (x)

− (XTxn − XRx )2 + (YT!xn − YRx )2
YTxn − YRx
(Xu − XRx )
:= Yu − YRx =
XTxn − XRx

(3.9)

In Equation 3.1, as δ → 0 is used to justify the linearization in Equation 3.9.
The forward scattering region described by physical optics, exclusive of the forward
scattering null, holds under the geometric approximation of the forward scattering
null described in Equation 3.9. As the path length ∆ → 0 in the forward scattering
region, inclusive of the forward scattering null, the path length ∆ in the forward
ˆ in the forward scattering region
scattering null compared to the path length ∆
near the null become indifferentiable, where δ ≈ δ̂. The conditions of δ ≈ 0 can
be due to the reflected signal strength degraded below the receiver noise floor, the
time difference of arrival to be negligible, or the direct and reflected signal to be
inseparable using direct signal suppression techniques [77–79].
To justify the linearization in Equation 3.9, a Neyman-Pearson hypothesis
test can be used to determine, whether or not the system can be linearized within
the forward scattering region near the null, but not within the null. Equation
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Figure 3.4: GPS forward scatterer detection.
3.10, shows the Neyman-Pearson test, where, L is the likelihood function of the
probability density, θ0 and θ1 are the null and alternative hypothesis, and η is the
threshold to determine whether the variable x lies inside the critical zone to support
the null hypothesis. If the test holds, β is assumed to be 180°, and Equation 3.9 is
applied.
L (θ0 |x)
Λ(x) =
≤η
(3.10)
L (θ1 |x)
Although radar systems are commonly developed with respect to angle, and this
system is analogous to incorporating a narrow beam antenna, the system and
method have the distinction of being independent of angle and angular measurements. This method is dependent on range-only for geolocation and may have
beneficial attributes exceeding that of traditional bistatic radar measurements. The
linearization provides an unambiguous solution, which allows precision geolocation
in situations where a strict solution may otherwise be unavailable.
For GPS PCL forward scatterer detection, a number of papers have been
published on the topic [18, 27, 31, 32]. When the target intersects the transmitter
and receiver, it is clearly seen in the signal power, or SNR. Figure 3.4 depicts the
detection of a forward scatterer for satellites 6 and 17, while there is no detection in
satellite 4. It is necessary for a detector to determine whether the hypothesis is null
and there is a target present, or not. Using the forward scatterer detection allows
the implementation of Equation 3.9, and the target position can be estimated using
the angle of satellite 17 as g and the delay of satellite 4 as f .
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3.2.3 Multistatic Doppler
Bistatic radar Doppler is developed as Equation 3.11, where fD is the Doppler
frequency measurement, λ is the wavelength of the transmission, and R1 and R2
are the range from the target to the transmitter and the range from the target to
the receiver, respectively [9–11].
1 d
[R1 + R2 ]
(3.11)
λ dt
It can be shown that as R1 and R2 approach the same distance, R1 → R2 and
the bistatic angle approaches zero, i.e. β → 0, Equation 3.11 reduces to that of
monostatic radar given by fD = 2v
.
λ
For a moving target over multiple time steps, the bistatic radar equations lead
to non-linearity in both range and Doppler. The dependency on R1 and R2 are
shown in the bistatic triangle in Figure 3.5, while the resulting non-linearity are
shown in Figure 3.6. These considerations lead to the proposed method to solve for
the velocity vector in a multistatic configuration. Using multiple bistatic Doppler
measurements for a single time step. This solution can be compared to the method
and results to traditional bistatic PCL [9–11].
The bistatic triangle defines the constant range ellipse of the bistatic radar. In
traditional bistatic radar, this would typically be referenced to a plane relative to the
transmitter-receiver baseline. In the multistatic plane with multiple transmitters,
fD =
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there is more than one baseline and it must be referenced to a global coordinate
system. The significance of the ellipse is that Doppler measurements are projections
in the orthogonal space. For a monostatic radar, the range forms a circle and
the orthogonal direction is the direction of the Doppler measurement at that time
instant. For a bistatic radar, the range forms an ellipse from the bistatic triangle,
and the orthogonal direction is the inverse tangent of the ellipse at that time instant.
This need not necessarily be the angle from the target to the receiver or the angle
from the target to the transmitter. Therefore, it may not be measurable and must
be computed. The equation for the bistatic range ellipse in 2-D space is Equation
3.12,
(cos(φ)(h−x)+sin(φ)(k−y))2
+
a2
(cos(φ)(k−y)−sin(φ)(h−x))2
=1
b2

(3.12)

where h and k are the offsets from the origin of the global space defined with
the ellipse centers being the transmitter and receiver positions, φ being the angle
from the global x-axis defined as
C2Y − C1Y
φ = arctan
C2X − C1X

!

,

a being the semi-major axis defined as 12 [R1 + R2 ], and b being the semi-minor
axis, which must be solved for. The measurable direction of the Doppler is in
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the orthogonal direction of the ellipse, where the tangent can be defined as the
derivative of the ellipse and the perpendicular being the inverse of the tangent.
Measurable Doppler direction is shown in Equation 3.13, where the variables are
defined similarly to Equation 3.12 [6, 9–11, 61, 73].
−



dx
dy

−1

h

2 cos(φ) (cos(φ) (h−x)+sin(φ) (k−y))
a2
i
2 sin(φ) (cos(φ) (k−y)−sin(φ) (h−x))
b2
h
2 cos(φ) (cos(φ) (k−y)−sin(φ) (h−x))
/
b2
i
2 sin(φ) (cos(φ) (h−x)+sin(φ) (k−y))
+
2
a

= −

(3.13)

Given this measurement for a single case of a bistatic PCL, this can be expanded
to the multistatic case to utilize multiple Doppler measurements for a single time
step. Assuming that in a given time step, the target remains at the same location
for both transmitter-receiver pairs, the measured Doppler vector is a projection onto
the ellipse’s perpendicular basis vector. Decomposing two or more non-orthogonal
vector projections can be defined as Equation 3.14, where v~p1 and v~p2 are the
measured projections corresponding to the first transmitter-receiver pair and the
second transmitter-receiver pair, and uˆp1 and uˆp2 are the unit vectors in the direction
of v~p1 and v~p2 , respectively.



 ~v·ûp1 ûp1
ûp ·ûp
 1 1

 ~v·ûp2 ûp
ûp2 ·ûp2

2

= ~vp1

(3.14)

= ~vp2

Using Equation 3.14, the nonorthogonal vector basis can be decomposed to solve
for the velocity vector ~v in Equation 3.15.



~v = 

~vp1 (x) +



~vp2 (y)



(ûp2 (y) (ûp1 (y) ~vp1 (y)−ûp1 (y) ~vp2 (y))+ûp1 (y) ûp2 (x) (~vp1 (x)−~vp2 (x)))
(ûp1 (x) ûp2 (y)−ûp1 (y) ûp2 (x))
ûp2 (x) (ûp1 (x) ~vp1 (x)−ûp1 (x) ~vp2 (x)+ûp1 (y) ~vp1 (y)−ûp1 (y) ~vp2 (y))
−
(ûp1 (x) ûp2 (y)−ûp1 (y) ûp2 (x))

(3.15)

These equations hold for both multistatic cases, whereby there would be two
transmitters and one receiver or where there would be two receivers and one
transmitter. In the case of two receivers and one transmitter (instead of two
transmitters and one receiver), the receivers would need to share the information
and coordinate the measurements in order to have meaningful results. Furthermore,
since the majority of cost in PCL is the receiver, it is more beneficial and logistically
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feasible to design one receiver with two transmitters in a single location.
Expanding Equation 3.15 into it’s 3-Dimensional counterpart results in Equation
3.16.

[ ~vp1 (x) ûp1 (x)2 ûp2 (x) ûp2 (y) ûp3 (x) ûp3 (z) − ~vp1 (x) ûp1 (x)2 ûp2 (x) ûp3 (x) ûp2 (z) ûp3 (y)−
~vp2 (x) ûp1 (x) ûp1 (y) ûp2 (x)2 ûp3 (x) ûp3 (z) + ~vp3 (x) ûp1 (x) ûp1 (y) ûp2 (x) ûp3 (x)2 ûp2 (z)+
~vp3 (x) ûp1 (x) ûp1 (y) ûp2 (x) ûp2 (z) ûp3 (y)2 + ~vp3 (x) ûp1 (x) ûp1 (y) ûp2 (x) ûp2 (z) ûp3 (z)2 −
~vp2 (x) ûp1 (x) ûp1 (y) ûp2 (y)2 ûp3 (x) ûp3 (z) − ~vp2 (x) ûp1 (x) ûp1 (y) ûp3 (x) ûp2 (z)2 ûp3 (z)+
~vp2 (x) ûp1 (x) ûp2 (x)2 ûp1 (z) ûp3 (x) ûp3 (y) − ~vp3 (x) ûp1 (x) ûp2 (x) ûp1 (z) ûp2 (y) ûp3 (x)2 −
~v (x) = ~vp3 (x) ûp1 (x) ûp2 (x) ûp1 (z) ûp2 (y) ûp3 (y)2 − ~vp3 (x) ûp1 (x) ûp2 (x) ûp1 (z) ûp2 (y) ûp3 (z)2 +
~vp2 (x) ûp1 (x) ûp1 (z) ûp2 (y)2 ûp3 (x) ûp3 (y) + ~vp2 (x) ûp1 (x) ûp1 (z) ûp3 (x) ûp2 (z)2 ûp3 (y)+
~vp1 (x) ûp1 (y)2 ûp2 (x) ûp2 (y) ûp3 (x) ûp3 (z) − ~vp1 (x) ûp1 (y)2 ûp2 (x) ûp3 (x) ûp2 (z) ûp3 (y)+
~vp1 (x) ûp2 (x) ûp1 (z)2 ûp2 (y) ûp3 (x) ûp3 (z) − ~vp1 (x) ûp2 (x) ûp1 (z)2 ûp3 (x) ûp2 (z) ûp3 (y) ] / [
ûp1 (x) ûp2 (x) ûp3 (x) (ûp1 (x) ûp2 (y) ûp3 (z)− ûp1 (x) ûp2 (z) ûp3 (y) − ûp1 (y) ûp2 (x) ûp3 (z)+
ûp1 (y) ûp3 (x) ûp2 (z) + ûp2 (x) ûp1 (z) ûp3 (y) − ûp1 (z) ûp2 (y) ûp3 (x) ) ]

(3.16a)

− [ ( ~vp1 (y) ûp1 (x)2 ûp2 (x) ûp2 (y) ûp3 (y) ûp3 (z) − ~vp1 (y) ûp1 (x)2 ûp2 (y) ûp3 (x) ûp2 (z) ûp3 (y)−
~vp2 (y) ûp1 (x) ûp1 (y) ûp2 (x)2 ûp3 (y) ûp3 (z) − ~vp2 (y) ûp1 (x) ûp1 (y) ûp2 (y)2 ûp3 (y) ûp3 (z)+
~vp3 (y) ûp1 (x) ûp1 (y) ûp2 (y) ûp3 (x)2 ûp2 (z) + ~vp3 (y) ûp1 (x) ûp1 (y) ûp2 (y) ûp2 (z) ûp3 (y)2 +
~vp3 (y) ûp1 (x) ûp1 (y) ûp2 (y) ûp2 (z) ûp3 (z)2 − ~vp2 (y) ûp1 (x) ûp1 (y) ûp2 (z)2 ûp3 (y) ûp3 (z)+
~vp1 (y) ûp1 (y)2 ûp2 (x) ûp2 (y) ûp3 (y) ûp3 (z) − ~vp1 (y) ûp1 (y)2 ûp2 (y) ûp3 (x) ûp2 (z) ûp3 (y)+
~v (y) =
~vp2 (y) ûp1 (y) ûp2 (x)2 ûp1 (z) ûp3 (x) ûp3 (y) − ~vp3 (y) ûp1 (y) ûp2 (x) ûp1 (z) ûp2 (y) ûp3 (x)2 −
~vp3 (y) ûp1 (y) ûp2 (x) ûp1 (z) ûp2 (y) ûp3 (y)2 − ~vp3 (y) ûp1 (y) ûp2 (x) ûp1 (z) ûp2 (y) ûp3 (z)2 +
~vp2 (y) ûp1 (y) ûp1 (z) ûp2 (y)2 ûp3 (x) ûp3 (y) + ~vp2 (y) ûp1 (y) ûp1 (z) ûp3 (x) ûp2 (z)2 ûp3 (y)+
~vp1 (y) ûp2 (x) ûp1 (z)2 ûp2 (y) ûp3 (y) ûp3 (z) − ~vp1 (y) ûp1 (z)2 ûp2 (y) ûp3 (x) ûp2 (z) ûp3 (y) ) ] /
[ ûp1 (y) ûp2 (y) ûp3 (y) ( ûp1 (x) ûp2 (y) ûp3 (z) − ûp1 (x) ûp2 (z) ûp3 (y) − ûp1 (y) ûp2 (x) ûp3 (z)+
ûp1 (y) ûp3 (x) ûp2 (z) + ûp2 (x) ûp1 (z) ûp3 (y) − ûp1 (z) ûp2 (y) ûp3 (x) ) ]

(3.16b)

[ ~vp1 (z) ûp1 (x)2 ûp2 (x) ûp2 (z) ûp3 (y) ûp3 (z) − ~vp1 (z) ûp1 (x)2 ûp2 (y) ûp3 (x) ûp2 (z) ûp3 (z)−
~vp2 (z) ûp1 (x) ûp2 (x)2 ûp1 (z) ûp3 (y) ûp3 (z) − ~vp2 (z) ûp1 (x) ûp1 (z) ûp2 (y)2 ûp3 (y) ûp3 (z)+
~vp3 (z) ûp1 (x) ûp1 (z) ûp2 (y) ûp3 (x)2 ûp2 (z) + ~vp3 (z) ûp1 (x) ûp1 (z) ûp2 (y) ûp2 (z) ûp3 (y)2 +
~vp3 (z) ûp1 (x) ûp1 (z) ûp2 (y) ûp2 (z) ûp3 (z)2 − ~vp2 (z) ûp1 (x) ûp1 (z) ûp2 (z)2 ûp3 (y) ûp3 (z)+
~vp1 (z) ûp1 (y)2 ûp2 (x) ûp2 (z) ûp3 (y) ûp3 (z) − ~vp1 (z) ûp1 (y)2 ûp2 (y) ûp3 (x) ûp2 (z) ûp3 (z)+
~v (z) =
~vp2 (z) ûp1 (y) ûp2 (x)2 ûp1 (z) ûp3 (x) ûp3 (z) − ~vp3 (z) ûp1 (y) ûp2 (x) ûp1 (z) ûp3 (x)2 ûp2 (z)−
~vp3 (z) ûp1 (y) ûp2 (x) ûp1 (z) ûp2 (z) ûp3 (y)2 − ~vp3 (z) ûp1 (y) ûp2 (x) ûp1 (z) ûp2 (z) ûp3 (z)2 +
~vp2 (z) ûp1 (y) ûp1 (z) ûp2 (y)2 ûp3 (x) ûp3 (z) + ~vp2 (z) ûp1 (y) ûp1 (z) ûp3 (x) ûp2 (z)2 ûp3 (z)+
~vp1 (z) ûp2 (x) ûp1 (z)2 ûp2 (z) ûp3 (y) ûp3 (z) − ~vp1 (z) ûp1 (z)2 ûp2 (y) ûp3 (x) ûp2 (z) ûp3 (z) ] /
[ ûp1 (z) ûp2 (z) ûp3 (z) ( ûp1 (x) ûp2 (y) ûp3 (z) − ûp1 (x) ûp2 (z) ûp3 (y) − ûp1 (y) ûp2 (x) ûp3 (z)+
ûp1 (y) ûp3 (x) ûp2 (z) + ûp2 (x) ûp1 (z) ûp3 (y) − ûp1 (z) ûp2 (y) ûp3 (x) ) ]

(3.16c)

The three dimensional counterpart, presents an ellipse in 3-D coordinates defined
by the parametric equation,
C + α cos(θ)û + β sin(θ)v̂
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Figure 3.7: Bistatic radar range ellipse for GPS PCL.
, where C is the center of the ellipse, α is the major axis and β is the minor axis,
and the ellipse is defined by the basis vectors û and v̂. Figure 3.7 shows the defined
bistatic range ellipses based on the transmitter position, the receiver position, and
the target position in a 3-D space for GPS PCL.
The corresponding vectors defined by the radar range ellipse are shown in Figure
3.8. Figure 3.8, shows the basis vectors û and v̂ that define the ellipse within a
plane, the derivative of the plane at the target location and the corresponding
vector for the direction of the Doppler measurement perpendicular to the ellipse.
The determined velocity according to Equation 3.15 can be used to define a
position and velocity trajectory. Equation 3.15, shows that vest = fD λ; however,
due to the nonlinearities in position and velocity from the bistatic triangle and since
fD is only a projection from the range ellipse, there is a limited time frame over
which that equation will hold. The position and velocity estimates for a linearly
moving target (in the global space) with a constant velocity is defined by Equation
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3.17.
Pest = < x0 , y0 > + < vx0 , vy0 > t
d
vest = dt
[|Pest < x, y > − < h1 , k1 >|
+ |Pest < x, y > − < h2 , k2 >|]

(3.17)

The error of the estimate can be defined according to Equation 3.18.
epos = < x00 , y00 > −
ev =



d
dt

[|Pest < x, y > − < h1 , k1 >|

+ |Pest < x, y > − < h2 , k2 >|] t+ < x0 , y0 >) + ê

d
0
0
< vx0
, vy0
> − dt
[|Pest < x, y > − < h1 , k1 >|

(3.18)

+ |Pest < x, y > − < h2 , k2 >|]) + ê
Using Equation 3.18, the error of the multistatic single time step position and
Doppler estimates can be compared to the traditional bistatic multi-time step
position and Doppler estimates.
In a multi-time step solution, similar operations would be taken; however, rather
than multiple transmitters or receivers, the second time step would be considered
the second projection to use in the system of equations. Since a velocity can only
be measured orthogonally to the transmitter-receiver ellipse, a second measurement
from another pair or another time step is required for a solution. Conventional
bistatic radar uses a multi-time step solution. This has some implications in the
robustness of the solution. If the target is assumed to have linear motion and
constant velocity, by the second time step for position estimation and Doppler
measurement, the velocity is trivially computed as the average velocity over the time
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period. Additionally, this brings into the question the validity of the solution for a
multiple time step for nonlinearly moving targets or targets with a non-constant
velocity. Furthermore, the lack of separation from time step to time step will cause
decreased orthogonality between the vectors forming the solution, so any error in
those initial measurements can cause larger errors in the velocity vector than would
have otherwise been expected.
For the application of GPS PCL, the Doppler measurement is similar to the
acquisition phase of a conventional GPS receiver defined in Chapter 2. Using
parallel code phase search the visibility of a satellite transmitter, as well as the
carrier frequency and code phase measurements at that time step can be determined.
The parallel code phase search searches over 1023 code phases, and -10 kHz to
10 kHz relative Doppler frequency shifts from satellite motion in 500 Hz steps. A
threshold, η, is then applied to determine if a satellite transmitter is considered
present or not. This is accomplished by using the circular cross correlation between
the incoming signal and the known PRN sequence for the applicable satellite [75].
Equation 3.19 shows the process.

fD [n] = |F (x[n]p[n])|2

(3.19)

The parallel code phase search must be applied to each of the 32 satellite
transmitters.
In Equation 3.19, F denotes the Fourier Transform. The variable x is the signal
input, p is the PRN sequence of the satellite transmitter, and f is the output signal.
Then we denote max fD [n] as the Doppler peak.
The parallel code phase search is performed for each of the 32 transmitters
on the reference channel. After determining the visible satellites in the reference
channel, the parallel code phase search is performed against the those satellites in
the surveillance channel. The Doppler measurement, for each channel is measured
in hertz for each channel and
δfD = fDSmn − fDRmn
. The subscript R and S indicate the reference and surveillance channels, respectively, and m and n indicate the receiver and transmitter index number, respectively.
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With the known velocity of the PCL system from the reference channel, the measured Doppler difference from the surveillance channel can be used in Equation
3.16 to estimate the target velocity.

3.3 Improvements
3.3.1 Hardware Direct Signal Suppression
Least mean square (LMS) adaptive filtering is the most conventional active noise
cancellation used in PCL [60, 62, 80]. The LMS defines the PCL system with an
arbitrary input signal Ssurv , and a desired output, Sref . The filter than iterates
over the error between them to minimize the difference. The process is defined by
Equation 3.20a [81]
ε2h [n] = (Sref [n] − Yref [n])2
(3.20a)
where n is the index of signal and ε is the error between the input, Ssurv , and the
desired output, Sref . The recovered reference signal, Yref , with the target removed
is defined in
Yref [n] =

M
−1
X

h[k]Ssurv [n − k]

k=0

where M is the length of the filter, and k is an iterative index over the minimizing
filter, h. The filter, h, is defined as
hk [n + 1] = hk [n] + Λε − h[n]Ssurv [n − k]

(3.20b)

where Λ is the step size, or convergence rate.
Using the least mean square filter, the outputs are as defined in Equation 3.21.

Yref ≈Sref
εh ≈Starg

(3.21)

Conventional PCL matched filter methods use the reference channel correlated
with the surveillance channel for detection. The methods in the literature use the
reference channel as the input signal, and use the difference between the reference
and surveillance as the error signal, to adequately suppress the direct signal before
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Figure 3.9: Direct signal suppression techniques.
correlation. A basic flow chart of an LMS adaptive filter is shown in Figure
3.9a [80, 82–84]. The alternative mixing method uses the surveillance channel as
the input signal, which is then manipulated using filters and mixing operations
derived from the reference channel to remove the reference channel contamination
from the surveillance channel before correlation. A basic flow chart of the discrete
mixing method is shown in Figure 3.9b.
The hardware mixing method uses serial discrete operations to minimize the
direct signal interference in the surveillance channel. The method is derived for basic
building blocks of modulation; i.e. amplitude modulation, frequency modulation
and phase modulation, from which other more complex modulation schemes can
be derived. The least mean square method is also derived for completeness and
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comparison [85, 86]. We compare the performance of using traditional least mean
square techniques to that of the developed method. The comparison is based on
the computation time, the normalized peak correlation coefficient between the
recovered target response, and the true target response and the distance error from
the target location to the calculated position estimation. The comparison was
processed for variable target range, power of target response, and signal to noise
ratio (SNR) in the surveillance channel and the reference channels.
The mixing method develops a practical understanding of the system under test
and realistic constraints to define the direct signal suppression in the surveillance
channel. Using a physical understanding that a target located in a bistatic triangle
must have a time delay larger than that of the reference channel, a communication
signal with bandwidth will have different frequency contents at a given time instant
between the reference channel and the surveillance channel. We denote fc as the
carrier frequency and f1 as an arbitrary frequency with separation from the carrier
and any Doppler shift. A frequency shifted reference channel at fc − f1 is mixed
with the surveillance channel, which is the sum of the direct signal and the reflected
signal. This mixing operation causes frequency content at f1 and 2fc − f1 , which
can be filtered to eliminate some of the underlying direct contamination. The signal
then uses a transformation to remove a constant frequency component at f1 and is
mixed again with the frequency shifted reference channel. This operation causes
frequency content at 2f1 + fc and fc , which can be separated with filtering, and
the clean surveillance signal is thus available, analytically.
Figure 3.5 shows the bistatic triangle for a PCL system and the foundation
for the development of these methods. The receiver has two channels namely,
the reference channel and the surveillance channel. The reference channel uses a
directional antenna with high gain that is directed toward the transmitter. The
signal from the reference channel is denoted as Sref and typically has a high signal
to noise ratio (SNR) with little other contamination. The surveillance channel
uses a wider beam antenna that is designed for the detection of targets over some
area. The surveillance channel is contaminated with the direct signal from the
transmitter and its amplitude is proportional to that of the reference channel. The
surveillance channel also contains a target response, Starg . Thus the surveillance
channel is defined as
Ssurv ∝ Sref + Starg
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Figure 3.10: PCL two channel system with direct signal interference.
The channels and the interference are shown in Figure 3.10.
3.3.1.1

Frequency/Phase Modulation

Frequency modulation (FM) is the encoding of the information message as instantaneous frequency on the carrier wave. This is the modulation used by FM Radio
and is a well published transmission source for PCL. Frequency shift keying (FSK)
can be derived from FM.
For the case of frequency modulation, Equation 3.22 shows the appropriate
signal models.



Sref






Starg







S

= A1 cos 2πfc t + 2πf∆

surv

´t

!

m(τ )dτ

= A2 cos 2πfc (t − δ) + 2πf∆

t−δ
´

!

m(τ )dτ

(3.22)

= Sref + Starg

Equation 3.22 uses the variables A1 and A2 for the amplitude of the reference
channel and the target response, respectively; fc is the carrier frequency, t is time,
δ is a time delay, and f∆ is the frequency deviation of the encoded message; m(t)
´
is the message and is encoded as instantaneous frequency m(τ )dτ .
Phase modulation (PM) is the encoding of the information message as instantaneous phase on the carrier wave.
For the case of phase modulation, Equation 3.23 shows the appropriate signal
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models.



Sref




Starg




S

= B1 cos (2πfc t + ϕ(t))

surv

(3.23)

= B2 cos (2πfc (t − δ) + ϕ(t − δ))
= Sref + Starg

Equation 3.23 uses the variables B1 and B2 for the amplitude of the reference
channel and the target response, respectively; fc is the carrier frequency, t is time,
δ is a time delay, and ϕ(t) is the message and is encoded as instantaneous phase.
Owing to the relationship between phase modulation and frequency modulation
it follows that the same process is applicable, where the message encoding constitutes
the difference. In frequency modulation, the message is
ˆt
m(t) = 2πf∆

m(τ )dτ,

whereas, in phase modulation the message is
m(t) = ϕ(t).
The method is developed in terms of FM, but is equally applicable to PM.
The following steps provide a clear understanding of our approach.
Step 1 indicates mixing the reference channel with a continuous wave (CW)
signal and filtering the signal in order to change the frequency of the reference
channel signal. Equation 3.24a shows the signal model;
Scw = cos (2πf1 t),

(3.24a)

where f1 is an arbitrary frequency that is some distance away from fc and farther
than the bandwidth of Ssurv ; Equation 3.24b shows the mixing operation and
results;
"

Sref 2Scw = A1 (2) 21 cos 2π(fc + f1 )t + 2πf∆

´t

!

m(τ )dτ + cos 2π(fc − f1 )t + 2πf∆

´t

!#

m(τ )dτ

(3.24b)

Equation 3.24c shows Ss1 , where Sref Scw is filtered with a low pass filter. The low
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pass filter applied passes fc − f1 and rejects fc + f1 .
ˆt



Ss1 ≈ A1 cos 2π(fc − f1 )t + 2πf∆




m(τ )dτ 

(3.24c)



Step 2 indicates mixing the surveillance channel with the signal from Step 1.
Equation 3.25 shows the mixing operation and results.
Ss2 = Ss1 Ssurv

ˆt



Ss2 ≈A1 cos 
2π(fc

− f1 )t + 2πf∆





ˆt





m(τ )dτ 
+



m(τ )dτ 
 A1 cos 2πfc t + 2πf∆

(3.25b)

ˆt−δ

m(τ )dτ 



A2 cos 
2πfc (t − δ) + 2πf∆



Ss2

(3.25a)

A2
A1 A2
≈ 1 cos(2πf1 t) +
cos 
2πf1 t − 2πfc δ − 2πf∆
2
2


A21

cos 2π (f1 − 2fc ) t − (2)2πf∆
2

ˆt

ˆt

ˆt−δ

m(τ )dτ + 2πf∆
m(τ )dτ  +




(3.25c)

m(τ )dτ  +



A1 A2

cos 2π(f1 − 2fc )t + 2πfc δ − 2πf∆
2



ˆt

ˆt−δ

m(τ )dτ − 2πf∆
m(τ )dτ 


Step 3 is a filtered response of Step 2. Step 3 filters Ss2 with a low pass filter.
The low pass filter applied passes f1 and rejects 2fc − f1 . Step 3 is shown in
Equation 3.26.
Ss3 ≈

A21
2

cos(2πf1 t) +

A1 A2
2

cos 2πf1 t − 2πfc δ − 2πf∆

´t

m(τ )dτ + 2πf∆

t−δ
´

!

m(τ )dτ

(3.26)

Step 4 removes the continuous wave contamination from Ss3 . The continuous
wave contamination is proportional to Scw . Since FM modulation is demodulated
using a measure of instantaneous frequency, the demodulation scheme is exploited
to remove the CW signal. The addition of a CW signal to a modulated signal is
a constant offset in instantaneous frequency [87, 88]. Step 4 is shown using the
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Hilbert transform as an example, but can be accomplished with other frequency
measurement and frequency demodulation techniques as well [89–91]. In Step 4,
Ss4 is shown in Equation 3.27.
Ss4 = <



−A1 A1
+
−
+ H(Ss3 )(t)Scw
Scw
2




A1 A2
cos 
2πf1 t − 2πfc δ − 2πf∆
2

Ss4 ≈

ˆt



(3.27a)

ˆt−δ
m(τ )dτ + 2πf∆
m(τ )dτ 
 (3.27b)


+∗
−∗
The Hilbert transform is defined as H(u)(t). The equations Scw
and Scw
are the
complex exponential versions of Scw .
+
Scw
= exp(−j2πf1 t)
−
Scw
= exp(j2πf1 t)

Figure 3.11 shows an example of the Hilbert transform without the correction, with
the correction and a comparison to a signal without CW interference.
Step 5 involves mixing Ss4 with Ss1 . Equation 3.28 shows the mixing operation
and the results.
Ss5 = Ss4 S1
(3.28a)


Ss5 ≈

A1 A2

cos 2πf1 t − 2πfc δ − 2πf∆
2

A1 cos 
2π(fc − f1 )t + 2πf∆


A2 A2
≈ 1 cos 
2πfc t + 2πf∆
4
A21 A2
4

ˆt−δ

m(τ )dτ + 2πf∆
m(τ )dτ 

ˆt



Ss5

ˆt



(3.28b)



m(τ )dτ 


ˆt−δ
m(τ )dτ 
+


ˆt



cos 
2π(2f1 − fc )t − 2πfc δ − (2)2πf∆

ˆt−δ
m(τ )dτ + 2πf∆
m(τ )dτ 



(3.28c)

Step 6 is a filtered response of Step 5. Step 6 filters Ss5 with a high pass filter.
The high pass filter applied passes fc and rejects 2f1 − fc . Step 6 is shown in
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(b) Error from CW removal using the Hilbert method.

Figure 3.11: Hilbert CW removal technique.
Equation 3.29.

Ss6 ≈

A21 A2
4

ˆt−δ

cos 2πfc (t − δ) + 2πf∆
m(τ )dτ 





(3.29a)

Ss6 ∝ Starg

(3.29b)

An example cumulative error plot is shown in Figure 3.12, where the error is the
difference between the approximation through all steps and the analytical solution.


εs6

A2 A2
= Ss6 − 1 cos 
2πfc (t − δ) + 2πf∆
4

ˆt−δ
m(τ )dτ 



In Figure 3.12, the example shows the signal amplitude in voltage, with Ss6 having
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Figure 3.12: Cumulative error between analytical and implemented method.
a power of 12 W from 24.95 V root mean square voltage and 50 Ω load.
3.3.1.2

Amplitude Modulation

Amplitude modulation (AM) is the encoding of the information message on the
carrier wave. This is the modulation used by AM Radio.
For the case of amplitude modulation, Equation 3.30 shows the appropriate
signal models.



Sref



Starg




S

= C1 cos(2πfc t) +

surv

M C1
2

cos(2π(fc + fm )t) +
M C2
2

= C2 cos(2πfc (t − δ)) +

M C1
2

cos(2π(fc − fm )t)

cos(2π(fc + fm )(t − δ)) +

M C2
2

cos(2π(fc − fm )(t − δ))

(3.30)

= Sref + Starg

Equation 3.30 uses the variables C1 and C2 for the amplitude of the reference
channel and the target response, respectively; M for the amplitude of the message;
fc is the carrier frequency and fm is the time dependent frequency of the message
signal; t is time, δ is a time delay, and f∆ is the frequency deviation of the encoded
message.
Step 1 is a filtered response of Sref and Ssurv , where the filter rejects the carrier
frequency, fc , and the upper side band, fc + fm , such that

0


Sref




=

M C1
2

cos(2π(fc − fm )t)

0

=

surv

0
0
= Sref
+ Starg

Starg




S 0

M C2
2

cos(2π(fc − fm )(t − δ))
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Step 2 indicates mixing the reference channel with a continuous wave (CW)
signal and filtering the signal in order to change the frequency of the reference
channel signal. Equation 3.31a shows the signal model;
Scw = cos (2πf1 t),

(3.31a)

where f1 is an arbitrary frequency that is some distance away from fc and farther
than the bandwidth of Ssurv ; Equation 3.31b shows the mixing operation and
results;
0
Sref
2Scw =

M C1 1
(2) [cos(2π(fc + f1 − fm )t) + cos(2π(fc − f1 − fm )t)] (3.31b)
2
2

Equation 3.31c shows Ss1 , where Sref Scw is filtered with a low pass filter. The low
pass filter applied passes fc − f1 − fm and rejects fc + f1 − fm .
Ss2 ≈

M C1
cos(2π(fc − f1 − fm )t)
2

(3.31c)

Step 3 indicates mixing the surveillance channel with the signal from Step 2.
Equation 3.32 shows the mixing operation and results.
0
Ss3 = Ss2 Ssurv

Ss3 ≈

(3.32a)

M C1
M C1
M C2
cos(2π(fc − f1 − fm )t)
cos(2π(fc − fm )t) +
cos(2π(fc − fm )(t − δ))
2
2
2

(3.32b)

C12 M 2
C1 C2 M 2
cos(2πf1 t) +
cos(2πf1 t − 2πfc δ + 2πf mδ)+
8
8
2
2
C1 M
C1 C2 M 2
cos(2π(2fc − 2fm − f1 )t) +
cos(2π(2fc − 2fm − f1 )t − 2πfc δ + 2πfm δ)
8
8

(3.32c)

Ss3 ≈





Step 4 is a filtered response of Step 3. Step 4 filters Ss3 with a low pass filter.
The low pass filter applied passes f1 and rejects 2fc − 2fm − f1 . Step 3 is shown in
Equation 3.33.
Ss4

C12 M 2
C1 C2 M 2
≈
cos(2πf1 t) +
cos(2πf1 t − 2πfc δ + 2πf mδ)
8
8

(3.33)

Step 5 removes the continuous wave contamination from Ss4 . The continuous
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wave contamination is proportional to Scw . Since fm is the instantaneous frequency,
the demodulation of FM is exploited to remove the CW signal. The addition
of a CW signal to an any modulated signal is a constant offset in instantaneous
frequency. Step 5 is shown using the Hilbert transform as an example, but can be
accomplished with other frequency measurement techniques as well. Step 5, Ss5 , is
shown in Equation 3.34.
(

Ss5 = <

Ss5 ≈

!

−C12 M 2
+
−
+ H(Ss4 )(t)Scw
Scw
8

)

C1 C2 M 2
cos(2πf1 t − 2πfc δ + 2πf mδ)
8

(3.34a)

(3.34b)

Step 6 is mixing Ss5 with Ss2 . Equation 3.36 shows the mixing operation and
the results.
Ss6 = Ss5 S2
(3.35a)

Ss6 ≈

M A1
C1 C2 M 2
cos(2π(fc − f1 − fm )t)
cos(2πf1 t − 2πfc δ + 2πf mδ) (3.35b)
2
8

Ss6 ≈

C12 C2 M 3
C 2 C2 M 3
cos(2π(fc − fm )(t − δ)) + 1
cos(2π(fc − 2f1 − fm )t + 2πfc δ − 2πfm δ)
16
16

(3.35c)

Step 7 is a filtered response of Step 6. Step 7 filters Ss6 with a high pass filter.
The high pass filter applied passes fc − fm and rejects fc − 2f1 − fm . Step 7 is
shown in Equation 3.36.
Ss7 ≈

C12 A2 M 3
cos(2π(fc − fm )(t − δ))
16
0
Ss7 ∝ Starg

(3.36a)
(3.36b)

3.3.2 Matched Filter Improvements
Due to the inability to control the transmitted signals, traditional PCL uses a
reference channel directed at the transmitter of opportunity and a surveillance
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channel directed toward an area of interest with a target. As such, the surveillance
signal is contaminated with a higher power signal of similar content and reduces
the ability to reasonably detect and track a target. Active cancellation techniques
frequently described in literature are computationally complex and require iterations
over time steps.
By definition, the matched filter is the optimal linear filter for maximizing the
signal-to-noise ratio (SNR) in the presence of additive Gaussian noise. The matched
filter equation is shown in Equation 3.37,
y[n] =

∞
X

h[n − k]x[k]

(3.37)

k=−∞

where h is the filter impulse response, x is the input signal, and y is the output.
In the reality of PCL, however, the signal may not be deterministic and the
time varying underlying information content is likely not known a priori, which
complicates matched filter design. Additionally, the channel noise may not be
Gaussian, due to the direct signal interference, as well as in band interferers. A
matched filter can be defined using the cross correlation operator, where h and
x are two signals. When h = x, we obtain the autocorrelation. The methods
available in the literature use cross correlation of a deterministic signal, or a
time step of the reference signal, to define the matched filter. In an idealized
environment, the matched filter response will be equivalent to the cross correlation,
where y[n] = (h ? x)[n].
PCL is prefaced on signals and environments that are not controlled by the
system. In the formulation of the solution, it is often considered that the reference
channel is sufficient; however this may not always be the case. In PCL, the
environment and accessibility to the reference signal as a control, may itself be
less than ideal. This section considers this scenario, wherein the reference channel
is contaminated or corrupted independently of the surveillance channel. Some
examples of this could be occlusion in a mobile environment where line of sight is
no longer accessible, an additional radiation source or interference in the reference
channel, or physical change in the environment such as weather or clutter.
The method uses the error minimization to maximize the filter output, similar to
that of side lobe suppression techniques in antenna analysis. The least means square
estimator is defined by signals including, a deterministic signal model, realistic or
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idealized, as well as, other well performing traditional signal models such as noise
and chirp.
Conventional PCL matched filter methods use the reference channel correlated
with the surveillance channel for detection. This presents channel quality considerations since the reference channel is subject to similar interference and noise as the
surveillance channel and may skew correlation results. There are two interference
scenarios considered that methods in the literature do not address. The first is an
in-band interferer or noise that is correlated with the surveillance channel; however,
the reference channel is focused on the direct signal path and does not adequately
suppress these higher power signals in the surveillance. The second is when an
uncorrelated non-Gaussian noise is present in the surveillance channel, but absent
in the reference channel, and thus raises the noise floor and potentially degrades
target detectability.
Improvements over traditional matched filters of the reference channel can
be made by altering the filter structure rather than the signal contents of the
surveillance channel. This can be done by using the reference channel as the input
signal, while the error signal which adjusts the weight, is the difference between
the current matched filter and the idealized filter. A basic flow chart of an LMS
adaptive filter is shown in Figure 3.9a. Comparatively, the methods in the literature
use the reference channel as the input signal, and use the difference of the reference
and surveillance as the error signal, to adequately suppress the direct signal before
correlation. The method developed, instead, uses a least means squares (LMS)
approach to minimize the error of the matched filter from an ideal solution, thus
maximizing the output of the correlation. This adaptive filter ĥ[n] will converge
to provide a filter better suited for the environment than the traditional matched
filter.
The least means square filter can be approximated using matched filtering
techniques [92, 93]. Equation 3.38 shows a traditional derivation of the problem’s
approximation, whereby reducing some of the complexity of traditional adaptive
filtering.
P
j ∗ , µ∗ = arg minj,µ k (xk − µ · hj−k )2
(3.38)
hj−k = v · sk
In Equation 3.38, xk is the input signal, sk is a scaled, shifter version of the xk , v
is the uncorrelated noise, and j and µ are the shift and scaling, respectively. After
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Figure 3.13: Least means square adaptive filtering.
some iterations of altering the matched filter, the filter will reach the local maxima
of the solution. Using an idealized filter response for the difference error signal,
and the current matched filter for the system performance, the adaptive filter will
be updated according to the error. The altered matched filter will deviate from the
traditional matched filter definition in a Gaussian environment. The convergence
tends toward the driving error signal, which is the difference from an idealized
response, and a performance increase over the traditional matched filter method.
The final iteration converges when the peak response meets a stopping criteria
and deteriorates from the previous iteration’s idealized parameter set. The system
cannot converge to the error signal, since the idealized system response does not fully
represent the underlying system. The final response must be, ĥ[n] ∈ {h[n] ∪ hi [n]},
such that ĥ[n] is the least means square solution, hi [n] is the filter response at the
i-th iteration, and h[n] is the matched filter response.
The value of the matched filter response obtained in Equation 3.38, hj−k , is
used as the initial estimate of the least means square solution which is subsequently
updated over iterations to arrive at the filter solution developed. The output, y[n]
of the filter is defined in Equation 3.39,
y[n] =

Mn
X

b[k + 1]x[n − k] −

k=0

Nn
X
k=1
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a[k + 1]y[n − k]

(3.39)

whereas b and a are the filter coefficients defined in hj−k , where
h[n] =

N
X

bi · δ[n − i]

i=o

To maintain filter stability, only b is considered, while a is set to a vector the same
length as b with a[1] = 1 and the remaining values zero. The filter coefficients b is
then solved for, by assuming an improved performance over the traditional matched
filter, where xk is the input and the matched filter is hk = x−k . We define ym [n] as
the matched filter output given the available information, and ŷ[n] as a perturbed
version of ym [n] with accentuated peaks. To update the filter coefficient vector, b̂,
the Levenberg-Marquardt algorithm is used to solve the under determined least
means square solution using ||ŷ[n] − ym [n]|| as the driving error signal.
The least means square equation is expressed in Equation 3.40,
min ||f (x)||22 = min[f1 (x)2 + · · · + fn (x)2 ]
x

x





f (x)
 1
. 

f (x) =  .. 



fn (x)

(3.40)



where the Levenberg-Marquardt algorithm is defined in Equation 3.41 [94]. In
these equations, ||ŷ[n] − ym [n]|| is minimized by updating the filter coefficients b̂ in
Equation 3.39, and equivalently β in Equation 3.41.
β̂ = arg min
β

m
X

(yi − f (xi , β))2

(3.41)

i=1

The system of equations, f (x) in Equation 3.40 is y[n], where each index of n is
defined by Equation 3.39 at that index.

3.3.3 Resource Optimization
In the multistatic environment employing multiple transmitters, it is unlikely that
the receiver will receive the same information from different transmitters. This may
be due to interference and noise, signal content or even frequency and modulation.
This method shows that the system can optimize the solution by not utilizing
transmitters that do not meet a set of selection criteria in the solution. Alternatively,
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in some cases, the solution constraints may be loosened with boundary conditions.
It is shown that for frequency modulation (FM) PCL, the target position
estimation is largely dependent on signal content [58, 95]. Additionally, different
modulation types and transmitters have different self-ambiguity functions and
target detection capabilities. Methods have been proposed for increasing particular
transmitter bandwidth with band stitching [96, 97]. It follows that the inclusion of
a particular signal of poor quality could pose problematic, and may even degrade
target detection and estimation.
Given a set of signal quality considerations and sufficient transmitters, a solution
can be derived using only the adequate transmitters. Furthermore, only using the
adequate transmitters provides a more accurate solution than including a transmitter
with poor signal quality. Also, given a set of signal quality considerations and
a minimum number of transmitters, a solution with boundary conditions can be
derived using only the adequate transmitters.
Three metrics are proposed for a measure of signal quality. Signal quality can
be defined with respect to the self-ambiguity function, the signal to noise ratio
(SNR) or by dilution of precision (DOP). Each of these metrics have different
underlying measurements and will be compared for effectiveness. There may be
other signal quality considerations or metrics; there may also be scenarios, which
these metrics or alternative metrics are not applicable, perform exceptionally well,
or exceptionally poor.
The self-ambiguity function is defined in Equation 3.42.
ˆ∞
s(t)s∗ (t − τ ) exp{j2πf t}dt

χ(τ, f ) =

(3.42)

−∞

In Equation 3.42, χ is the self-ambiguity function where τ is the time delay, f is
the Doppler frequency, and s is the signal under test where t is time. The selfambiguity function is a measure of distortion of a returned signal due to the received
matched filter. It is often used as a metric to determine the signal resolution and
expected performance. The one-dimensional zero-delay, χ(0, f ), shows the Doppler
resolution, whereas the one-dimensional zero-Doppler, χ(0, τ ), shows the range
resolution [12, 58].
Since the signal content of a transmitter is not known a priori, and can vary
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with time, this method suggests using the self-ambiguity function to determine the
signal performance at the time of reception. Furthermore, due to the nature of
PCL, the reference channel or surveillance channel may not produce an adequate
matched filter response or differ from those anticipated. The self-ambiguity is
proposed as a metric of measure for optimally determining the transmitter subset.
Signal to noise ratio is defined as the ratio of signal power , Psignal , to noise
power Pnoise .
Psignal
SNR =
Pnoise
In radar, noise power is often approximated by kT BF , where k is Boltzmann’s
constant, T is system temperature, B is system bandwidth, and F is the noise
factor of the system. If the signal is separable from the noise, or if there is an
estimation of a noiseless signal, the signal power and noise power can be better
approximated for a more accurate SNR value. An estimation of the signal and
noise leads to other potentially useful metrics such as peak signal to noise ratio,
(PNSR), mean square error (MSE), maximum absolute squared deviation of the
signal from the approximation, and the ratio of the squared norm of the signal
to the approximation. Additionally, if there are other transmitters within the
specification of the receiver causing interference, and the interferer power can be
measured or is separable the signal to interference plus noise ratio (SINR) is an
appropriate metric. SINR is defined as
SINR =

Psignal
Pinterference + Pnoise

where Pinterference is the power of interference. If interference is not present or if it
can not be measured, Pinterference can be included in the noise term.
The SNR value of the signal can vary across the reference channel, the surveillance channel and time. It is anticipated that the reference channel have a relatively
high SNR value and the surveillance channel have an adequate SNR for a particular
channel. However, if the SNR value is not comparable to other transmitters or has
been degraded over some time span, it may be more beneficial for the system to
remove that transmitter from the solution computation.
The dilution of precision (DOP) is defined as the effect that a particular
transmitter has on the precision of the position estimation of the target [98, 99].
DOP is often used in navigation. DOP is defined according to a matrix A in
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Equation 3.43a.
An =

h X +X
T xn
Rxn −Xunk
fmn (x)

h

A = A1 A2 · · · AN

YTxn +YRxn −Yunk
fmn (x)
iT

ZTxn +ZRxn −Zunk
fmn (x)

−1

i

(3.43a)

In Equation 3.43a, it is assumed m = 1; fmn is defined in Equation 3.1. The matrix
A defines the matrix Q in Equation 3.43b.
Q = (AT A)−1
Q = (JxT (Jd Cd JdT )−1 Jx )−1


Q=









σx2 σxy σxz σxt
σxy σy2 σyz σyt
σxz σyz σz2 σzt
σxt σyt σzt σt2










(3.43b)

In Equation 3.43b, J is the Jacobian and C is the correlation matrix, where
x = (x, y, z, t) and τ = (ct1 , ct2 , ct3 , ct4 ). The geometric dilution of precision
(GDOP) is then defined according to position DOP, (PDOP) and time DOP
(TDOP) in Equation 3.43c.
q

PDOP = σx2 + σy2 + σz2
q

TDOP = σt2

q

GDOP = PDOP2 + TDOP2

(3.43c)

Dilution of precision is an indication of how much a particular transmitter
affects the overall position estimation solution [98, 99]. DOP is typically considered
over time, and can also be an indication of spatial resolution from the transmitter
locations. This is an important indicator for navigation position estimation and is
applicable to PCL target position estimation as well.
For the case with an excess number of transmitters with a degraded subset,
where N > 3 transmitters and M = 1 receivers in Figure 3.1, the location of the
target can be calculated by solving Equation 3.1. However, it may be possible that
the signal quality of a subset of N may be degraded. Figure 3.14 shows the case
72

TRANSMITTER
TRANSMITTER

TRANSMITTER

RECEIVER

TRANSMITTER

Figure 3.14: Multistatic radar scenario where a transmitter has variable performance.
where there is an excess number of transmitters with varying position estimation
capabilities.
The number of transmitters available is evaluated based on a given metric. The
given metric indicates the signal quality of that transmitter and its target capability.
In the case where there are excessive transmitters available with varying quality
values, the subset of transmitters is chosen that satisfies the maximum sum of the
metric value. Equation 3.44 shows the subset chosen to maximize the position
estimation.
K
[

Ti ⊂ arg max Γ(Tn )
i

i=1
N
[

Ti ⊂ Γ(Tn ) ≥ µ

(3.44a)

(3.44b)

i=1

Equation 3.44a shows the case where a fixed number of transmitters, K, are
chosen based on the highest metric quality function, Γ. If there were N = 7
transmitters, and K = 4, only the transmitters with the highest quality metric,
Γ(Tn ), would be chosen and an example set might be, {T1 , T3 , T6 , T7 }. Equation
3.44b shows the case where all transmitters that meet a threshold, µ of the metric
quality are added to the set up to the number of transmitters available, N ; µ is set
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as an arbitrary threshold based on the metric used and the expected environment.
The alternative case, considered conventional, would be to use all N transmitters
without consideration of a performance metric Γ.
For the case of minimum transmitters with a degraded subset, where N = 3
transmitters and M = 1 receivers in Figure 3.1, the location of the target can be
calculated by solving Equation 3.1. However, it may be possible that the signal
quality of a subset of N may be degraded. The solution can be determined by
using all available transmitters. The alternative solution would be to solve the
system of equations with K = 2 of Equation 3.44a and boundary conditions.
The multistatic method is independent of angular measurement. In the case of
the bistatic method with angle measurement, the angle is the boundary condition
to satisfy the system of equations for an unambiguous solution. In the case of
degraded transmitters, only two transmitters with the highest quality metric are
utilized with the boundary conditions imposed. The spatial boundary conditions
are defined spatially in Equation 3.45.
2
[

0
00
Ti ⊂ arg max Γ(Tn )∩ ≤ RR
≤ fmn ≤ RR

i=1
2
[
i=1

i

0
00
Ti ⊂ arg max Γ(Tn ) ∩ θR
≤ θR ≤ θR
i

(3.45a)

(3.45b)

In Equation 3.45, Equation 3.45a shows the case where a fixed number of
transmitters, K = 2, are chosen based on the highest metric quality function, Γ and
0
00
the target is restricted to an arbitrary bistatic range, ≤ RR
≤ fmn ≤ RR
. Equation
3.45b shows the case where, K = 2 transmitters and the target is restricted within
0
00
an arbitrary angle space of θR
≤ θR ≤ θR
. There may also be the combination
of the angle space and the range space for a restricted search space with closed
boundaries.
If there is only one solution within the restricted space, then this method
can unambiguously provide a target position estimation; otherwise, N available
transmitters must be used for the solution.
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3.4 Design
3.4.1 Preliminary Analysis
The global positions system (GPS) is a subset of the global navigation satellite
system (GNSS), which is a constellation of satellites, in size orbital paths at
an altitude of 20,200 km above sea-level. Each satellite is instrumented with
a transmitter that broadcasts its respective location, status and precise time
information; this information is modulated on to a pseudo-random noise (PRN)
sequence independent of and highly orthogonal to other satellite transmitters
within the constellation. The signal, which contains the information necessary for
geolocation at a receiver, is denoted as L1. Each L1 signal is a right hand circularly
polarized transmission at 1575.42 MHz. The L1 signal must be decomposed into
respective satellite channels, which requires searching over the frequency space to
determine the presence, or lack thereof, of each satellite and appropriate Doppler
shift. After a satellites visibility is determined, the signal is demodulated and
the ephemeris data are extracted to determine satellite position and subsequently
receiver positions. Using the transmitter positions and transmit time, the receiver
measures the current time to calculate the distance from each satellite in view.
Using the distance from at least four satellites, the receiver geometrically determines
the receiver’s three-dimensional position [1].
Using a satellite based transmitter for radar is well defined in the literature [75].
However, passive coherent location (PCL) utilizing satellite based transmitters has
been proposed and methods have been established for particular cases, though, there
is still additional research necessary for a complete understanding [31,100–103]. PCL
systems are subsets of radar systems that are capable of target detection and tracking
by processing reflections from a target illuminated by independent transmitters of
opportunity. PCL therefore has no dedicated transmitter and can theoretically be
implemented using any civilian or military signals transmitting as either radar or
communication signals. Any limitations imposed therein are inherent to the transmit
signal specifications and dependent on the present modulated information [8]. The
classical form of a PCL system is derived using bistatic radar theory and is well
defined in the literature. The basic principle is to use signal correlation between
the direct transmitter-receiver path and the reflected transmitter-target-receiver
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path to determine bistatic range to the target in conjunction with a bistatic angle
measurement applicable to the system geometry [9].
A GPS PCL archetype is shown in Figure 3.15a [5]. The PCL coordinate
system is inherited from the GPS coordinate system, as earth-centered, earth-fixed
(ECEF). Earth-centerd is defined as a cartesian coordinate system of X, Y, Z m,
with (0, 0, 0) being the center of mass of the earth. Earth-fixed is defined as the axes
being aligned with the international reference pole and the international reference
meridian, where the Z-axis extends through the poles and the X-axis intersects
0° latitude and 0degree longitude. For convenience the ECEF coordinate system
can be converted to latitude,longitude and altitude or the Universal Transverse
Mercator (UTM) projection for an intuitive understanding and plotting [1]. Figure
3.15b shows the ECEF coordinate system and relationship to latitude and longitude.
In general PCL cannot replace traditional radar for critical applications, though
it may allow for the potential of a low cost, small foot print operation; thus is follows
that GPS would be a favorable candidate for PCL due to the lack of transmitter
hardware requirements and heavy commercial available of GPS receiver hardware.
The GPS signals have properties specifically designed for position estimation, which
many alternate signals of opportunity do not. Aside from GPS signal being designed
for position location, GPS has a well-defined system specification, which leads to a
deterministic signal with a limited combination of information content known a
priori. Many other transmitters do not have signal content that is known a priori,
nor is it information independent. Additionally, The GPS constellation offers the
ability of real time operations with same precision nearly anywhere in the world.
The GPS constellation coverage is an advantage that region specific or sparsely
populated transmitters cannot offer.
In terms of coverage, each satellite transmitter covers approximately 30% of
earth’s surface, allowing for a minimum of four satellites to be present at any given
time, while six visible satellites is average [1]. This uniquely positions GPS PCL
for multistatic operations compared to terrestrial transmitters or other satellites
with limited overlapping coverage. In general, multistatic radars have advantages
over monostatic or bistatic radars to include: power advantages, high accuracy of
position, velocity vectors and acceleration vectors estimation, increase of resolution
capability, clutter resistance, increase of target handling capability and increase
of target feature extraction capability [11]. Some of these may be feasible for
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Figure 3.15: GPS PCL and coordinate system.
implementation in multistatic PCL. Multistatic PCL methods can be developed
and implemented to reduce angular constraints required for a position estimation.
Multistatic PCL also can provide higher resolution than may be possible using
some angle-of-arrival techniques [104].
Preliminary analysis of GPS specifications was performed to further determine
suitability for PCL. Initial validation of signal quality using the ambiguity function
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in Equation 3.46 was performed,
ˆ

∞

u(t)u∗ (t + τ ) exp (j2πνt)dt

|χ(τ, ν)| =

(3.46)

−∞

where χ is the ambiguity function, τ is the time delay, ν is the Doppler shift, u is
the signal under test, and t is time [12]. The function is plotted in Figure 3.16 for
χ(τ, 0) and χ(0, ν). Figure 3.16 shows a range resolution, ∆R, of approximately
0
150 m, calculated using the first peak to null value τ 0 , where ∆R = cτ2 and c is the
speed of light. Figure 3.16 shows a Doppler resolution, ∆fD , of approximately 95
0
m s−1 , calculated using the first peak to null value ν 0 , where ∆fD = ν2λ , where λ is
wavelength.
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Figure 3.16: GPS ambiguity function showing delay and Doppler cut.
System power is a considerable constraint for GPS PCL. The L1 transmission
specification states that the signal must be transmitted with enough power to
ensure a minimum power level of -158.5 dB W at the earth’s surface [2]. Equation
3.47 defines the Friis’ transmission formula, where R is distance.

PR =

PT GT λ2
16π 2 R2

(3.47)

The satellite transmitter power, PT , output is 25.6 W, the antenna gain, GT , is 13
dBi and the wavelength, λ, is 19 cm. When R = RT , RT = 20, 200 km and λ = 19
cm, the power at the receiver is computed as -155.5 dB W using Equation 3.47.
78

Thus the received power is 3 dB higher than the minimum power requirement. The
range to transmitter is RT . With the assumption of total reflected power from
a target, Equation 3.47 can be recalculated for R0 = RT + RR . Constraining the
range to receiver, RR , to RR ≤ 8, 300 km yields adequate power within specification.
This shows that the specification is not a limiting factor, but instead the proportion
of power reflected by the target.
To further consider power limitations,the bistatic radar maximum range equation
is defined in Equation 3.48 [9].
(RT RR )max =

v
u
u
t

PT GT GR λ2 σB
(4π)3 kTs Bn (S/N )min

(3.48)

Given that the range to transmitter, RT , is fixed at 20,200 km; PT GT is fixed at
500 W; λ is fixed at 19 cm; bandwidth is fixed at a minimum of 2.048 MHz; k
is Boltzmann’s constant in W Hz−1 K−1 ; (S/N )min is the minimum signal-to-noise
ratio for a minimally detectable signal and has a typical range of -20 dB to -30
dB, (assumed -25 dB for the calculation); and assuming the bistatic radar cross
section, σB is 50 m [73]. The design constraint is then limited to receiver gain, GR ,
where G0R = GAN T GLN A GSP ,with the subscripts AN T , LN A, and SP representing
antenna gain, low noise amplifier (LNA) gain, and signal processing gain respectively.
The antenna gain is assumed to be 2 dBi, and amplifier gain is assumed to be two
cascaded LNA of 25 dB each. The signal processing gain is defined as the ratio of
the peak spectral power of the despread signal to the peak spectral power of the
spread signal and has a theoretical limit of the ratio between the chip rate and
data rate. Figure 3.17 shows the signal processing gain of a despread signal of a 1
ms GPS pseudo-random noise (PRN) sequence. The plot shows a peak difference
of 21 dB and is the assumption for the calculation. Signal processing gain can be
increased up to the theoretical limit of 43 dB utilizing a delay lock loop (DLL) and
phase lock loop (PLL) during signal tracking [105]. Using the above values allows
for a maximum bistatic range RR of 25 km.
Operating in a clutter environment can also restrict GPS PCL capability. Using
the bistatic radar equation shown in Equation 3.49,
PR =

PT GT GR λ2 ∗ σ
2
(4π)3 RT2 RR
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(3.49)
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Figure 3.17: Processing gain for a GPS spread spectrum signal of 1 ms.
the distance RR can be solved for to determine where clutter has a larger response
than a target. The clutter radar cross section, σC , is defined as the illuminated
area, A, multiplied by the normalized radar cross section (NRCS) of clutter per
unit area, σC0 , such that σC = Aσ 0 [3]. Equation 3.50 shows the proportionality of
illuminated area to the antenna beam width and range.
AP W = 2RR

θ
cτ
tan sec ψ
2
2

(3.50a)

θ
(3.50b)
2
Table 3.1 shows the range of NRCS values considered, where an urban environment
at a low grazing angle is σ 0 = −20 dB km−1 and -6 dB km−1 at a high grazing
angle, whereas water is -60 and -36 dB km−1 , for low grazing and high grazing
respectively [75]. The subscript P W and BW refer to the pulse width limited
case and the beam width limited case, respectively, depending on receiver-target
geometry. Using the same values of the above scenario and assuming the beam
width of the antenna, θ to be 12.5° and the incident angle, ψ to be 5°, the results of
a detectable target in clutter are presented in Table 3.1. Table shows that operation
of GPS PCL best suited for surface based targets, i.e. low grazing angles, and a
low clutter environment.
The final design consideration is channel separation between the direct transmitterreceiver path and the reflected transmitter-target-receiver path. Given the above
restrictions on performance, a short range surface target scenario is considered,
whereby the signal separation is strictly antenna isolation. Figure 3.18 shows the
2
AP W = πRR
tan2
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Table 3.1: Maximum Detectable Range in a Clutter Environment
Clutter NRCS (dB)
-10
-20
-30
-40
-50
-60
-70

Detectable Range Detectable Range
Pulse Limited (m) Beam Limited (m)
10
50
150
170
1510
560
15170
1790
>30E3
5690
>30E3
17990
>30E3
>30E3

radiation pattern for a patch antenna, representing the reference antenna, pointed
toward zenith, θ = 90° and an L band horn antenna, representing the surveillance
antenna, pointed toward the horizon [3]. Assuming the target is θ ≤ 5° from the
horizon, the antenna patterns provides ≥ 21.1dB isolation. If the target is θ = 10°,
the horn antenna provides 10.8 dB attenuation, while the patch antenna provides
17.8 dB attenuation, which provides 7 dB isolation. A target reflection in the main
beam of the surveillance antenna is likely not visible in the reference antenna, while
satellite transmitters visible in the reference antenna are likely not visible in the
surveillance channel. Though this is not ideal or the best suited method in the
literature, it is an adequate solution for the given scenario. Furthermore, the reference channel is assumed to be a standard GPS receiver, which will reject satellites
positioned θ ≤ 10° [1]. This would prove problematic for channel separation via
antenna isolation and is not a case considered. If the reference channel does not
accept transmitters at θ ≤ 10°, the surveillance channel cannot provide a PCL
solution and the surveillance channel is assumed to accept limited interference from
that transmitter due to the highly orthogonal design of the transmitters in band.
Given a moving target, the time duration that the target is within the antenna
beam must be considered. Figure 3.19 shows a target moving through the beamwidth
of the receiver. The shortest travel path for the target would be perpendicular
to the receiver range, RR . Using geometry and the law of sines, shows that the
minimum amount of time that the target is within the beamwidth of the antenna
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Figure 3.18: Antenna radiation pattern for a GPS patch antenna and L band horn.
is given by Equation 3.51.
sin ABW
2
min τ = (2) RR
k~v k−1
pi−ABW
sin( 2 )
!

(3.51)

Equation 3.51 uses the antenna beamwidth, ABW , and the velocity vector, ~v , to
determine the minimum amount of time, τ , the target is visible to the receiver.
Using Equation 3.51 for a velocity, k~v k = 343 m s−1 , a range of RR = 100 m and
an antenna beamwidth of ABW = 10 °, provides adequate time, tau ≥ 10 ms, for a
GPS PRN acquisition. Increasing, RR or ABW provides a larger available time of
detection.

v
ABW

RR

RECEIVER

Figure 3.19: Moving target moving through fixed antenna beamwidth.
Other design considerations include polarimetry, which provides the assumption
that the direct transmitter-receiver path will be right hand circularly polarized
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(RHCP), while any target reflections will be left hand circularly polarized (LHCP)
[106, 107]. This allows for further isolation of reference and surveillance channels.
Additionally it may provide, further clutter reduction if the clutter is assumed
to be a combination of RHCP and LHCP, while a target is purley LHCP. As
well, clutter may be limited due to the GPS waveform, if the clutter is randomly
dispersive point scatters, the random signal will not coherently sum to provide an
undistorted correlation peak [4, 108]. As well, assuming clutter is random scatterers
the summation is likely to tend toward the mean of zero and not correlate with
the appropriate PRN sequence at all. The preliminary design considered do not
restrict nor preclude other methods in the literature from being implemented to
further enhance GPS PCL capabilities.

3.4.2 Design Maturation
Due to the complexity of the GPS system and lack of control for experimentation,
prior to testing GPS PCL, Frequency Modulated (FM) PCL was defined and tested.
FM PCL was used due to the abundant literature and references available; the lack
of signal complexity; and the low cost and ease of scale in experimental design.
The methods developed hold for generic PCL and were tested in simulation and
experimentation for frequency modulated signals.
Simulation of FM PCL was performed to test the capabilities and limitations of
a multistatic FM PCL system and compare the results to available publications.
Each coordinate location for the transmitters, receivers, and unknown was randomly
chosen from a uniform distribution on the 1×1 plane. A signal from each transmitter
was generated using a center frequency between 88 and 108 MHz FM with a 75 kHz
random bandwidth. Each signal was delayed according to Equation 3.2a based
on the corresponding distance between the transmitter and receiver and the total
path length of the transmitter to unknown to receiver. In the multistatic PCL case,
Equation 3.2b was applied to calculate the TDOA for each transmitter-receiver
and transmitter-unknown-receiver pair. The multistatic case is further tested for
tolerance to noise by comparing average error rate to signal-to-noise ratio (SNR).
Each signal had a random noise sequence of equal length added to it within a
specified amplitude range.
Experimental validation was performed as free-space transmission on a subset
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of well performing multilateration cases and forward scattering null cases. The
experimental set up was conducted on a 30 m×30 m outdoor grid. A signal generator
generated a FM waveform with 75 kHz random noise from each transmitter, with
the respective antennas placed at appropriate coordinates. A low noise amplifier
was used to increase the power output of the signal generator. The receiver antenna
was placed at the respective coordinate location and an oscilloscope digitized the
signal at 2 GSa/s. The target was an active radar calibrator (ARC) [109]. The ARC
used two antennas and a low noise amplifier at the appropriate coordinate location.
Table 4.5 shows coordinate locations for each case tested. The digitized signal
was band pass filtered, and a LMS filter was used in an active noise cancellation
role for direct path suppression. The filtered signal was correlated and the system
of equations were solved for the target coordinate position using Equation 3.2b,
Equation 3.2a and Equation 3.3. An example of the system and flow is shown in
Figure 3.20. Or for the forward scattering case, the filtered signal was correlated
with the direct signal and the system of equations from Equation 3.9 were solved
with Equation 3.40 for the target coordinate position.
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SWITCH
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SIG GEN

ĥ[n] ŷ[n] LMS

+ e[n]
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Figure 3.20: Experimental system setup.
To test the method for a moving target experimentally, the target shown in
Figure 3.1, was replaced with a controlled target in motion shown in Figure 4.6.
Using a pendulum, allows for a controlled excitation with a known velocity in a
known direction over multiple iterations of varying transmitter and receiver pairs.
The Doppler measurement could be measured as the frequency deviation from the
known transmitter frequency, and produces a harmonic response for increasing
velocity, decreasing velocity, and a a fixed velocity at the minimum height from
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Figure 3.21: Controlled Doppler using swinging pendulum.
the ground. The bob of the pendulum is a 12 cm radius metallic sphere for radar
calibration, so that it will elicit a bistatic reflection regardless of the selected
geometry. The scenario is scaled in frequency to accommodate the target size
and a scaled Doppler response, appropriately scaling would allow for detection
of a vehicle radar cross section (RCS) and speed at wireless fidelity or long term
evolution frequencies, or an airplane RCS and velocity from frequency modulation
radio towers.

3.4.3 Simulation Approach
Simulation of GPS PCL begins with simulating the GPS transmitter. Using the
known PRN sequence p[n], it can be mixed with the carrier frequency, vc [n] ,
navigation message n[n] and any appropriate Doppler shift fd [n]. The transmitter
signal xn [n] = p[n]vc [n]n[n]fd [n] has an appropriate delay added to it and is summed
with any other visible transmitters [4]. The signal is passed through a channel
to attenuate the signal according to range of the transmitter position and to add
noise. The signal is then separated and split with one path fed directly into the
reference channel, and the second fed through another time delay and channel
to arrive at the surveillance channel. Figure 3.22 shows the simulation model to
generate the target response. The channel before the surveillance channel accounts
for additional attenuation based on RCS. The channels are split according to the
antenna radiation pattern in Figure 3.18.
The location of the receiver, target, and transmitter is limited to the underlying
sampling rate of the simulation, where the PRN sequence and delay taps must be
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Figure 3.22: GPS PCL simulation model.
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Figure 3.23: Antenna radiation pattern for a GPS patch antenna and L band horn.
integer values. The location of the reflected signal must satisfy the condition that
the target and the receiver are illuminated by the same transmitter. The target also
must be within a feasible range as defined in the design considerations; this implies
the additional condition that the code phase difference can be unambiguously
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measured for the short time scale position method and cannot wrap more than
once.
The model developed shows the delay for each satellite channel, as well, as the
total additional delay from the target to the receiver in Figure 3.22 as ξ, where ξ is
independent and arbitrary per transmitter and channel. The path length difference
from the satellite transmitter to the receiver and the satellite transmitter reflected
from the target to the receiver must then be calculated and added to each respective
channel is set as ξn . The summation of these transmitter channels is available at
the reference channel and surveillance channel inputs. The reference channel and
surveillance channel are processed according to the short-time scale method and
the long-time scale method.
The error performance of the short time scale simulation method was investigated.
Simulations were performed over a uniformly random target range of 0 m to 5 km
and a uniformly random altitude of 0 m to 20% of the target range, which yields
a maxima of 11° inclination. The target range was set in the simulation before
the altitude was determined. The simulation was performed over 2000 iterations
of generated target positions to evaluate the performance of the short time scale
method. The receiver position was defined within the above bounds of 5 km range
to the target position, but random and not artificially restricted. The satellite
position was random within a realistic bound of visibility and the fixed orbital
flight path. Each signal was generated with approximately 1 s length and evaluated
according to the short time scale method. Error is computed as the Euclidean
distance from the true target position, u, to the estimated target position û. Error
is defined in Equation 4.2.
The error performance of the long time scale simulation method was investigated
next. Simulations were performed over a uniformly random target range of 0 m to 5
km and a uniformly random altitude of 0 m to 20% of the target range, which yields
a maxima of 11° inclination. The target range was set in the simulation before
the altitude was determined. The simulation was performed over 500 iterations
of generated target positions to evaluate the performance of the long time scale
method. Each signal was generated with approximately 15 s of the reflected GPS
signal, which yields approximately 25 target position estimation solutions per
iteration. The receiver position was defined within the above bounds of 5 km range
to the target position, but random and not artificially restricted. The satellite
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position was random within a realistic bound of visibility and the fixed orbital
flight path. Error is computed according to Equation 4.2/.
e=

q

(ux − uˆx )2 + (uy − uˆy )2 + (uz − uˆz )2

(3.52)

The error performance of the velocity estimation simulation method was investigated. Simulations were performed over a uniformly random target range
of 0 m to 5 km and a uniformly random altitude of 0 m to 20% of the target
range, which yields a maxima of 11° inclination. The target range was set in the
simulation before the altitude was determined. The velocity was defined randomly
between 5 m s−1 and 300 m s−1 . The velocity was random in the x−, y−, z− plane.
The simulation was performed over 500 iterations of generated target velocities to
evaluate the performance of the Doppler estimation method. The receiver position
was defined within the above bounds of 5 km range to the target position, but
random and not artificially restricted. The satellite position was random within
a realistic bound of visibility and the fixed orbital flight path. Each signal was
generated with approximately 25 ms length and evaluated accordingly. Error is
computed as the norm of the estimated Doppler vector, û, from the true velocity,
u. Error is defined in Equation 4.2.

3.4.4 Hardware Approach
After simulation provided meaningful results, experimental verification was performed in a free space environment. Experimentation was performed in two stages:
the first stage being hardware in the loop (HIL) emulation and the second stage
using an active radar calibrator (ARC) as the target. The HIL scenario provides for
a controlled scenario, with known metrics to test against, while the ARC provides
a realistic detection scenario of a large target that may not otherwise be available
or feasible to control.
The HIL emulation used a known surveillance signal generated in a similar
manner to Section 3.4.3. The signal model was then uploaded into an arbitrary
waveform generator (AWG) and transmitted through free space. The AWG has a
maximum memory depth and minimum sampling rate; therefore the AWG output
was generated at 133.3328 MSa/s with a carrier frequency of 5.76 MHz with 16-bit
IQ modulation. The AWG output was mixed with a voltage controlled oscillator
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at 1569.66 MHz to generate the GPS L1 C/A signal at a frequency of 1575.42
MHz. The AWG has a maximum peak to peak voltage output of 700 mV and
was attached to an amplifier with 20-dB gain. The signal was generated to have a
power output corresponding to a 100 m2 target at the free space interface.
The signal was transmitted at right hand circular polarization (RHCP) and
received with a horn antenna at RHCP. The horn antenna is a dual polarization
L band horn with a radiation pattern similar to Figure 3.23. The horizontal
polarization of the horn was attached to a 90° phase shifter and summed with the
vertical polarization to produce RHCP [110]. The experimental set up is shown in
Figure 3.24 .
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Figure 3.24: PS PCL hardware in the loop experimental emulation.
The cases tested for HIL include various receiver positions, ranges, azimuth
and elevations. The signal emulation included two receiver positions and 15 target
positions relative to the receiver. The target positions were at ranges of 10, 25, 100,
and 250 m, elevations of 0 and 10 m and azimuth angles of 125, 61, and 66 °.
The HIL emulation provides a known reference channel, an expected surveillance
channel and precision control over the transmitter, receiver and target locations.
However, the experimental utility of this method is limited, aside from introducing
potential interference, additional noise, multipath and clutter. The active radar
calibrator addresses these issues and provides a more realistic target.
An ARC consists of a receiving antenna and a transmit antenna with an RF
amplifier in between. It is designed to have a large RCS and a broad pattern and
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is smaller in physical size than a passive reflector and is designed with polarization
in mind [109] . The ARC uses two patch antennas with an amplifier and maintains
RHCP. The amplifier provides approximately 19 dB of gain and represents that of
a 80 m2 target. The experimental set up is shown in Figure 3.25.
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Figure 3.25: GPS PCL experimental setup with an active radar calibrator.
The ARC does have limitations. Due to the lack of control of the signal, there
is a lack of precision of absolute receiver position and target position errors. The
receiver and target were positioned in relative space, along straight line trajectories.
There is no surveying precision data of the exact location of either receiver or target
location. The cases tested for the ARC include a single receiver location with a
target range of 10, 25, 50, 75, 100 and 200 m ranges relative to the receiver. The
global angle measurement is indeterminate, except by the methods under test.
The ARC was also tested in a moving configuration. The ARC was fixed to a
motor vehicle and tested at fixed range of 15 m at various velocities. The ARC on
the motor vehicle had a fixed trajectory based on road geometry. The ARC on the
motor vehicle was tested for velocities at 4.5, 9, 13.5, 18, and 22.5 m s−1 .
The collection procedure for the surveillance channel in both cases used a dual
polarization L band horn in RHCP configuration. The horn was attached to a low
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noise amplifier providing 12 dB gain and input into a generic software defined radio
as the receiver. Internal to the receiver the signal was filtered and mixed down from
1575.42 MHz to IF. The receiver digitized the signal at an intermediate frequency
(IF) of 1.09 MHz. The raw signal was digitized using 16-bit IQ demodulation with
6-MHz bandwidth. All processing and calculations were performed off-line.
For HIL, the reference channel, was known from the model and the AWG
generated surveillance channel signal was designed around it. The reference channel
for HIL was not measured. The surveillance channel is compared to the original
signal before the surveillance channel delay in the model and results are computed
according to both the short time scale and long time scale methods.
For the ARC, the reference channel was measured using an active GPS patch
antenna, with a similar pattern to Figure 3.23. The antenna was attached to an
independent software defined radio receiver. Internal to the receiver the signal was
filtered and mixed down from 1575.42 MHz to IF. The receiver digitized the IF at
1.09 MHz with 6-MHz bandwidth using 16-bit IQ demodulation. The receivers were
loosely synchronized according to the processor clock. The surveillance channel is
compared directly to the reference channel and results are computed according to
both the short time scale and long time scale methods.

3.5 Conclusion
Chapter 3 provides the development of GPS PCL methods. Chapter 3 is the
framework of analytical methods and processing techniques for GPS PCL. GPS PCL
is defined for multistatic and forward scattering position and Doppler estimation
for generic PCL and GPS PCL. The improvements include a serial, non-recursive,
non-iterative method for direct signal suppression that could feasibly be realized in
hardware. The concept of resource allocation and resource optimization is presented
and analyzed, where conventional PCL does not otherwise consider this; in the
bistatic case because it is only concerned with one transmitter. The matched filter
alternative is also presented to manage the filter weights of the matched filter rather
than the surveillance channel. Chapter 3 is the theoretical contribution of the
dissertation.
The Design section provides the preliminary analysis and realistic constraints of
GPS PCL. It is necessary for the methods and techniques to be verified. Simulation
91

and experimentation are designed to account for realistic constraints and operating
conditions. The methods developed in Chapter 3 are tested, and the results are
presented in Chapter 4.
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Chapter 4 |
Results
4.1 Introduction
Chapter 4 presents the results of the methods developed in Chapter 3. Chapter 4
is divided into 4 sections, the results from the FM PCL multistatic and forward
scattering position and Doppler estimation; the multistatic GPS PCL position
estimation results; the GPS PCL Doppler estimation results; and the results from
the improvements on direct signal suppression, matched filtering and resource
allocation. Chapter 4 provides the verification and validation of the methods
developed to show acceptable performance for GPS PCL realization. Chapter 3 is
the experimental demonstration aspect of the dissertation.
The proof of concept results present the simulation and experimental results
for multistatic position estimation and position estimation including a forward
scatterer. The FM PCL system tested also included a multistatic Doppler scenario
and presents the results for the simulation and experimentation. The proof of
concept, FM PCL system, shows that the method is accurate and provides the
necessary incentive to expand the methods to include GPS PCL.
The multistatic results of GPS PCL are verified in simulation and tested experimentally. The experimental results tested a hardware in the loop configuration,
as well as a representative target using an active radar calibrator. The experimental system shows that target detection using GPS PCL is feasible in a realistic
environment.
The Doppler estimation results for GPS PCL are verified in simulation and tested
experimentally. The experimental results are tested with a moving target, enhanced
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with an active radar calibrator to ensure detection. The Doppler estimation method
is shown to be adequate for GPS PCL.
The PCL improvements results are provided. The alternatives for direct signal
suppression, matched filtering and resource optimization are presented. They
are tested in simulation. Chapter 5 details the future works of these to test
experimentally and realize in hardware; of particular interest is the direct signal
suppression, if it can be accomplished with discrete, in-line components.

4.2 Proof of Concept Results
4.2.1 Multistatic Frequency Modulation
Monte Carlo simulations were performed over 1,000 iterations to compute error
analysis. Error was calculated according to Equation 4.2, where ē is the average
normalized error across all K iterations and the scale of the plane S, X and Y are
position and the subscript u and C indicate the true unknown position and the
calculated geolocation position, respectively. The average error for the multistatic
case is calculated as 0.0747. This error is normalized to the extent that if the scale
of plane is changed, the error will proportionally scale to the units of S and ē is
unitless.
K q
1 X
ē =
(Xu − XC )2 + (Yu − YC )2
K · S k=1

(4.1)

The multistatic case is further tested for tolerance to noise by comparing average
error rate to signal-to-noise ratio (SNR). Each signal had a random noise sequence
of equal length added to it within a specified amplitude range. The additive noise
has amplitudes ranging from 0 to 1e10, over 22 discrete points. The effect of
additive noise is seen in Figure 4.1. The tolerable level of added noise occurs
with the noise signal’s amplitude between 3 and 4 times that of the signal. This
corresponds to a signal to noise ratio (SNR) of -9.5 dB with an error of 0.0958
and an error of 0.1842 at SNR levels of -12.04 dB. The rapid increase in error is
visualized in Figure 4.1 at these points before stabilizing at -20 dB with an error
of approximately 0.5.
In the bistatic case, angle measurement was assumed and only a signal from
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Figure 4.1: Normalized error as a function of SNR. The right plot is an expanded
version of the left plot over the 0-20 dB SNR range.
Transmitter 1 was generated. Monte Carlo simulations were performed over 1,000
iterations to compute error analysis. The average error for the bistatic case is
calculated as 0.1550.
In order to compare the case of angle based PCL and multilateration based PCL,
error was introduced into the Monte Carlo simulation. Angle based measurements
had error introduced with error uniformly distributed between 0 and 45°. Multilateration based measurements had error introduced in distance between 0 and 0.125
m. Each additive error range was divided into 10 equal segments with that segment
indicating the maximum error introduced. The effect of the introduced error is
seen in Figure 4.2. Additionally, the case of error introduced in both distance and
angle is shown in Figure 4.3.
Figure 4.2 shows the comparison of introduced error between added distance
and angle. The multistatic PCL simulation indicated in the legend shows the
trend on geolocation error, as error is added into the timing measurements, which

95

corresponds to error in distance. The bistatic PCL simulation indicated in the
legend shows the trend on geolocation error, as error is added into the angular
measurement. The multistatic added error is shown on the bottom x-axis, while
the bistatic added error is shown on the top x-axis. In an error free environment,
the multistatic multilateration performs significantly better with slightly double
the performance accuracy. As the erroneous environment increases, the distance
error is relatively stable with a maximum normalized error of 0.1321 and increases
over a slope of 0.0067 m−1 . However, the additional error in angle, causes the
error to increase with a slope of 0.0193 rad−1 and has a maximum normalized error
0.3207. The maximum error of the multistatic multilateration PCL is lower than
that of the minimum of the bistatic PCL, additionally, it is more error tolerant as
evidenced by the lesser slope.
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Figure 4.2: Bistatic and multistatic error comparison.
Figure 4.3 shows the comparison of introduced error in both distance and angle.
The bistatic PCL simulation indicated in the legend as ‘Bistatic (Ang)’ shows the
trend in geolocation error, as error is added into the angular measurement. The
bistatic PCL simulation indicated in the legend as ‘Bistatic (Ang+Dist)’ shows
the trend in geolocation error, as error is linearly added in both the angular
measurement and the time measurement, corresponding to distance. Figure 4.3
shows the top x-axis as the distance error added, while the bottom x-axis indicates
the added error in angle. The added error in angle appears to the limiting factor in
the determination of geolocation error, since the addition of time error does not
significantly worsen the results. Figure 4.3 shows the slope of the bistatic PCL
with angle error only to have a slope of 0.0193 rad−1 , where as the the bistatic
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PCL with error in time and angle has a slope of 0.0196 m−1 rad−1 .
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Figure 4.3: Bistatic comparison of angle only and angle and distance.
Experimental validation was performed as free-space transmission on a subset
of well performing multilateration cases. Table 4.5 shows coordinate locations for
each case tested.
Table 4.1: Coordinates of receiver, transmitters and target for each case.
Case

Receiver

Transmitter 1
h

Transmitter 2
h

Transmitter 3
h

Unknown

1

h

17.22 19.51

i

3.77 14.94

i

25.99 26.63

i

8.23 6.35

i

h

12.71 6.27

i

2

h

6.36 27.58

i

h

5.42 10.96

i

h

1.72 15.90

i

h

10.23 5.35

i

h

20.58 14.27

i

3

h

12.26 29.95

i

h

30.11 5.19

i

h

7.85 12.09

i

h

2.25 20.85

i

h

12.25 18.91

i

4

h

16.17 25.37

i

h

4.91 23.10

i

h

26.55 10.69

i

h

20.89 8.96

i

h

18.21 10.22

i

5

h

22.66 3.22

i

h

28.52 13.95

i

h

7.32 23.28

i

h

23.14 22.57

i

h

20.77 14.12

i

Table 4.6presents each case showing the unknown coordinate position, the
computed simulation error, the true correlation lag, the measured correlation lag,
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the computed unknown coordinate and the computed unknown error. The average
error of the tested cases is 1.01 m.
Table 4.2: Calculations of correlation lag and error for each case.
Case
1
2
3
4
5

Simulation
Error

h True

Tx1

4.2e-11

h

5.5e-17

h

Corr Lag i
Tx2 Tx3

82 180 17

i

122 172 71

i

3.0e-11

h

1.1e-16

h

3.7e-12

h

20 5 51

i

149 38 8

i

44 14 3

i

Measured
Corr Lag
h
i
Tx1 Tx2 Tx3
h
h

85 171 4

128 192 69
h

h

i

16 9 51
47 10 7

h
i

i

154 270 19
h

i

Measured Unk
Position
h
h

i

h
h

Error
(m)

12.67 6.77

i

0.50055

20.30 12.00

i

2.29440

12.77 19.41

i

0.71593

17.13 9.25

i

1.44836

20.67 14.17

i

0.11256

4.2.2 Multistatic Forward Scattering Frequency Modulation
Using available software to solve the system of equations, the cases of different
system configurations are compared for error metrics. The available cases are a
baseline system, in which the N = 3, M = 1 and number of targets T = 1 can
be configured anywhere on the plane of a grid normalized to 1 × 1. The other
cases include: (a) the nonlinear system of equations for forward scattering near
180°, which allows one δn to tend toward zero; (b) the case of systems when two
transmitter-receiver pairs are present and a single forward scattering null and an
ambiguous solution; (c) the case when two transmitter-receiver pairs are present
with an observation of a forward scattering null to linearize the link equation; and
the linear case when N is reduced to N = 2 with one transmitter-receiver bistatic
pair and the observation of a forward scattering null are present.
To further extend the utility of this multistatic system configuration, the case
of multiple targets are considered. The case of the linearized system with N = 2
is considered with T > 1 for comparison. Additionally, the case of N = 3 and
T > 1 with a linear forward scattering null link is considered to determine if a
larger number of targets is resolvable.
In a multiple target scenario, there is a low likelihood that there could be a
forward scattering null induced from the bistatic reflection of another target. This
particular scenario will not be extensively explored, but will be considered within
the overall performance metrics. The location sites of transmitter, receiver and
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targets will be assigned without this consideration in mind and will be incorporated
and computed as indistinguishable from an alternative scenario.
Table 4.3 shows the cases to be solved.
Table 4.3: Considered Cases of Multistatic Configuration

Case
1
2

Targets
1
1

Target Position Constraint
δ 6= 0
δ≈0

3

1

δ 6= 0

4

1

δ 6= 0

5

1

δ 6= 0

6

>1

δ 6= 0

7

>1

δ 6= 0

System h(x)
h(x) = [Equation
h(x) = [Equation
"
f1 (x)
h(x) =
f (x)
 2
f1 (x)

h(x) =  f2 (x)
g3 (x)
h(x) = [Equation

f1 (x)

h(x) =  f2 (x)
g3 (x)
h(x) = [Equation

3.1]
3.1]
#




3.9]




3.9]

Each case is tested using a uniform distribution over the plane with the
transmitter-receiver pair locations chosen at random. Case 1 uses unrestricted
random locations for the transmitter, receiver and target anywhere on the plane.
Case 2 is a case of forward scattering, where the target must be located within the
direct path between a transmitter-receiver pair, but does not obstruct reception.
Case 3 is a case where the target is within the forward scattering null and reception
from a transmitter-receiver pair is obstructed. Case 4 is the linearized case of a
forward scattering null using two transmitter-receiver pairs and the target is contained within the forward scattering null. Case 5 is the linearized case of a forward
scattering null using one transmitter-receiver pair and the target is contained within
the forward scattering null. Cases 6 and 7 are the multi-target realization of Cases
4 and 5.
In all cases, except Case 1, the target must be located on a path of a transmitter,
receiver pair; the target location is randomly assigned along the line between the pair.
Each case, except Case 1, is analyzed for the same transmitter, receiver and target
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locations for direct comparison of root mean square error (RMSE). Comparing
the results on the same location data allows the method to be considered location
independent. Standard deviation is also calculated to determine if there is a
statistically significant performance difference between cases.
Table 4.4 shows the performance of all the cases of systems under test. The
minimum error metric is calculated to be Case 2, while comparing Case 3 and 4
shows that linearization yields greater than 0.04 improvement. An improvement of
0.04 on a normalized plane would be a geolocation resolution reduction near 40
m if the grid was normalized from 1 km × 1 km. Figure 4.4 shows average error
plots with deviation against the number of targets present in the scene. Of special
note is the significant difference in performance between the ambiguous solution in
Case 3 and linearized unambiguous solution in Case 5. Additionally, the lack of
performance difference between Case 4 and Case 5 regardless of the additional link,
is also notable.
Table 4.4: Performance Metrics of System

Case
1
2
3
4
5
6
7

Geolocation Error
0.1745
0.0133
0.1164
0.0796
0.0832
†
†

Standard Deviation of Error
0.3249
0.0881
0.2117
0.1954
0.2101
†
†

† See Figure 4.4
Furthermore, the ability for the detection and geolocation of multiple targets in
the presence of a forward scattering null and potential shadowing is depicted in
Figure 4.4. For direct comparison, the condition of Case 7 with T = 2 the error is
0.1443, which is deteriorated compared to the overall performance of Case 5 with
T = 1. Case 7 with T = 2 is comparable to Case 3 with T = 1. The additional
transmitter receiver pair comparison of Case 6 and Case 7 appear to be negligible
with no significant performance metric differences.
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Case 6, in Figure 4.4, is depicting up to 100 targets presents two characteristics
not readily extrapolated from a limited number of cases. Comparing T = 1 through
T = 100 the confidence within geolocation degrades at a faster rate than the error.
Additionally, the rate of error is a marginal improvement from assuming a constant
rate of change equivalent to the error in Case 4 with a performance gain of 0.119
at T = 100.
Case 6 Error Plot
4

Error

3
2
1
0
-1
0

5

10

15

20

25

20

25

80

100

Number of Targets
Case 7 Error Plot

Error

4
2
0
0

5

10

15

Number of Targets
Case 6 Error Plot
15

mean
std

Error

10
5
0
0

20

40

60

Number of Targets

Figure 4.4: Case 6 and Case 7 error plots with standard deviation.
Experimental validation was performed as free-space transmission on a subset
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Table 4.5: Coordinates of receiver, transmitters and target for each case
Case

Receiver

1

h

2

h

3

h

4

h

5

h

6

h

7

h

8

h

9

h

10

h

Transmitter 1

17.2206 19.5167

i

h

17.2206 19.5167

i

h

6.3687 27.5891

i

h

18.5278 22.5934

i

h

12.2648 29.9568

i

h

12.2648 29.9568

i

h

16.1736 25.3723

i

h

16.1736 25.3723

i

h

22.6676 3.2285

i

h

22.6676 3.2285

i

h

Transmitter 2

3.7775 14.9461

i

h

3.7775 14.9461

i

h

5.4290 10.9617

i

h

12.0860 1.8773

i

h

30.1123 5.1948

i

h

7.8575 12.0944

i

h

4.9114 23.1073

i

h

4.9114 23.1073

i

h

28.5211 13.9564

i

h

28.5211 13.9564

i

h

Transmitter 3
i

25.9994 26.6373

h

Unknown

11.0478 1.3954

i

h

12.7110 6.2781

i

11.0478 1.3954

i

h

12.7110 6.2781

i

22.4004 12.5802

i

h

20.5859 14.2789

8.2386 6.3539

i

h

10.2367 5.3544

i

h

23.7798 10.2896

i

h

1.8082 2.2074

i

2.2554 20.8512

i

h

12.2530 8.9793

i

h

12.2586 18.9181

i

2.2554 20.8512

i

h

12.2530 8.9793

i

h

12.2586 18.9181

i

26.5515 10.6917

i

h

19.4474 1.0314

i

h

18.2115 10.2203

i

20.8951 8.9657

i

h

19.4474 1.0314

i

h

18.2115 10.2203

i

7.3298 23.2836

i

h

19.5166 21.3523

i

h

20.7740 14.1202

i

23.1443 22.5750

i

h

19.5166 21.3523

i

h

20.7740 14.1202

i

h

3.1947 3.8980

i

i

Table 4.6: Calculations of correlation lag and error for each case
Case

Simulation
Error

1

3.9043E-15

h

3.9043E-15

h

3.1534E-14

h

4

3.632E-15

h

5

1.4749E-12

h

2.1657E-14

h

2
3

6
7
8
9
10

h True

Corr Lag i
Tx1 Tx2 Tx3

Measured
Corr Lag
h
i
Tx1 Tx2 Tx3

82 180 0

i

82 17 0

i

122 71 0

i

h

77 216 0

i

h

20 51 0

i

h

5 51 0

i

h

2.1657E-15

h

2.1657E-15

h

2.1657E-15

h

2.1657E-15

h

h

i
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of well performing forward scattering null cases. The receiver antenna was placed
at the respective coordinate location. Table 4.5 shows coordinate locations for
each case tested.
Table 4.6 presents each case showing the unknown coordinate position, the
computed simulation error, the true correlation lag, the measured correlation lag,
the computed unknown coordinate and the computed unknown error. The average
error of the tested cases is 0.2611 m.

4.2.3 Multistatic Doppler Frequency Modulation
The methods were tested in the multistatic configuration for two receivers and
one transmitter and two transmitters and one receiver in a single time step, and
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compared to the bistatic case of one transmitter and one receiver in multiple time
steps. The target was simulated as a constant velocity linearly moving target,
a non-constant velocity linearly moving target, a constant velocity non-linearly
moving target, and a non-constant velocity non-linearly moving target. Figure 4.5
shows examples of the cases considered, but is not a restrictive set.
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Figure 4.5: Target motion types under test.
The simulation defined two centers, one transmitter and one receiver, for the
bistatic case and three centers, for the multistatic configuration with one shared
node, shown in Figure 3.1. The centers were random in a 2-dimensional 1×1
uniform plane. The simulation defined a random target position as well, and
associated this with a velocity vector. The velocity vector was randomly sampled
in the 2-dimensional 1×1 uniform plane. From this information, the bistatic ellipse
was defined for each transmitter-receiver pair and the Doppler measurement was
simulated according to the methods developed. At each time step, the target
position was updated according to the velocity vector at that time. For the linear
motion and constant velocity, the velocity vector was held constant for the duration;
for the linear motion non constant velocity, the a random scalar was used to adjust
the velocity vector at each time step; for the non-linear motion and constant velocity,
the magnitude of the velocity vector was held constant, however, the direction
components were changed at random at each time step; for the non-linear motion
non-constant velocity a different random velocity vector was assigned at each time
step. Each scenario was simulated 1000 times and the bistatic method and the
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multistatic method were tested against the same defined centers, target positions
and velocities.
The multistatic velocity vector solution is able to estimate velocity and direction
at each time step, therefore the method was compared to the true value at each
time step. The bistatic velocity vector solution is only able to estimate velocity
and direction after two time steps, therefore the method was only compared to the
true value at the second time step. The velocity estimation error is computed as
the Euclidean norm of the difference between the estimation and the true value.
The results for the tested cases are shown in Table 4.7.
Table 4.7: Performance Metrics of System
Multistatic Case (T=1)
Linear Motion Constant Velocity
Linear Motion Non-Constant Velocity
Non-Linear Motion Constant Velocity
Non-Linear Motion Non-Constant Velocity

Mean Err (m/s)
6.2e-16
6.3e-16
1.2 e-15
9.0e-16

Std Dev (m/s)
3.5e-15
3.0e-15
1.2e-14
6.4e-15

Multistatic Case (T=2)
Linear Motion Constant Velocity
Linear Motion Non-Constant Velocity
Non-Linear Motion Constant Velocity
Non-Linear Motion Non-Constant Velocity

Mean Err (m/s)
2.7e-15
2.6e-14
1.7 e-15
3.7e-15

Std Dev (m/s)
1.3e-14
7.4e-13
4.6e-15
4.3e-14

Bistatic Case (T=2)
Linear Motion Constant Velocity
Linear Motion Non-Constant Velocity
Non-Linear Motion Constant Velocity
Non-Linear Motion Non-Constant Velocity

Mean Err (m/s)
6.8e-16
1.206
0.610
2.804

Std Dev (m/s)
5.3e-15
9.928
2.022
22.274

Table 4.7 shows the results for the cases tested in simulation. The multistatic
solution considered for one time step, T = 1, shows acceptable performance for
all cases of motion tested. For a measurement, the target motion in a multistatic
environment is able to be calculated with minimal error, given a minimal error
measurement. This is shown for the multistatic case with two time steps available
as well. When the multistatic case of T = 2 is considered, the information available
at each time step is adequate for a solution, thus providing comparable results to a
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single time step measurement. The conventional bistatic case requires two time
steps for a target Doppler solution. The second measurement is a requirement and is
adequate if the target motion is constant or has insignificant change from time step
to time step. This is shown in the case of linear motion with constant velocity and
has adequate target Doppler solutions. The case of complex target motion degrades
the performance of bistatic radar in this environment and is shown in Table 4.7.
The degradation of target Doppler solution is related to how complex the motion is
and the rate at which the change occurs. This shows that the multistatic solution
has advantages for target Doppler motion estimation over that of conventional
bistatic radar.

Maximum
Potential Energy

Maximum
Potential Energy
Maximum
Kinetic Energy

Figure 4.6: Controlled Doppler using swinging pendulum.
To test the method experimentally, the target shown in Figure 3.1, was replaced
with a controlled target in motion shown in Figure 4.6. Using a pendulum, allows
for a controlled excitation with a known velocity in a known direction over multiple
iterations of varying transmitter and receiver pairs. The Doppler measurement
could be measured as the frequency deviation from the known transmitter frequency,
and produces a harmonic response for increasing velocity, decreasing velocity, and a
a fixed velocity at the minimum height from the ground. The bob of the pendulum
is a 12 cm radius metallic sphere for radar calibration, so that it will elicit a bistatic
reflection regardless of the selected geometry. The scenario is scaled in frequency
to accommodate the target size and a scaled Doppler response. Appropriately
scaling would allow for detection of a vehicle radar cross section (RCS) and speed at
wireless fidelity or long term evolution frequencies, or an airplane RCS and velocity
from frequency modulation radio towers.
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Transmitter 2
215N
250N

Receiver
75N
Target

20N
Transmitter 1

Figure 4.7: Geometry of field experiment and time-frequency plots of received
signal from each transmitter’s transmissions.
A field experiment was conducted to validate our theoretical approach. The
geometry of the measurement setup is shown in Figure 4.7. The target motion
was in the direction of 75°N, oscillating in the direction of +0 and +180° from
that direction, with transmitter 1 facing 210°N, transmitter 2 facing 20°N and the
receiver facing 250°N. Figure 4.7 also show the Doppler signals recorded by the
receiver for transmissions from each transmitter at 11.1 GHz. The corresponding
Doppler frequencies are estimated as 64 Hz and 268 Hz for transmitter 1 and
transmitter 2 signals, respectively. The measured monostatic target velocity is
8.06x̂ + 0.7ŷ m s−1 and the estimated target velocity using the multistatic method
for bistatic Doppler is 8.11x̂ + 0.88ŷ m s−1 , where x̂ and ŷ are the unit vectors in
the x− and y− directions, respectively. This yields an absolute error of 0.18 m s−1
in the estimated target speed.
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Table 4.8: Experimental Results

Tx 1 Pos
(°N)
90
285
285
250
250
215
215
20
20
30
45
95
95

Tx 2 Pos
(°N)
285
285
250
210
45
50
-

Rx 1 Pos
(°N)
40
35
15
15
15
325
250
250
250
285
5
5
15

Rx 2 Pos
(°N)
80
80
310
325
285
290
60

Error
(m s−1 )
0.72
0.60
0.75
0.67
0.47
0.24
0.11
0.18
0.62
0.32
0.19
0.06
0.38

Table 4.8 shows additional cases that were tested and measured experimentally.
The experimental measurements were similar to the case presented in Figure 4.7.
The additional cases present varying geometry and results, though they are all
comparable. The error column shows that geometry affects the solution; however,
as long as the response is at a sufficiently detectable level, the solution should be
within a tolerable error range. The mean velocity vector across all measurements
has an error from the monostatic measurement of 0.46 m s−1 . The mean error
across all tested geometries also validates the monostatic Doppler measurement
and minimizes any system or geometry variability.
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4.3 Multistatic PCL Positioning using Global Positioning System
The error performance of the short time scale simulation method was investigated.
Each signal was truncated to approximately 1 s length. The short time scale method
was processed over 2000 iterations of target, receiver and transmitter positions.
Error is computed as the Euclidean distance from the true target position, u, to
the estimated target position û. Error is defined in Equation 4.2.

e=

q

(ux − uˆx )2 + (uy − uˆy )2 + (uz − uˆz )2

(4.2)

Figure 4.8 shows a distribution estimation by means of a three-dimensional
histogram in range to target and error as the X − Y plane and the Z plane as
the number of targets that were tested at that range bin. The histogram shows
that error does not prefer any particular range domain, therefore the average error
across all iterations is used as the metric of performance. The simulation shows a
mean error across the entire range domain is 1.7 m with a standard deviation of
0.95 m.

Figure 4.8: 3D Histogram of Range and Error for the Short Time Scale Method.
The error performance of the long time scale simulation method was investigated
next. The simulation was performed over 500 iterations of generated target positions
to evaluate the performance of the long time scale method. Each signal was
processed using the full 15 s length of the simulated GPS signal. Each iteration
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yields approximately 25 target position estimation solutions per iteration. Error is
computed according to Equation 4.2.
Figure 4.9a shows a histogram of simulation error for each navigation solution,
whereas, Figure 4.9b shows a distribution estimation by means of a three-dimensional
histogram in range to target and error as the X-Y plane and the Z plane as the
number of iterations that a target range was in that bin. The histogram is across
all iterations and sub-iterations. The histogram shows that error does not prefer
any particular range domain; therefore the average error across all iterations is used
as the metric of performance. The mean error across the entire range domain is 8.8
m, with a standard deviation of 13.5 m, this yields an average absolute error of
15.5 meter.
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(a) Histogram of Error.

(b) 3D Histogram of Range and Error for the Long Time Scale Method.

Figure 4.9: Long Time Scale Position Estimation Simulation
Each error metric was also calculated at across all subiterations within an
iteration, rather than across each navigation solution. This yielded comparable
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results and did not present a significant difference than across each iteration. The
average error at each iteration was 8.4 m, with a standard deviation of 12.1 m, and
an average absolute error of 11.1 m. A histogram of the error across iterations
is shown in Figure 4.10a. Figure 4.10b presents this information in a plot across
all iterations and ranges. The mean value is shown as a connected line and the
the error range is indicated with a maximum and minimum error with respective
points.
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Figure 4.10: Long Time Scale Position Estimation Simulation
The data cases collected for the hardware in the loop emulation were analyzed
using the short time scale method presented in Chapter 3. Figure 4.11a shows
the true position and the estimated position of the target at various ranges and
an azimuth angle of 125°. Figure 4.11a was calculated using the short time scale
method. Table 4.9 shows the error for each case, where error is defined in Equation
4.2. The average error of the cases tested was 4.8 m, with a standard deviation of
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1.72 m. These results are comparable to the simulation results, although they are
highly dependent on the ability to track the code phase of both the direct signal
and the reflected signal.
Table 4.9: Short Time Scale Hardware in the Loop Experimental Results
Range to Target
from Receiver (m)
10
25
100
100
250
10
25
100
100
250
10
25
100
100
250

Azimuth Angle
from Receiver (°)
125
125
125
125
125
61
61
61
61
61
66
66
66
66
66

Elevation of
Target (m)
0
0
0
10
0
0
0
0
10
0
0
0
0
10
0

Error (m)
5.4
5.1
7.0
2.7
6.6
2.8
4.4
7.2
4.1
7.2
4.6
3.1
2.0
5.9
3.8

The data cases collected using HIL were also analyzed using the long time scale
method presented in Chapter 3. Figure 4.11b shows the true position and the
estimated position of the target using the long time scale method, for the 125°
azimuth angle and a range of 100 m. Table 4.10 shows the error for each case,
where error is defined in Equation 4.2. The average minimum error of the cases
tested was 3.9 m, with a standard deviation of 1.89 m, while the average error
across iterations was 22.9 m, with a standard deviation of 2.92 m. These results
are comparable to the simulation results, though the simulation results perform
slightly better; this is due to the signal being less corrupted by the reflected path in
simulation, in practice it appears that the navigation message and ephemeris data
becomes corrupted within the reflected path and corrections that were measured in
the simulation must be assumed in experimental practices.
The data cases collected for the active radar calibrator were analyzed using
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Table 4.10: Long Time Scale Hardware in the Loop Experimental Results
Range to Target
from Receiver (m)
10
25
100
100
250
10
25
100
100
250
10
25
100
100
250

Azimuth Angle
from Receiver (°)
125
125
125
125
125
61
61
61
61
61
66
66
66
66
66

Elevation of
Target (m)
0
0
0
10
0
0
0
0
10
0
0
0
0
10
0

Minimum Error (m)

Average Error (m)

3.7
3.6
3.7
4.0
3.5
3.3
3.0
3.5
3.0
3.3
3.2
3.0
3.5
3.0
10.6

22.0
22.0
22.0
23.9
22.0
22.0
22.0
22.0
22.0
22.0
22.3
22.0
22.0
22.0
33.3

the short time scale method. Figure 4.12a shows the estimated position of the
target using the short time scale method for the given range. Table 4.11 shows the
error for each case, where error is defined by |RR − RˆR |. The average error of the
cases tested was 11.2 m, with a standard deviation of 15.3 m. These results are
comparable to the HIL results, though ground truth is not fully known.
The data cases using the ARC with were also analyzed using the long time scale
method. Figure 4.12b shows the estimated position of the target using the long
time scale method for a range of 100 m. Table 4.11 shows the error for each case,
where error is defined by |RR − RˆR |. The average error of the cases tested was 18.6
m, with a standard deviation of 19.3 m. These results are comparable to the HIL
results, though ground truth is not fully known .

4.4 Multistatic PCL Doppler using Global Positioning
System
The error performance of the Doppler estimation simulation was investigated. Each
signal was truncated to approximately 25 ms length. The Doppler esimtation
method was processed over 10000 iterations of target, receiver and transmitter
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(b) Long Time Scale, Target Range 100m with Azimuth Angle 125°.

Figure 4.11: Experimental Position Estimation for HIL
positions. The velocity of target was restricted to k~v k ≤ 343 m s−1 with a range to
target restricted to RR ≤ 1 km. The Error is computed as the Euclidean distance
from the true target velocity, ~v , to the estimated target position v~c . Error is defined
in Equation 4.3. This provides an analysis of the distance error between the vectors.
Equation 4.4, also provides an error metric of the angle between the two vectors.
e = k~v − v~c k

ϕ = arccos

~v
v~c
·
k~v k k~
vc k

(4.3)

(4.4)

For the simulation solution, where the frequency measurement is made without
any error, the average error is 4.29e-14 and the average angle is 2.86e-7. Figure
4.13 shows the error vector compared to range to target. There appears to be no
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Table 4.11: Active Radar Calibrator Experimental Results

Short Time / Range to Target
Long Time
from Receiver (m) (m)
Short
10
Long
10
Short
25
Long
25
Short
50
Long
50
Short
75
Long
75
Short
100
Long
100
Short
200
Long
200

Mean Error Stand Deviation
(m
12.4
3.6
11.2
8.3
1.3
10.4
19.4
15.1
21.3
15.4
9.3
15.6
1.7
8.4
11.9
10.0
14.3
22.3
18.1
39.5
17.2
19.7
30.7
31.6

correlation between range and velocity estimation error.
The effect of the ability to correctly measure frequency in the method was also
considered. A Doppler resolution of 1, 5, 10, 25 and 100 Hz was considered and the
results are presented in Table 4.12. Figure 4.14 shows the Doppler performance for
resolutions of 1, 5 and 10 Hz, while Figure 4.15, shows the cumulative effect of how
a decrease in frequency resolution leads to an increase in velocity estimation error.
Table 4.12: Frequency resolution error computation.
Frequency Resolution
0
1
5
10
25
100

Error (m s−1 )
4.29e-14
0.15
0.74
1.50
3.74
14.91

Angle (°
2.86e-7
0.14
0.68
1.38
3.27
10.29

The small angle relative to the magnitude error of the Doppler vector shows
that the direction is accurate with an inaccurate frequency.
The data cases collected for the active radar calibrator were analyzed using
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Figure 4.12: Experimental Position Estimation for ARC
the Doppler estimation method. Figure 4.16 shows the correlation peak for the
acquisition phase against time. Figure 4.17 shows the lack of the appropriate
Doppler frequency measurement in a non-peak region, and shows a corresponding
Doppler frequency measurement.
Table 4.13 shows the error for each case, where error is defined by k~v − v~c |. The
average error of the cases tested was 2.24 m s−1 , with an average angle of 8.57 °.
These results are comparable to the simulation results, though ground truth is not
fully known; the vehicle velocity has a margin of error, as well as, as the oscillator
and frequency measurements have some difference between channels.
Average error is m s−1 . Average angle is 8.57 °.
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Figure 4.13: Simulation of Velocity error compared to target distance.

4.5 Improvement Results
4.5.1 Mixer Direct Signal Suppression
The simulation was evaluated over frequency modulation, phase modulation, and
amplitude modulation. The cases tested were a noiseless channel, where the reference channel was 10 times stronger than the surveillance channel. The transmitter,
target, and receiver positions are generated randomly, with a bistatic range between
50 and 250 km. The reference channel and the target channel were independently
varied from an SNR of −40 dB to 60 dB. The power of the target channel was
varied to indicate different target radar cross section (RCS). The reference channel
was stronger by a factor of 1, 2, 5, 10 and 25.
The metrics of evaluation were based on computation time , normalized correlation coefficient, and the error in distance. Each metric was calculated on the
same iteration of the same data set. The computation time, τ , was compared with
a stopwatch timer between the mixing DSS and the LMS DSS; neither was optimized for speed or efficiency and was implemented as is described. The normalized
correlation coefficient is defined in Equation 4.5.
*

Γ = max

¯ +
Starg − S̄targ Ŝtarg − Ŝtarg
,
kStarg k
kŜtarg k

(4.5)

In Equation 4.5, Γ is the maximum of the normalized cross correlation coefficient
and Ŝtarg is the recovered target signal from the tested method. The function | · | is
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Figure 4.14: Simulation of Velocity error compared to target distance for different
frequency resolutions.
the absolute value, k · k is the L2 norm, and < · > is the inner product between
the vectors. The coefficient, Γ, is a percentage value of similarity between the two
vectors. The error in distance is defined in Equation 4.6.


c
εδ = δ − arg max
n
fs

*

¯ +
Sref − S̄ref Ŝtarg − Ŝtarg 
,
kSref k
kŜtarg k
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(4.6)
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Figure 4.15: Simulation of Velocity error compared to target distance.
The variable n is the index of the lag that the maximum occurs, and indicates the
delay in units of samples. The error in distance, εδ , is the difference in distance
from the calculated bistatic range, based on the recovered target signal, Ŝtarg , and
the true distance delay, δ.
The frequency modulation test had no noise added to the reference channel, no
noise added to the target channel, the reference channel had 10× the amount of
power as the target channel, and the target was located at an average distance of
100 km. The mixing method had an average computation time of 1.03 s, Γ = 0.999
and εδ = 7.47 m. The LMS method used M = 111 filter taps and Λ = 5e − 5, and
had an average computation time of 0.99 s, Γ = 0.708 and εδ = 15.18 m.
The phase modulation test had no noise added to the reference channel, no
noise added to the target channel, the reference channel had 10× the amount of
power as the target channel, and the target was located at an average distance of
100 km. The mixing method had an average computation time of 1.12 s, Γ = 0.997
and εδ = 2.39 m. The LMS method used M = 111 filter taps and Λ = 5e − 5, and
had an average computation time of 0.95 s, Γ = 0.595 and εδ = 45.07 m.
The amplitude modulation test had no noise added to the reference channel, no
noise added to the target channel, the reference channel had 10× the amount of
power as the target channel, and the target was located at an average distance of
100 km. The mixing method had an average computation time of 1.09 s, Γ = 0.675
and εδ = 226.59 m. The LMS method used M = 111 filter taps and Λ = 5e − 5,
and had an average computation time of 0.919 s, Γ = 0.606 and εδ = 28.33 m. AM
modulation does not appear sufficient for PCL applications under these conditions;
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Figure 4.16: Moving Target acquisition peak metric versus time for surveillance
channel of GPS PCL.
for calculating the distance error, εδ , the second peak maxima was used as the
target location rather than the global maximum.
The time across all SNR variations for the mixing method were averaged as
1.06 s and had little variance based on the SNR or strength of the reference channel
relative to the target channel. The time across all SNR variations for the LMS
method were averaged as 0.94 s and had little variance based on the SNR or signal
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Figure 4.17: Moving Target carrier measurement versus time for surveillance channel
of GPS PCL.
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Table 4.13: Experimental Doppler Estimation Results.
True Velocity
(m s−1 )
5
3.54x̂ −1.87ŷ −2.98ẑ
5
3.54x̂ −1.87ŷ −2.98ẑ
5
3.54x̂ −1.87ŷ −2.98ẑ
7.5
5.31x̂ −2.80ŷ −4.48ẑ
7.5
5.31x̂ −2.80ŷ −4.48ẑ
7.5
5.31x̂ −2.80ŷ −4.48ẑ
10
7.09x̂ −3.74ŷ −5.97ẑ
10
7.09x̂ −3.74ŷ −5.97ẑ
10
7.09x̂ −3.74ŷ −5.97ẑ
12.5
8.86x̂ −4.68ŷ −7.46ẑ
12.5
8.86x̂ −4.68ŷ −7.46ẑ
12.5
8.86x̂ −4.68ŷ −7.46ẑ
15
10.63x̂ −5.61ŷ −8.96ẑ
15
10.63x̂ −5.61ŷ −8.96ẑ
15
10.63x̂ −5.61ŷ −8.96ẑ
17.5
12.41x̂ −6.55ŷ −10.45ẑ
17.5
12.41x̂ −6.55ŷ −10.45ẑ
17.5
12.41x̂ −6.55ŷ −10.45ẑ

Channel
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch. 1:
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.
Ch.

1:
2:
3:
1:
2:
3:
-8.11
2:
3:
1:
2:
3:
1:
2:
3:
1:
2:
3:
1:
2:
3:
1:
2:
3:
1:
2:
3:
1:
2:
3:
1:
2:
3:
1:
2:
3:
1:
2:
3:
1:
2:
3:
1:
2:
3:
1:
2:
3:
1:
2:
3:
1:
2:
3:

True Doppler
(Hz)
19.69
-24.39
21.66
19.84
-3.1
21.73
-6.25
15.14
6.97
-11.71
23.08
9.98
30.46
9.75
-14.92
30.78
3.41
-14.54
-22.93
-51.27
16.33
16.14
49.41
51.23
28.50
41.18
-41.67
30.30
39.59
60.84
40.19
61.13
57.10
57.65
-19.29
-56.38
68.32
0.03
-22.67
17.38
22.03
27.27
-2.61
38.04
16.95
-75.03
24.91
79.59
-75.03
79.70
-3.49
51.67
78.37
47.22

Measured Doppler
(Hz)
23.49
-27.38
20.41
25.79
-2.72
27.12
4.12
12.70
7.26
-14.84
24.17
10.62
30.87
14.89
-12.13
29.83
1.04
-16.21
-20.61
-50.72
17.80
22.98
63.58
66.93
28.61
45.52
-42.33
27.30
36.09
54.73
41.95
65.04
55.31
69.08
-20.86
-68.87
67.7
0
-20.97
15.68
21.25
26.97
-5.45
43.73
22.96
-92.64
33.46
101.03
-79.62
83.74
-6.11
47.08
71.39
43.68

Calculated Velocity
(m s−1 )
7.02
5.62x̂ −4.18ŷ −0.55ẑ

Error
(m s−1 )

Angle
(°)

3.94

33.1

6.85
5.12x̂ −3.37ŷ −3.06ẑ

2.18

11.1

3.21x̂ −1.47ŷ −2.14ẑ

0.98

6.0

8.37
6.19x̂ −2.71ŷ −4.95ẑ

1.00

3.4

7.43
6.16x̂ −1.24ŷ 3.97ẑ

1.84

14.23

7.61
5.73x̂ −1.58ŷ −4.76ẑ

1.32

9.9

9.73
6.91x̂ −2.86ŷ −6.24ẑ

0.93

5.24

13.51
10.06x̂ −6.20ŷ −6.55ẑ

3.89

8.32

9.87
7.20x̂ −4.78ŷ −4.78ẑ

1.58

9.12

11.04
7.71x̂ −4.79ŷ −6.30ẑ

1.63

3.7

15.40
11.63x̂ −0.60ŷ −10.09ẑ

5.58

19.7

15.24
10.88x̂ −7.05ŷ −8.02ẑ

3.16

6.4

14.95
10.68x̂ −6.42ŷ −8.27ẑ

1.06

4.0

13.22
9.19x̂ −5.63ŷ −7.67ẑ

1.93

3.2

16.37
12.57x̂ −4.71ŷ −9.37ẑ

2.17

6.1

21.84
15.67x̂ −7.58ŷ −13.20ẑ

4.38

1.6

18.26
12.54x̂ −6.66ŷ −11.49ẑ

1.05

2.2

15.75
11.08x̂ −6.18ŷ −9.34ẑ

1.77

7.1

power. The times are comparable and could be expected to be optimized.
The frequency modulation test where noise was added and the reference channel
had 1× the amount of power of the target channel is presented in Figure 4.18.
Figure 4.18a shows the value of Γ with respect to each SNR channel and Figure
4.18b shows the value of εδ for the mixing method. Figure 4.18c shows the value of
Γ with respect to each SNR channel and Figure 4.18d shows the value of εδ for the
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Table 4.14: Effectiveness of mixing method compared to the LMS method by
modulation type.
Method

Modulation

Computation Time (s)

Mixing
LMS
Mixing
LMS
Mixing
LMS

Frequency
Frequency
Phase
Phase
Amplitude
Amplitude

1.03
0.99
1.12
0.95
1.09
0.95

Correlation Coefficient
Γ
0.999
0.708
0.997
0.595
0.675
0.606

Distance Error (m)
εδ
7.47
15.18
2.39
45.07
226.59
28.33

LMS method.

(a) Mixing method correlation coefficient (b) Mixing method distance error for
for varying SNR.
varying SNR.

(c) LMS method correlation coefficient (d) LMS method distance error for varyfor varying SNR.
ing SNR.

Figure 4.18: Comparison of techniques for varying SNR when the power of Sref is
1× the power of Ssurv .
Figure 4.18 shows that the mixing method performs well for a surveillance SNR
greater than 0 dB and a reference SNR greater than 10 dB. It also shows that the
LMS method is fairly constant across Γ for surveillance SNR. In the case of the
surveillance channel power being approximately the same as the reference channel,
the correlation coefficient appears sufficient, though the distance error metric is is
on the order of 10 km. It is suggested that given the LMS parameters used, the
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LMS method would not be adequate for PCL applications at these low SNR values.
The frequency modulation test where noise was added and the reference channel
had 10× the amount of power of the target channel is presented in Figure 4.19.
Figure 4.19a shows the value of Γ with respect to each SNR channel and Figure
4.19b shows the value of εδ for the mixing method. Figure 4.19c shows the value of
Γ with respect to each SNR channel and Figure 4.19d shows the value of εδ for the
LMS method.

(a) Mixing method correlation coefficient (b) Mixing method distance error for
for varying SNR.
varying SNR.

(c) LMS method correlation coefficient (d) LMS method distance error for varyfor varying SNR.
ing SNR.

Figure 4.19: Comparison of techniques for varying SNR when the power of Sref is
10× the power of Ssurv .
Figure 4.19 shows that the mixing method performs well for a surveillance SNR
greater than 10 dB and a reference SNR greater than 10 dB. The LMS method
performs well for a surveillance SNR greater than 10 dB and a reference SNR
greater than 10 dB. It also shows that the LMS method is fairly constant across Γ
for surveillance SNR.
The frequency modulation test where noise was added and the reference channel
had 25× the amount of power of the target channel is presented in Figure 4.20.
Figure 4.20a shows the value of Γ with respect to each SNR channel and Figure
4.20b shows the value of εδ for the mixing method. Figure 4.20c shows the value of
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Γ with respect to each SNR channel and Figure 4.20d shows the value of εδ for the
LMS method.

(a) Mixing method correlation coefficient (b) Mixing method distance error for
for varying SNR.
varying SNR.

(c) LMS method correlation coefficient (d) LMS method distance error for varyfor varying SNR.
ing SNR.

Figure 4.20: Comparison of techniques for varying SNR when the power of Sref is
25× the power of Ssurv .
Figure 4.20 shows that the mixing method performs well for a surveillance SNR
greater than 0 dB and a reference SNR greater than 0 dB. The LMS method
performs well for a surveillance SNR greater than 0 dB and a reference SNR greater
than 20 dB. It also shows that the LMS method is fairly constant across Γ for
surveillance SNR.

4.5.2 Match Filter Improvements
The implementation of our method shows improvement over traditional matched
filtering techniques. Each receiver, transmitter, interferer, and target location
are chosen on a uniform random grid. Each realization was tested against 10,000
iterations and performance results were averaged and the standard deviation
calculated.
Each case was tested against: (1) a general scenario, which includes a clean
reference signal and a clean reflection; (2) a scenario that has correlated noise and
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interferers between the reference and surveillance channels; (3) the case when only
the surveillance channel has noise and interferers not present in the reference channel;
and (4) the case when only the surveillance channel has noise and interferers not
present in the reference channel. The received signals were based on the position of
the transmitter, the position of the reflection, and the position of the interferer.
Based on the geometry and assumptions made, the above cases were established.
The cases were additionally tested against varying power levels of interferers
resulting in different signal-to-noise ratio (SNR) relationships.
These cases were compared between the traditional matched filter, using the
reference channel to define the filter and the altered matched filter presented in
Chapter 3. An example of comparisons between the test cases is shown in Figure
4.21, where the impact and improvements of the different cases is shown. These
cases were compared at SNR levels of -10 through 20 dB, where SNR is computed
as SNR= PPNS , where PS is the signal power and PN is the noise power.
Figure 4.21, shows three of the five cases tested with an SNR of 0 dB to
demonstrate and emphasize improvements of our method in the presence of strong
interference. The plot in Figure 4.21, which shows detection in a minimal interference environment, represents an idealized radar scenario, containing a transmitter,
a target and a receiver. This shows that in a Gaussian noise environment, the
matched filter alternative converges toward the ideal solution of the matched filter;
there is less than 1% difference in the target detection. The case not shown, where
there is an uncorrelated noise source in the surveillance channel, also shows less
than 1% performance difference. Similar to the previous example, in the case of
uncorrelated noise in the surveillance channel, the clean reference channel defines a
matched filter for detection in the surveillance channel, which is the ideal solution.
The remaining cases are where the matched filter alternative may improve the
detection capability in the environment with interference. Percentage increase or
decrease, ψ is defined in Equation (4.7),
ψ=

arg max ŷ[n] − arg max ym [n]
n

n

arg max ym [n]

(4.7)

n

where ŷ is the LMS solution for the filter output and y is the matched filter solution.
The variable ym [n] is the matched filter output given the available information and
no LMS improvement.
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Figure 4.21: Interferer test cases and results for matched Filter techniques.
Figure 4.21 shows examples of the tested cases at an SNR of 0 dB. The case
of an uncorrelated interference in the reference channel, shown in the middle plot
in Figure 4.21, causes the matched filter to be contaminated and a less than ideal
solution with matched filtering. The least means squares adaptive filter approach
yields an 8% gain in detection capability over the matched filter with a contaminated
reference channel. The bottom plot of Figure 4.21 shows the scenario where there is
correlated noise in both the surveillance and the reference channel. The correlated
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noise case is not dependent on the target position and thus competes with the
target for a correlation peak. In the correlated noise case, the alternative matched
filter performs over 10% better than the matched filter. In the case where there
is another in band transmitter or interferer that will cause a target reflection, the
second transmitter will be present in the surveillance and reference channels and
compete for the dominant correlation peak. In the case of an in band interferer,
that could potentially provide target detection capabilities, the alternative matched
filter provides a performance gain of 8% over the traditional matched filter. Figure
4.21 provides a visual example, while Table 4.15 shows the average improvement
over multiple iterations for varying SNR values.
Table 4.15 shows varying power levels of interference and noise. From Table
4.15, it is apparent that as the interference is minimized, the ideal solution of the
matched filter strongly outweighs the performance cost of the alternative approach.
In the table, performance improvement percentages is calculated as in Equation
(4.7), where a positive percentage implies the alternative has a performance gain,
while negative implies that the matched filter performs better. However, in the
cases of a strong interferer, which is a relevant case in PCL, the provided method
would allow for performance gain and increases in detection capabilities.
Table 4.15: Percentage Increase of Matched
Filter Alternative to Matched Filter
Detection Capability
SNR
-10 dB
-5 dB
0 dB
5 dB
10 dB
15 dB
20 dB

Minimal
Interference
-1.6%

Uncorr
Ref Noise
8.9%
10.1%
5.2%
0.1%
-1.66%
-1.3%
-2.1%

Uncorr
Surv Noise
-1.1%
-2.3%
-1.7%
-1.0%
-2.0%
-2.1%
-1.9%

Corr
Noise
13.8%
12.9%
9.7%
3.9%
-0.7%
-1.2%
-1.3%

Corr
Interferer
17.0%
13.9%
6.5%
-1.8%
-2.9%
-2.8%
-2.5%

4.5.3 Resource Allocation
The simulation was evaluated over frequency modulation (FM), phase shift keying
(PSK) and quadrature amplitude modulation (QAM). The signal properties were
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chosen such that they mimicked FM, radio, digital video broadcast terrestrial
(DVB-T) and global system for mobile communications (GSM). The parameters
chosen for each modulation type were: 88 - 106 MHz frequency modulated with a
bandwidth of 75 kHz; 900 MHz modulated with 8PSK and 100 kHz bandwidth;
500 to 800 MHz with 16QAM and 6 MHz bandwidth.
The simulation tested varying transmitter, receiver and target positions with
varying degrees of Γ from noise, interference and signal content. Each simulation
contained 3 transmitters from each modulation type. From that set of 9 transmitters,
3 were randomly degraded. The available set of transmitters was then defined by
the case, either the excess transmitters case or the minimum transmitters case. For
the excess transmitters case, a value of N was randomly chosen with 3 ≤ N ≤ 9.
For the minimum transmitters case, a random subset of N = 3 was chosen. The
set was restricted to include at least one degraded transmitters.
For the excess transmitters case, Equation (3.44a) and (3.44b) were applied. For
the case of Equation (3.44a), the number of transmitters, K was fixed at K = 3 for
all test cases. For the case of Equation (3.44b), the threshold was set to 85%Γ(T )
of the expected value of a non-degraded transmitter. Each metric is applied and
compared. Each case is tested against the case of utilizing all available transmitters.
For the minimum transmitter case, Equation (3.45) was applied to restrict the
solution space to a known surveillance area. The minimum transmitter case is
tested against the case of using the available degraded transmitter.
The values of Γ for self-ambiguity are defined in terms of range resolution
and Doppler resolution and are dependent on the signal modulation, content, and
additive noise. For a noiseless frequency modulation the self-ambiguity range
resolution is expected to be in the range of 2 km, whereas for 16QAM the range
resolution is 1.5 km and for 8PSK the range resolution, is 25 m. The values of Γ
for SNR vary from −40 to 60 dB. The value of DOP varied from 0 to 50+, where
DOP ≤ 5 are considered accurate and DOP ≥ 20 are considered inaccurate. The
metrics of comparison are compared against the same set of data for each iteration.
Figure 4.22 shows the results for two clean transmitters and one degraded
transmitter. The degraded transmitter is varied across SNR to determine the
effect on multistatic accuracy. The SNR and position error were averaged over 100
iterations of different transmitter, receiver, and target positions and transmitter
signals. From Figure 4.22, it is shown that signals with high SNR have a high
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position accuracy, while those with a low SNR, (below 0), have poor accuracy.
SNR effect on Error

Error (m)

1000
800

↑7449
↑5888
↑7219

600
400
200
0
-50

0

50

SNR (dB)

Figure 4.22: Effect of degraded signal on multistatic error using SNR as a metric
of optimization.
Figure 4.23 shows the results for two clean transmitters and one degraded
transmitter. The degraded transmitter is varied across signal content and bandwidth
to determine the effect of ambiguity analysis on multistatic accuracy. The ambiguity
analysis used the 3 dB zero-Doppler cut to determine anticipated range resolution.
The range resolution and position error were averaged over 100 iterations of different
transmitter, receiver, and target positions and transmitter signals. From Figure
4.23, it is not immediately evident that ambiguity analysis is an appropriate metric
for optimization of transmitters subsets. Ambiguity analysis may prove more
beneficial in a multiple target environment, where target separation would be
crucial.
1000
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Figure 4.23: Effect of degraded signal on multistatic error using range resolution as
a metric of optimization.
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Figure 4.24 shows the results for two clean transmitters and one degraded
transmitter. The degraded transmitter is varied across error in bistatic range to
determine the effect of DOP on multistatic accuracy. The DOP and position error
were averaged over 100 iterations of different transmitter, receiver, and target
positions and transmitter signals. DOP was calculated across iterations by using
the clean transmitters as fixed and varying the degraded transmitter bistatic range.
From Figure 4.24, it is shown that signals with low DOP, (below 10) have a high
position accuracy, while those with a high DOP have poor accuracy.
DOP Effect on Error
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Figure 4.24: Effect of degraded signal on multistatic error using range resolution as
a metric of optimization.
Two scenarios from the simulation are highlighted as 4 transmitters out of
5 available transmitters chosen as a subset and 5 transmitters chosen out of an
available 7. For the case of 4 out of 5, using all 5 transmitters, regardless of
optimality conditions or metrics provided a mean position error of 265.1 m. Using
dilution of precision resulted in a comparable accuracy of 279.9 m. Using the
ambiguity analysis as a metric of optimality produced a larger error of 408.4 m.
The best performing optimality metric was using SNR, which resulted in a position
error of 38.8 m, or a performance improvement of greater than 200 m.
In the case of 5 out of 7, using all 7 transmitters, regardless of optimality
conditions or metrics provided a mean position error of 267.7 m. This is comparable
to the case of 4 out of 5 and is expected since they were performed using similar
transmitter signals and channel environments. Using dilution of precision resulted
in a comparable accuracy of 219.7 m. Using the ambiguity analysis as a metric
of optimality produced a larger error of 442.2 m. The best performing optimality
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metric was using SNR, which resulted in a position error of 23.6 m, or a performance
improvement of greater than 200 m.
Due to the nature of the dilution of precision calculation, the DOP calculation
requires the measurements from the subset chosen and a target position estimation
from that subset. This produces an extreme computational complexity for use in
optimization and may not be suitable. The number of position estimations and
 
DOP calculations that must be computed are defined by nk , where the number of
combinations of n transmitters taken with a k subset. This produces an exhaustive
search of DOP in order to optimize the chosen subset of transmitters. For example,
 
 
if 75 produces a combination of 21 subsets of required calculations, while 54 has
a combination of 5 subsets; however, with a larger amount of transmitters and a
restrictive subset of the best performing transmitters, the DOP metric becomes
impractical.
The ambiguity analysis is based on the 3 dB zero-Doppler cut of the ambiguity
function to determine the range resolution. Given some signal power, bandwidth
and noise, this may not have been the best measure of performance. In some cases,
it appeared that a 1 dB point may have been more appropriate to determine the
expected range performance of a single target. It is also reasonable to expect that
this metric of optimization would be more applicable to a multiple target scenario,
where range resolution and target separation are largely relevant.
The case of the minimum number of transmitters available for a position
estimation solution and a degraded transmitter was proposed. In the case, where
the position solution was unbounded and only two transmitters were used, the
mean error was 6.4 km. The position solution converged to an incorrect estimation
41% of the time. If the target position was bounded by some a priori information,
such as antenna directionality or surveillance subspace, the position estimation can
be improved. The scenario tested was that the transmitter, receiver and target were
positioned in quadrant I, or x > 0 and y > 0 on the cartesian grid. The bounded
solution provided an accuracy of 20 m, compared to that of 6.4 km using only
2 transmitters available. Using all of the transmitters in the position estimation
solution, including the degraded transmitter, yielded a mean error of 1.3 km, and
was dependent on the degradation and resulting error of that transmitter.
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4.6 Conclusion
Chapter 4 presents the results of the methods developed in Chapter 3. The proof
of concept results present the simulation and experimental results for multistatic
position estimation and position estimation including a forward scatterer. The FM
PCL system tested also included a multistatic Doppler scenario and presents the
results for the simulation and experimentation. The proof of concept, FM PCL
system, shows that the method is accurate and provides the necessary incentive to
expand the methods for GPS PCL. The GPS PCL results are in agreement with
the proof of concept results. The methods developed show a feasible GPS PCL
system that can be realized and tested for further operational applications.
The alternatives for direct signal suppression, matched filtering and resource
optimization are presented. The simulation results of PCL improvements are
promising. The future works of these is to test them experimentally and realize
them in hardware; of particular interest is the direct signal suppression. If the
DSS method can be accomplished with discrete, in-line components, it could have
applications beyond PCL.
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Chapter 5 |
Discussion
5.1 Introduction
Passive coherent location (PCL) is a field of interest in the radar community.
As commercial electronics bridge the gap between the analog and digital radar
domains, implementation and processing of complex systems becomes more feasible.
PCL becomes particularly advantageous in a spectrally dense civilian environment,
where another radio transmitter is unnecessary, and often unwanted. PCL requires
no transmission and instead uses opportunistic transmissions to accomplish the
objective. PCL reduces the cost of design and operation, at the expense of using
an imperfect illuminator.
This dissertation has provided the current literature of PCL. PCL to date has
primarily been developed with regards to high-power, terrestrial transmitters in a
bistatic configuration. We explore the development and usage of multistatic PCL,
particularly with interest in satellite-borne transmitters related to positioning. The
Global Positioning System (GPS), provides accurate positioning information, nearly,
anywhere in the world. The signal is designed for positioning, the transmitters are
available regardless of geographic region, and is well-suited for multistatic configuration; for these reasons it is considered for PCL application. The current literature
of satellite-based PCL is primarily for synthetic aperture radar applications or in a
forward scattering geometry.
This dissertation provides the necessary background and currently available
methods pertaining to GPS processing and PCL applications. A multistatic PCL
framework for detection, position and Doppler estimation is formulated. This work
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was designed around available literature corresponding to Frequency Modulation
(FM) waveforms, and further extended to GPS PCL after a proof of concept phase.
The multistatic PCL framework is developed as an analytical method, proven in
simulation and realized in hardware. A significant contribution of this work is
the position and Doppler estimation of a target using a multistatic GPS PCL
configuration. Chapter 3 provides the theoretical contribution, while Chapter 4
provides the experimental demonstration.
This dissertation allows for further work to be continued and expanded in this
field, pertaining to GPS PCL, where methods were otherwise unavailable. This
work could be expanded to a fielded system with dedicated hardware developed
based on these methods. This work could be expanded to include other satellite
positioning systems and provide more coverage, or improved results with higher
power and larger bandwidth availability.

5.2 Discussion
5.2.1 Proposed Applications
Based on the analysis, the proposed application is perimeter monitoring and
intrusion detection. The limited range capability is suited for secondary monitoring
or low cost solutions, where the area under surveillance is not particularly far
from the equipment. The long time scale method is particularly suited for a low
cost system due to the incorporation of commercially viable hardware. The foot
print would allow the system to be smaller than a traditional radar and potentially
monitored remotely.
The lack of radiation and small foot print are also potential benefits for protected or limited access spaces. GPS PCL would be implemented to operate in
a low clutter environment looking for large targets. Though this is a limited
operational environment, scenarios do exist; one particular scenario would be monitoring protected wetlands for boat traffic of potential poachers, and another being
monitoring vehicle crossing of desert regions. Alternative applications of low clutter
low elevation targets include channel and harbor monitoring.
If clutter minimization techniques are implemented, more usage scenarios are
realizable, such as extension of surface targets for longer ranges or wider areas.
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Using additional direct signal suppression (DSS) techniques may allow the elevation
constraint to be relaxed. Implementing DSS would allow for airborne targets and is
the most likely scenario to incorporate forward scattering. Airborne targets may also
present a broader RCS if the assumption is they are cylindrically shaped [111, 112].

5.2.2 Limitations
System power is a considerable constraint for GPS PCL. Signal power limits GPS
PCL to a maximum bistatic range of approximately 25 km for a target with RCS of
50 m2 . For a stationary target in a clutter environment, care must be given when
choosing the reference and surveillance antennas. Using antennas, as suggested in
this dissertation, further limits the detection of GPS PCL to less than 10 km.
Channel separation and direct signal suppression are necessary for PCL. GPS
PCL has a unique geometry, where terrestrial targets may have enough separation
with antenna isolation alone. For implementation of a true system, and to expand
this work for aerial targets, further channel separation and direct signal suppression
methods will need to be implemented and analyzed.
Ambiguity analysis is not as limiting as other PCL implementations. GPS
PCL provides range resolution of approximately 150 m, and Doppler resolution of
approximately 95 m s−1 . This is not ideal for radar applications, however, this is to
be expected for the 1.5 GHz carrier, with 2 MHz bandwidth.
A short range radar has applications, despite limitations of the maximum range;
and detection capabilities may be extended in future works. GPS PCL has unique
limitations, just as all PCL has limitations associated with the specific transmitter
and waveform of opportunity.

5.3 Summary
This dissertation explores the use of multilateration techniques for target localization
in global positioning system passive coherent location systems. The system of
equations are developed to implement multistatic GPS PCL using range only
measurements. Using a multistatic range only approach allows the system to
unambiguously solve for position without requiring an angular measurement . It is
shown that the multistatic multilateration techniques are applicable to GPS PCL
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and the basis for the methods developed. The paper incorporates conventional
GPS processing methods with the multistatic multilateration techniques to arrive
at the GPS PCL framework.
The short time scale method is developed to measure pseudo-range using code
phase comparison between the direct and reflected signal. The short time scale
method allows for position estimation solutions to be calculated on the order of
milliseconds. The short time scale method inherently incorporates any error from
the GPS signal. The long time scale method is developed to estimate position of
the reflected target by using conventional GPS technique solutions by measuring
the code phase difference between satellites over the summation of the signal. The
long time scale method allows for position estimation solutions on the order of
seconds. The error of the reflected channel is nearly independent of the direct
channel and is entirely contained within the reflected channel. Both methods are
simulated and verified before experimentally testing a subset of cases.
The Doppler estimation method is developed to measure frequency difference
between the reference and surveillance channels. The Doppler estimation is calculated on the order of milliseconds. The Doppler estimation requires the solution of
the multistatic Doppler projections, orthogonal to the bistatic range ellipse to be
solved as a system. The methods are simulated and verified experimentally.
The developed GPS PCL system is verified using a hardware in the loop
emulation and shows comparable results to simulation. The short time scale
method results provide a simulation mean error of 1.79 m, with an experimental
mean error of 4.845 m. The long time scale method results provide a simulation
mean error of 8.82 m and an experimental mean error of 22.94 m. The methods
were further tested with an active radar calibrator to realize 11.2 m and 18.6 m
range accuracy for the short time scale and long time scale methods, respectively.
The multistatic Doppler estimation method results provide a simulation mean
error of 1.50 m s−1 , with an angle error of 1.38 ° with 5 Hz Doppler resolution
capability. The methods were further tested with an active radar calibrator to
realize 2.24 m s−1 across various velocities, with an angle error of 8.5 °.
This dissertation explores GPS PCL and identifies methods used for target
position and Doppler estimation. The methods developed utilize multistatic multilateration techniques and incorporate conventional GPS processing methods. GPS
PCL is also uniquely positioned to exploit the multistatic environment. The dis136

sertations provides simulation of methods for a short time scale and a long time
scale position methods and Doppler estimation methods, which show comparable
performance in simulation with varying positive and negative design attributes.
The methods were experimentally verified.

5.4 Future Works
The next steps of research are to consider similar methods for the availability of
other GNSS constellations, such as Galileo. The other GNSS signals, such as GPS
L2C, L5, P(Y), and Galileo, as well as GLONASS, Beidou, and IRNS, provide
different bandwidth, constellations, and power considerations. Some of these would
provide improvements over the methods developed, but are not mature enough for
full PCL system development yet.
Additionally, the inclusion to incorporate multiple frequency approaches to
include the GPS L2 and L5 transmissions, would not only allow for multistatic,
but for multi-frequency approaches. Solutions across multiple frequencies and
bandwidths should be explored for further exploitation and PCL improvements.
As well, there are GPS receiver methods for weak signals, differential GPS
and assisted-GPS methods that could improve the ability of detection, tracking
or performance. Additional processing gain, is necessary to extend the detection
range past the limitations already mentioned. Additional resolution would provide
more application areas and allow the usage of GPS PCL to be explored further.
The end goal is to explore the capability of a functional system in a natural
environment. While other avenues can be explored to continue this work, Kalman
filters as a position estimation solution could be implemented. And space-surface
bistatic synthetic aperture radar or remote sensing applications, may be improved
using processing techniques developed herein. GPS SS-BSAR and remote sensing
should be explored further for adaptations to improve and expand existing literature
on these topics.

5.5 Conclusion
This dissertation explores GPS PCL and develops methods for target position
and Doppler estimation. The methods are analyzed, verified in simulation and
137

demonstrated experimentally. GPS PCL is a feasible technology, with a promising
future and a significant amount of work remaining.

138

Bibliography
[1] Tsui, J. B.-Y. (2000) Fundamentals of Global Positioning System Receivers,
Wiley-Interscience, New York, NY.
[2] Annex, A. (1995) “Global positioning system standard positioning service
signal specification,” United States Coast Guard Navigation Center.
[3] Balanis, C. A. (2016) Antenna theory: analysis and design, John Wiley &
Sons.
[4] Borre, K., D. M. Akos, N. Bertelsen, P. Rinder, and S. H. Jensen
(2007) A software-defined GPS and Galileo receiver: a single-frequency approach, Springer Science & Business Media.
[5] Kaiser, C. A. N. R., S. (2016) “Multistatic passive coherent location
using multilateration techniques,” in SPIE Defense + Commercial Sensing,
Baltimore, Maryland, pp. pp. 982904–982904.
[6] Melvin, W. and J. Scheer (2012) Principles of Modern Radar Vol. II,
SciTech, Raleigh, NC.
[7] Kuschel, H. and D. O’Hagan (2010) “Passive radar from history to future,”
in Proc. 11th International Radar Symposium, Vilnius, Lithuania.
[8] Kuschel, H. (2013) “Approaching 80 years of passive radar,” in Proc. 2013
International Conference on Radar, Adelaide, Australia, pp. 213–217.
[9] Willis, N. J. (2005) Bistatic Radar, SciTech Publishers, Raleigh, NC.
[10] (Ed.), M. C. (2007) Bistatic Radar: Principles and Practice, Chichester,
UK.
[11] Chernyak, V. S. (1998), “Fundamentals of Multisite Radar Systems :
Multistatic Radars and Multiradar Systems,” .
[12] Richards, M. A. (2005) Fundamentals of radar signal processing, Tata
McGraw-Hill Education.
139

[13] Richards, M. A., J. A. Scheer, and W. A. Holm (2010) Principles of
Modern Radar. Vol. 1,, SciTech Publishers, Raleigh, NC.
[14] Gashinova, M., L. Daniel, E. Hoare, V. Sizov, K. Kabakchiev,
and M. Cherniakov (2013) “Signal characterisation and processing in the
forward scatter mode of bistatic passive coherent location systems,” EURASIP
Journal on Advances in Signal Processing, 2013(1), p. 36.
[15] Gashinova, M., K. Kabakchiev, L. Daniel, E. Hoare, V. Sizov, and
M. Cherniakov (2014) “Measured forward-scatter sea clutter at near-zero
grazing angle: analysis of spectral and statistical properties,” IET Radar,
Sonar & Navigation, 8(2), pp. 132–141.
[16] Hoare, E., L. Daniel, M. Gashinova, K. Kabakchiev, V. Sizov,
M. Cherniakov, V. Razskazovsky, G. Khlopov, S. Khomenko, and
V. Morozov (2012) “Near zero grazing angle forward-scatter sea clutter
measurement spectrum analysis,” .
[17] Kabakchiev, H., V. Behar, I. Garvanov, D. Kabakchieva, L. Daniel,
K. Kabakchiev, M. Gashinova, and M. Cherniakov (2015) “Experimental verification of maritime target parameter evaluation in forward scatter
maritime radar,” IET Radar, Sonar & Navigation, 9(4), pp. 355–363.
[18] Behar, V., C. Kabakchiev, and I. Garvanov (2012) “Marine target
classification and parameter estimation using Forward Scattering Radar,” in
Radar Symposium (IRS), 2012 13th International, IEEE, pp. 539–542.
[19] Behar, V., C. Kabakchiev, and H. Rohling (2011) “Air target detection
using navigation receivers based on gps l5 signals,” in Proc. of ION GNSS,
pp. 333–337.
[20] Behar, V., C. Kabakchiev, and I. Garvanov (2012) “Marine target
classification and parameter estimation using Forward Scattering Radar,” in
Radar Symposium (IRS), 2012 13th International, IEEE, pp. 539–542.
[21] ——— (2013) “Simple algorithms for target detection in FSR using local
statistics,” in Radar Symposium (IRS), 2013 14th International, vol. 2, IEEE,
pp. 631–636.
[22] De Luca, A., L. Daniel, K. Kabakchiev, E. Hoare, M. Gashinova,
and M. Cherniakov (2015) “Maritime FSR with moving receiver for small
target detection,” in Radar Symposium (IRS), 2015 16th International, IEEE,
pp. 834–839.

140

[23] Garvanov, I., C. Kabakchiev, V. Behar, and P. Daskalov (2016)
“Air target detection with a GPS forward-scattering radar,” in Electrical
Apparatus and Technologies (SIELA), 2016 19th International Symposium
on, IEEE, pp. 1–4.
[24] Garvanov, I., C. Kabakchiev, V. Behar, and M. Garvanova (2015)
“Target Detection Using a GPS Forward-Scattering Radar,” in 2015 International Conference on Engineering and Telecommunication (EnT), IEEE, pp.
29–33.
[25] Gashinova, M., L. Daniel, K. Kabakchiev, V. Sizov, E. Hoare, and
M. Cherniakov (2012) “Phenomenology of signals in FSR for surface targets
detection,” in Radar Systems (Radar 2012), IET International Conference
on, IET, pp. 1–6.
[26] Gashinova, M., L. Daniel, E. Hoare, K. Kabakchiev, M. Cherniakov, and V. Sizov (2013) “Forward scatter radar mode for passive
coherent location systems,” in Radar (Radar), 2013 International Conference
on, IEEE, pp. 235–239.
[27] Kabakchiev, C., I. Garvanov, V. Behar, and H. Rohling (2013) “The
experimental study of possibility for radar target detection in FSR using
L1-based non-cooperative transmitter,” in Proc. 14th Int. Radar Symp. (IRS),
Dresden, Germany, pp. 625–630.
[28] Kabakchiev, C., I. Garvanov, V. Behar, P. Daskalov, and
H. Rohling (2014) “Study of moving target shadows using passive Forward Scatter radar systems,” in Proc. 15th Int. Radar Symp. (IRS), Gdansk,
Poland, pp. 1–4.
[29] Kabakchiev, C., V. Behar, I. Garvanov, D. Kabakchieva, and
H. Rohling (2014) “Detection, parametric imaging and classification of very
small marine targets emerged in heavy sea clutter utilizing GPS-based Forward
Scattering Radar,” in Acoustics, Speech and Signal Processing (ICASSP),
2014 IEEE International Conference on, IEEE, pp. 793–797.
[30] Kabakchiev, C., I. Garvanov, V. Behar, P. Daskalov, and
H. Rohling (2014) “Study of moving target shadows using passive Forward
Scatter radar systems,” in Radar Symposium (IRS), 2014 15th International,
IEEE, pp. 1–4.
[31] Kabakchiev, C., I. Garvanov, V. Behar, D. Kabakchieva,
K. Kabakchiev, H. Rohling, K. Kulpa, and A. Yarovoy (2015) “Detection and classification of objects from their radio shadows of GPS signals,”
in Radar Symposium (IRS), 2015 16th International, IEEE, pp. 906–911.
141

[32] Kabakchiev, C., K. Kabakchiev, I. Garvanov, V. Behar, K. Kulpa,
H. Rohling, D. Kabakchieva, and A. Yarovoy (2016) “Experimental
verification of target shadow parameter estimation in GPS FSR,” in Radar
Symposium (IRS), 2016 17th International, IEEE, pp. 1–5.
[33] Kabakchiev, C. and I. Garvanov (2008) “CFAR BI technique for secondary surveillance radar,” in Digital Communications-Enhanced Surveillance
of Aircraft and Vehicles, 2008. TIWDC/ESAV 2008. Tyrrhenian International
Workshop on, IEEE, pp. 1–4.
[34] Kabakchiev, A., V. Kyovtorov, C. Kabakchiev, and A. Lazarov
(2010) “Comparison of communication signals for passive radar application,”
in Radar Symposium (IRS), 2010 11th International, IEEE, pp. 1–4.
[35] Kabakchiev, C., I. Garvanov, M. Cherniakov, M. Gashinova,
A. Kabakchiev, V. Kiovtorov, M. Vladimirova, and P. Daskalov
(2011) “CFAR BI detector for Mariner targets in time domain for bistatic
forward scattering radar,” in Photonics Applications in Astronomy, Communications, Industry, and High-Energy Physics Experiments 2011, International
Society for Optics and Photonics, pp. 80081U–80081U.
[36] Kabakchiev, K., L. Daniel, V. Sizov, E. Hoare, M. Gashinova,
and M. Cherniakov (2011) “Received signal characterization in forward
scatter radar for maritime application,” in Radar Symposium (IRS), 2011
Proceedings International, IEEE, pp. 67–72.
[37] Kabakchiev, C., I. Garvanov, V. Behar, A. Kabakchiev, and
D. Kabakcueva (2012) “Forward scatter radar detection and estimation of
marine targets,” in Radar Symposium (IRS), 2012 13th International, IEEE,
pp. 533–538.
[38] Kabakchiev, C., I. Garvanov, V. Behar, and H. Rohling (2013) “The
experimental study of possibility for radar target detection in FSR using
L1-based non-cooperative transmitter,” in Radar Symposium (IRS), 2013
14th International, vol. 2, IEEE, pp. 625–630.
[39] Kabakchiev, K., L. Daniel, E. Hoare, M. Gashinova, and M. Cherniakov (2013) “Near zero grazing angle forward-scatter sea clutter measurement
statistical properties,” in Radar Symposium (IRS), 2013 14th International,
vol. 2, IEEE, pp. 620–624.
[40] Kabakchiev, C., V. Behar, I. Garvanov, D. Kabakchieva, and
H. Rohling (2014) “Detection, parametric imaging and classification of very
small marine targets emerged in heavy sea clutter utilizing GPS-based Forward

142

Scattering Radar,” in Acoustics, Speech and Signal Processing (ICASSP),
2014 IEEE International Conference on, IEEE, pp. 793–797.
[41] Kabakchiev, C., I. Garvanov, V. Behar, P. Daskalov, and
H. Rohling (2014) “Study of moving target shadows using passive Forward
Scatter radar systems,” in Radar Symposium (IRS), 2014 15th International,
IEEE, pp. 1–4.
[42] Kabakchiev, C., I. Garvanov, V. Behar, D. Kabakchieva,
K. Kabakchiev, H. Rohling, K. Kulpa, and A. Yarovoy (2015) “Detection and classification of objects from their radio shadows of GPS signals,”
in Radar Symposium (IRS), 2015 16th International, IEEE, pp. 906–911.
[43] Kabakchiev, A., C. Kabakchiev, V. Behar, I. Garvanov, and
D. Kabakchieva (2015) “Joint CFAR detection and parameter estimation of different marine targets using Forward Scatter Radar,” in Radar
Symposium (IRS), 2015 16th International, IEEE, pp. 640–645.
[44] Kabakchiev, C., K. Kabakchiev, I. Garvanov, H. Rohling, V. Behar, K. Kulpa, D. Kabakchieva, and A. Yarovoy (2015) “Signal processing of GPS radio shadows formed by moving targets,” in Signal Processing
Symposium (SPSympo), 2015, IEEE, pp. 1–4.
[45] Kabakchiev, C., I. Garvanov, V. Behar, D. Kabakchieva,
K. Kabakchiev, H. Rohling, K. Kulpa, and A. Yarovoy (2015) “The
study of target shadows using passive FSR systems,” in Radar Symposium
(IRS), 2015 16th International, IEEE, pp. 628–633.
[46] Kabakchiev, C., K. Kabakchiev, I. Garvanov, V. Behar, K. Kulpa,
H. Rohling, D. Kabakchieva, and A. Yarovoy (2016) “Experimental
verification of target shadow parameter estimation in GPS FSR,” in Radar
Symposium (IRS), 2016 17th International, IEEE, pp. 1–5.
[47] Clemente, C. and J. J. Soraghan (2014) “GNSS-based passive bistatic
radar for micro-Doppler analysis of helicopter rotor blades,” IEEE Transactions on Aerospace and Electronic Systems, 50(1), pp. 491–500.
[48] ——— (2011) “Characterization of vibrating targets in bistatic SAR,” .
[49] ——— (2012) “Application of the singular spectrum analysis for extraction
of micro-Doppler signature of helicopters,” .
[50] ——— (2012) “Vibrating target micro-Doppler signature in bistatic SAR
with a fixed receiver,” IEEE Transactions on Geoscience and Remote Sensing,
50(8), pp. 3219–3227.
143

[51] Clemente, C., A. Balleri, K. Woodbridge, and J. J. Soraghan
(2013) “Developments in target micro-Doppler signatures analysis: radar
imaging, ultrasound and through-the-wall radar,” EURASIP Journal on
Advances in Signal Processing, 2013(1), p. 47.
[52] Clemente, C. and J. J. Soraghan (2014) “GNSS-based passive bistatic
radar for micro-Doppler analysis of helicopter rotor blades,” IEEE Transactions on Aerospace and Electronic Systems, 50(1), pp. 491–500.
[53] Zabalza, J., C. Clemente, G. Di Caterina, J. Ren, J. J. Soraghan,
and S. Marshall (2014) “Robust PCA micro-Doppler classification using
SVM on embedded systems,” IEEE Transactions on Aerospace and Electronic
Systems, 50(3), pp. 2304–2310.
[54] Cristallini, D., M. Caruso, P. Falcone, D. Langellotti, C. Bongioanni, F. Colone, S. Scafe, and P. Lombardo (2010) “Space-based
passive radar enabled by the new generation of geostationary broadcast
satellites,” in Aerospace Conference, 2010 IEEE, IEEE, pp. 1–11.
[55] Pastina, D., M. Sedehi, and D. Cristallini (2010) “Passive bistatic
ISAR based on geostationary satellites for coastal surveillance,” in Radar
Conference, 2010 IEEE, IEEE, pp. 865–870.
[56] ——— (2010) “Geostationary satellite based passive bistatic ISAR for coastal
surveillance,” in 2010 IEEE Radar Conference.
[57] Golabi, M., A. Sheikhi, and M. Biguesh (2013) “A new approach for sea
target detection in satellite based passive radar,” in Electrical Engineering
(ICEE), 2013 21st Iranian Conference on, IEEE, pp. 1–5.
[58] Griffiths, H. D. and C. J. Baker (2005) “Measurement and analysis
of ambiguity functions of passive radar transmissions,” in Proceedings of
the 2005 IEEE International Radar Conference, IEEE, Arlington, VA, pp.
321–325.
[59] Baker, C., H. Griffiths, and I. Papoutsis (2005) “Passive coherent
location radar systems. Part 2: Waveform properties,” IEE Proceedings Radar,
Sonar and Navigation, 152(3), pp. 160–168.
[60] Griffiths, H. and C. Baker (2005) “Passive coherent location radar
systems. Part 1: Performance prediction,” IEE Proceedings Radar, Sonar
and Navigation, 152(3), pp. 153–159.
[61] Willis, N. J. and H. Griffiths (2007) Advances in Bistatic Radar, SciTech
Publishing.
144

[62] Griffiths, H. and C. Baker (2007) “The signal and interference environment in passive bistatic radar,” in Information, Decision and Control, 2007.
IDC’07, IEEE, pp. 1–10.
[63] Griffiths, H. D. and C. J. Baker (2005) “Measurement and analysis of
ambiguity functions of passive radar transmissions,” in Radar Conference,
2005 IEEE International, IEEE, pp. 321–325.
[64] O’Hagan, D., C. Baker, and H. Griffiths (2006) “Signal and interference
analysis: Proposed analogue signal suppression techniques for PCL radar,”
in Radar Conference, 2006. EuRAD 2006. 3rd European, IEEE, pp. 296–298.
[65] Malanowski, M. and K. Kulpa (Jan. 2012) “Two methods for target
localization in multistatic passive radar,” IEEE Transactions on Aerospace
and Electronic Systems, 48(1), pp. 572–580.
[66] Maślikowski, Ł. and K. Kulpa (2011) “Bistatic noise SAR experiment
with a non-cooperative illuminator,” International Journal of Electronics and
Telecommunications, 57(1), pp. 85–89.
[67] Krysik, P., K. Kulpa, and P. Samczynski (2013) “GSM based passive
receiver using forward scatter radar geometry,” in Proc. 14th Int. Radar Symp.
(IRS), Dresden, Germany, pp. 637–642.
[68] Kulpa, K., M. Malanowski, M. Baczyk, and P. Krysik (2015) “Passive
radar detection range enhancement using forward scatter geometry,” in Proc.
16th Int. Radar Symp. (IRS), Dresden, Germany, pp. 54–59.
[69] Kulpa, K., M. Malanowski, P. Samczynski, and B. Dawidowicz
(2011) “The concept of airborne passive radar,” in Microwaves, Radar and
Remote Sensing Symposium (MRRS), 2011, IEEE, pp. 267–270.
[70] Malanowski, M., K. Kulpa, and J. Misiurewicz (2008) “PaRaDe PAssive RAdar DEmonstrator family development at Warsaw University of
Technology,” in Proceedings of 2008 Microwaves, Radar and Remote Sensing
Symposium, IEEE, Kiev, Ukraine, pp. 75–78.
[71] Malanowski, M., K. S. Kulpa, P. Samczynski, J. Misiurewicz, and
J. Kulpa (2012) “Long range FM-based passive radar,” in Radar Systems
(Radar 2012), IET International Conference on, IET, pp. 1–4.
[72] Rzewuski, S., M. Wielgo, K. Kulpa, M. Malanowski, and J. Kulpa
(2013) “Multistatic passive radar based on WIFI-Results of the experiment,”
in Radar (Radar), 2013 International Conference on, IEEE, pp. 230–234.

145

[73] Cherniakov, M. (2008) Bistatic Radars: Emerging Technology, John Wiley
& Sons.
[74] Shuanggen, J., E. Cardellach, and F. Xie (2013) GNSS Remote Sensing:
Theory, Methods and Applications, vol. 19, Springer Science & Business Media.
[75] Pillai, L. K. H. B., U. (2008) Space Based Radar, McGraw-Hill.
[76] Lei, B. and K. Yang (2008) “Evaluate the performance of underwater
target detection system in forward scattering zone,” in Proc. 2nd Int. Symp.
Intelligent Information Technology Application (IITA ’08), vol. 1, Shanghai,
China, pp. 213–217.
[77] Gould, D., R. Orton, and R. Pollard (2002) “Forward scatter radar
detection,” in IET RADAR 2002 Conf. Proc., Edinburgh, UK, pp. 36–40.
[78] Hagan, D., C. Baker, and H. Griffiths (2006) “Signal and Interference
Analysis: Proposed Analogue Signal Suppression Techniques for PCL Radar,”
in Proc. 3rd European Radar Conference, IEEE, Manchester, UK, pp. 296–298.
[79] Tong, C., M. Inggs, and F. Maasdorp (2013) “Performance improvements
using the separated reference configuration for a multi-static FM broadcast
band radar system,” in Proc. Int. Conf. on Radar, IEEE, Adelaide, Australia,
pp. 224–229.
[80] Garry, J., G. Smith, and C. Baker (2015) “Direct signal suppression
schemes for passive radar,” in Signal Processing Symposium (SPSympo), 2015,
IEEE, pp. 1–5.
[81] Rowell, D. (2008) 2.161 Signal Processing: Continuous and Discrete,
Fall Massachusetts Institute of Technology: MIT OpenCourseWare, License:
Creative Commons BY-NC-SA.
URL https://ocw.mit.edu
[82] Malanowski, M. (2006) “Comparison of adaptive methods for clutter
removal in PCL radar,” in Radar Symposium, 2006. IRS 2006. International,
IEEE, pp. 1–4.
[83] Cardinali, R., F. Colone, C. Ferretti, and P. Lombardo (2007)
“Comparison of clutter and multipath cancellation techniques for passive
radar,” in Radar Conference, 2007 IEEE, IEEE, pp. 469–474.
[84] Norouzi, Y. and M. Derakhshani (2009) “Joint time difference of arrival/angle of arrival position finding in passive radar,” IET radar, sonar &
navigation, 3(2), pp. 167–176.

146

[85] Stearns, S. D. and D. R. Hush (1990) “Digital signal analysis,” Englewood
Cliffs, NJ, Prentice Hall, 1990, 460 p., 1.
[86] G, P. J. and M. D. G (2001), “Digital signal processing: principles algorithms and applications,” .
[87] Hahn, S. L. (1996) Hilbert transforms in signal processing, vol. 2, Artech
House Boston.
[88] Boashash, B. (1992) “Estimating and interpreting the instantaneous frequency of a signal. I. Fundamentals,” Proceedings of the IEEE, 80(4), pp.
520–538.
[89] Couch, L. W., M. Kulkarni, and U. S. Acharya (1997) Digital and
analog communication systems, vol. 6, Citeseer.
[90] Lathi, B. P. (1990) Modern digital and analog communication systems,
Oxford University Press, Inc.
[91] Haykin, S. and M. Moher (2010) Communication Systems, Wiley.
URL https://books.google.com/books?id=nQFVPgAACAAJ
[92] Scharf, L. L. (1991) Statistical Signal Processing. Detection Estimation
and Time Series Analysis, Addison-Wesley, Reading, MA.
[93] Lenoir, B. (2014) “A general approach of least squares estimation and
optimal filtering,” Optimization and Engineering, 15(3), pp. 609–617.
[94] Haykin, S. and B. Widrow (2003) Least-Mean-Square Adaptive Filters,
John Wiley & Sons, Hoboken, NJ.
[95] Ringer, M. A. and G. J. Frazer (1999) “Waveform analysis of transmissions of opportunity for passive radar,” in Proc. of the Fifth Internation
Symposium on Signal Processing and Its Applications (ISSPA), vol. 2, Queensland, Australia, pp. 511–514.
[96] Olsen, K. and C. Baker (2008) “FM-based passive bistatic radar as a
function of available bandwidth,” in Radar Conference, 2008. RADAR’08.
IEEE, IEEE, pp. 1–8.
[97] Tasdelen, A. S. and H. Koymen (2006) “Range resolution improvement
in passive coherent location radar systems using multiple FM radio channels,”
.
[98] Langley, R. B. et al. (1999) “Dilution of precision,” GPS World, 10(5),
pp. 52–59.
147

[99] Bard, J. D. and F. M. Ham (1999) “Time difference of arrival dilution of
precision and applications,” IEEE Transactions on Signal Processing, 47(2),
pp. 521–523.
[100] Cherniakov, M., D. Nezlin, and K. Kubik (2002) “Air target detection
via bistatic radar based on LEOS communication signals,” IEE ProceedingsRadar, Sonar and Navigation, 149(1), pp. 33–38.
[101] Clemente, C., T. Parry, G. Galston, P. Hammond, C. Berry, C. Ilioudis, D. Gaglione, and J. Soraghan (2015) “GNSS based passive
bistatic radar for micro-Doppler based classification of helicopters: Experimental validation,” in Radar Conference (RadarCon), 2015 IEEE, IEEE, pp.
1104–1108.
[102] Koch, V. and R. Westphal (1995) “A new approach to a multistatic
passive radar sensor for air defense,” in Radar Conference, 1995., Record of
the IEEE 1995 International, IEEE, pp. 22–28.
[103] ——— (1995) “New approach to a multistatic passive radar sensor for air/space defense,” IEEE Aerospace and Electronic Systems Magazine, 10(11), pp.
24–32.
[104] Kaiser, S., A. Christianson, and R. Narayanan (2016) “Multistatic
Radar Exploitation of Forward Scattering Nulls,” in Proc. 2016 IEEE International Radar Conference (RadarCon), Philadelphia, PA, pp. 135–140.
[105] Langley, R. B. (1997) “GPS receiver system noise,” GPS world, 8(6), pp.
40–45.
[106] Hannah, B. M. (2001) Modelling and simulation of GPS multipath propagation, Ph.D. thesis, Queensland University of Technology.
[107] Lighari, R. U. R., M. Berg, J. Kallankari, A. Parssinen, and E. T.
Salonen (2016) “Analysis of the measured RHCP and LHCP GNSS signals
in multipath environment,” in Localization and GNSS (ICL-GNSS), 2016
International Conference on, IEEE, pp. 1–6.
[108] Panic, S., M. Stefanovic, J. Anastasov, and P. Spalevic (2013)
Fading and interference mitigation in wireless communications, CRC Press.
[109] Brunfeldt, D. R. and F. T. Ulaby (1984) “Active reflector for radar
calibration,” IEEE Trans. Geosci. Remote Sens., 22(2), pp. 165–169.
[110] Johnson, R. C. and H. Jasik (1984) “Antenna engineering handbook,”
New York, McGraw-Hill Book Company, 1984, 1356 p. No individual items
are abstracted in this volume., 1.
148

[111] Marr, R. A., U. H. Lammers, T. B. Hansen, T. J. Tanigawa, and
R. V. McGahan (2006) “Bistatic RCS calculations from cylindrical nearfield measurements—Part II: Experiments,” IEEE transactions on antennas
and propagation, 54(12), pp. 3857–3864.
[112] Hansen, T. B., R. A. Marr, U. H. Lammers, T. J. Tanigawa, and
R. V. McGahan (2006) “Bistatic RCS calculations from cylindrical nearfield measurements—Part I: Theory,” IEEE transactions on antennas and
propagation, 54(12), pp. 3846–3856.
[113] Antoniou, M., R. Saini, and M. Cherniakov (2007) “Results of a
space-surface bistatic SAR image formation algorithm,” IEEE transactions
on geoscience and remote sensing, 45(11), pp. 3359–3371.
[114] Berger, C. R., B. Demissie, J. Heckenbach, P. Willett, and S. Zhou
(2010) “Signal processing for passive radar using OFDM waveforms,” Selected
Topics in Signal Processing, IEEE Journal of, 4(1), pp. 226–238.
[115] Blake, L. V. (1986) “Radar range-performance analysis,” Norwood, MA,
Artech House, Inc., 1986, 467 p., 1.
[116] Braasch, M. S. (1994) “Isolation of GPS multipath and receiver tracking
errors,” Navigation, 41(4), pp. 415–435.
[117] Candan, C. (2011) “Notes on Linear Minimum Mean Square Error Estimators,” .
[118] Cevolani, G., G. Bortolotti, C. Franceschi, G. Grassi, G. Trivellone, A. Hajduk, and S. Kingsley (1995) “The Bologna-Lecce forward
scatter radar experiment: preliminary results,” Planetary and Space Science,
43(6), pp. 765–769.
[119] Cherneyak, V. S., I. Y. Immoreev, and B. M. Vovshin (2003) “Radar
in the Soviet Union and Russia: A brief historical outline,” IEEE Aerosp.
Electron. Syst. Mag., 18(12), pp. 8–12.
[120] Daout, F., F. Schmitt, G. Ginolhac, and P. Fargette (2012) “Multistatic and multiple frequency imaging resolution analysis-application to
gps-based multistatic radar,” Aerospace and Electronic Systems, IEEE Transactions on, 48(4), pp. 3042–3057.
[121] Fennessy, E. (1979) “Radio Aids to Navigation The Pioneer Days,” Journal
of Navigation, 32(01), pp. 1–16.
[122] Foy, W. (1976) “Position-location solutions by Taylor-series estimation,”
IEEE Transactions on Aerospace and Electronic Systems, 2(AES-12), pp.
187–194.
149

[123] Garrison, J. L., A. Komjathy, V. U. Zavorotny, and S. J. Katzberg
(2002) “Wind speed measurement using forward scattered GPS signals,”
Geoscience and Remote Sensing, IEEE Transactions on, 40(1), pp. 50–65.
[124] Glaser, J. (1985) “Bistatic RCS of complex objects near forward scatter,”
Aerospace and Electronic Systems, IEEE Transactions on, (1), pp. 70–78.
[125] He, X., T. Zeng, and M. Cherniakov (2004) “Interference level evaluation
in SS-BSAR with GNSS non-cooperative transmitter,” Electronics letters,
40(19), pp. 1222–1224.
[126] ——— (2005) “Signal detectability in SS-BSAR with GNSS non-cooperative
transmitter,” IEE Proceedings-Radar, Sonar and Navigation, 152(3), pp.
124–132.
[127] Klein, M. and N. Millet (2012) “Multireceiver passive radar tracking,”
Aerospace and Electronic Systems Magazine, IEEE, 27(10), pp. 26–36.
[128] Koch, V. and R. Westphal (1995) “New approach to a multistatic passive
radar sensor for air/space defense,” IEEE Aerospace and Electronic Systems
Magazine, 10(11), pp. 24–32.
[129] ——— (1995) “New approach to a multistatic passive radar sensor for air/space defense,” Aerospace and Electronic Systems Magazine, IEEE, 10(11),
pp. 24–32.
[130] Larson, K. M., R. D. Ray, F. G. Nievinski, and J. T. Freymueller
(2013) “The accidental tide gauge: a GPS reflection case study from Kachemak
Bay, Alaska,” Geoscience and Remote Sensing Letters, IEEE, 10(5), pp. 1200–
1204.
[131] Lee, H. B. (1975) “A novel procedure for assessing the accuracy of hyperbolic
multilateration systems,” IEEE Transactions on Aerospace and Electronic
Systems, 11(1), pp. 2–15.
[132] Mantilla-Gaviria, I. A., M. Leonardi, G. Galati, and J. V.
Balbastre-Tejedor (2014) “Time-difference-of-arrival regularised location
estimator for multilateration systems,” IET Radar, Sonar & Navigation, 8(5),
pp. 479–489.
[133] Marchán-Hernández, J. F., N. Rodríguez-Álvarez, A. Camps,
X. Bosch-Lluis, I. Ramos-Pérez, and E. Valencia (2008) “Correction of the sea state impact in the L-band brightness temperature by means
of delay-Doppler maps of global navigation satellite signals reflected over the
sea surface,” IEEE Transactions on Geoscience and Remote Sensing, 46(10),
pp. 2914–2923.
150

[134] Martin-Neira, M., M. Caparrini, J. Font-Rossello, S. Lannelongue, and C. S. Vallmitjana (2001) “The PARIS concept: An experimental demonstration of sea surface altimetry using GPS reflected signals,”
Geoscience and Remote Sensing, IEEE Transactions on, 39(1), pp. 142–150.
[135] NEE, R. D. (1992) “Multipath effects on GPS code phase measurements,”
Navigation, 39(2), pp. 177–190.
[136] Nievinski, F. G. and K. M. Larson (2014) “Inverse modeling of GPS
multipath for snow depth estimation—Part I: formulation and simulations,”
Geoscience and Remote Sensing, IEEE Transactions on, 52(10), pp. 6555–
6563.
[137] Palmer, J., S. Palumbo, A. Summers, D. Merrett, S. Searle, and
S. Howard (2011) “An overview of an illuminator of opportunity passive
radar research project and its signal processing research directions,” Digital
Signal Processing, 21(5), pp. 593–599.
[138] Palmer, J. E., H. A. Harms, S. J. Searle, and L. M. Davis (2013)
“DVB-T passive radar signal processing,” Signal Processing, IEEE Transactions on, 61(8), pp. 2116–2126.
[139] Pillai, S. U., Y. L. Ke, and B. Himed (2008) “Space Based Radar:
Theory & Applications,” Space Based Radar: Theory & Applications, by S.
Unnikrishna Pillai, Ke Yong Li and Braham Himed. ISBN 978-0-07-149756-5.
Published by The McGraw-Hill Companies, New York, NY USA, 2008.
[140] Shavit, R., T. Wells, and A. Cohen (1998) “Forward-scattering analysis
in a focused-beam system,” IEEE Trans. Antennas Propag., 46(4), pp. 563–
569.
[141] Skolnik, M. I. (2000) “Radar in the twentieth century,” IEEE Aerosp.
Electron. Syst. Mag, 15(10), pp. 27–43.
[142] ——— (1961) “An analysis of bistatic radar,” IRE Transactions on Aerospace
and Navigational Electronics, 8(1), pp. 19–27.
[143] Stinco, P., M. S. Greco, F. Gini, and M. Rangaswamy (2012) “Ambiguity function and Cramér-Rao bounds for universal mobile telecommunications
system-based passive coherent location systems,” Radar, Sonar & Navigation,
IET, 6(7), pp. 668–678.
[144] Suberviola, I., I. Mayordomo, and J. Mendizabal (2012) “Experimental results of air target detection with a GPS forward-scattering radar,”
Geoscience and Remote Sensing Letters, IEEE, 9(1), pp. 47–51.
151

[145] ——— (2012) “Experimental results of air target detection with a GPS
forward-scattering radar,” Geoscience and Remote Sensing Letters, IEEE,
9(1), pp. 47–51.
[146] Tao, R., H. Wu, and T. Shan (2010) “Direct-path suppression by spatial
filtering in digital television terrestrial broadcasting-based passive radar,”
IET radar, sonar & navigation, 4(6), pp. 791–805.
[147] Ulaby, F. T., D. G. Long, W. J. Blackwell, C. Elachi, A. K.
Fung, C. Ruf, K. Sarabandi, H. A. Zebker, and J. Van Zyl (2014)
“Microwave radar and radiometric remote sensing,” .
[148] Weinstein, E. and A. Weiss (1984) “Fundamental limitations in passive
time-delay estimation–Part II: Wide-band systems,” IEEE transactions on
acoustics, speech, and signal processing, 32(5), pp. 1064–1078.
[149] Weiss, A. and E. Weinstein (1983) “Fundamental limitations in passive
time delay estimation–Part I: Narrow-band systems,” IEEE Transactions on
Acoustics, Speech, and Signal Processing, 31(2), pp. 472–486.
[150] Zavorotny, V. U., S. Gleason, E. Cardellach, and A. Camps (2014)
“Tutorial on remote sensing using GNSS bistatic radar of opportunity,” Geoscience and Remote Sensing Magazine, IEEE, 2(4), pp. 8–45.
[151] Adamy, D. (2004) EW 102: A Second Course in Electronic Warfare, Artech
House, Boston, MA.
[152] Borre, K., D. M. Akos, N. Bertelsen, P. Rinder, and S. H. Jensen
(2007) A software-defined GPS and Galileo receiver: a single-frequency approach, Springer Science & Business Media.
[153] Cherniakov, M. and D. V. Nezlin (2007) Bistatic radar: principles and
practice, John Wiley.
[154] Cherniakov, M. (2008) Bistatic radars: Emerging technology, John Wiley
& Sons.
[155] Chernyak, V. S. (1998) Fundamentals of multisite radar systems: multistatic radars and multistatic radar systems, CRC Press.
[156] Curlander, J. C. and R. N. McDonough (1991) Synthetic aperture
radar, John Wiley & Sons New York, NY, USA.
[157] Jackson, J. D. (1999) Classical electrodynamics, Wiley.
[158] Jin, S., E. Cardellach, and F. Xie (2014) GNSS remote sensing, Springer.
152

[159] Kaplan, E. and C. Hegarty (2005) Understanding GPS: principles and
applications, Artech house.
[160] Knott, E., J. Shaeffer, and M. Tuley (2004) Radar Cross Section (2nd
ed.), Rayleigh, NC.
[161] Lillesand, T., R. W. Kiefer, and J. Chipman (2014) Remote sensing
and image interpretation, John Wiley & Sons.
[162] Melvin, W. and J. Scheer (2012) Principles of modern radar, The Institution of Engineering and Technology.
[163] Misra, P. and P. Enge (2006) Global Positioning System: Signals, Measurements and Performance Second Edition, Lincoln, MA: Ganga-Jamuna
Press.
[164] Pany, T. (2010) Navigation signal processing for GNSS software receivers,
Artech House.
[165] Skolnik, M. (2008) Radar Handbook (3rd ed.), McGraw-Hill, New York,
NY.
[166] Sullivan, R. (2004) Radar foundations for imaging and advanced concepts,
The Institution of Engineering and Technology.
[167] Tsui, J. B.-Y. (2000) Fundamentals of global positioning system receivers,
Wiley-Interscience.
[168] Wood, R. W. (1905) Physical Optics, The Macmillan Company, New York,
NY.
[169] Alonso-Arroyo, A., G. Forte, A. Camps, H. Park, D. Pascual,
R. Onrubia, and R. Jove-Casulleras (2013) “Soil Moisture mapping
using forward scattered GPS L1 signals,” in Geoscience and Remote Sensing
Symposium (IGARSS), 2013 IEEE International, IEEE, pp. 354–357.
[170] Bayat, S., M. Emadi, M. Mousavi, A. Jafargholi, and M. Nayebi
(2006) “Optimized FM PCL Radar Waveform,” in Proceedings of the 2006
International Radar Symposium, IEEE, Krakow, Poland, pp. 1–5.
[171] Blyakhman, A. B., V. N. Burov, A. V. Myakinkov, and A. G. Ryndyk (2014) “Detection of unmanned aerial vehicles via multi-static forward
scattering radar with airborne transmit positions,” in Radar Conference
(Radar), 2014 International, IEEE, pp. 1–5.

153

[172] Blyakhman, A. B. and I. A. Runova (1999) “Forward scattering radiolocation bistatic RCS and target detection,” in Record of the IEEE Radar
Conf., Waltham, MA, pp. 203–208.
[173] Chaoshu, J., L. Changzhong, and W. Xuegang (2009) “GPS synchronized wide area multilateration system,” in Proceedings of the International
Conference on Communications, Circuits and Systems, IEEE, Milpitas, CA,
pp. 457–459.
[174] Chaitanya, D. E., G. S. Rao, G. Laveti, and K. J. Rani (2015)
“Performance of fixed and variable step methods in determining unknown
source position using TDOA techniques,” in Proceedings of the 2015 International Conference on Electrical, Electronics, Signals, Communication and
Optimization (EESCO), IEEE, Vishakapatnam, India, pp. 1–4.
[175] Cheng, B. H., R. E. Hudson, F. Lorenzelli, L. Vandenberghe, and
K. Yao (2005) “Distributed Gauss-Newton method for node localization in
wireless sensor networks,” in Proceedings of the 6th IEEE Workshop on Signal
Processing Advances in Wireless Communications, IEEE, New York, NY, pp.
915–919.
[176] Cherniakov, M., M. Salous, V. Kostylev, and R. Abdullah (2005)
“Analysis of forward scattering radar for ground target detection,” in Proc.
European Radar Conference (EURAD 2005), Paris, France.
[177] Clemente, C. and J. J. Soraghan (2011) “On the effect of vibrating target
in Bistatic SAR images,” in IMA Conference on Mathematics in Defence.
[178] ——— (2012) “Passive bistatic radar for helicopters classification: A feasibility
study,” in Radar Conference (RADAR), 2012 IEEE, IEEE, pp. 0946–0949.
[179] Clemente, C., T. Parry, G. Galston, P. Hammond, C. Berry, C. Ilioudis, D. Gaglione, and J. Soraghan (2015) “GNSS based passive
bistatic radar for micro-Doppler based classification of helicopters: Experimental validation,” in Radar Conference (RadarCon), 2015 IEEE, IEEE, pp.
1104–1108.
[180] Colone, F., R. Cardinali, and P. Lombardo (2006) “Cancellation of
clutter and multipath in passive radar using a sequential approach,” in Radar,
2006 IEEE Conference on, IEEE, pp. 7–pp.
[181] Dersan, A. and Y. Tanik (2002) “Passive radar localization by time
difference of arrival,” in MILCOM 2002. Proceedings, vol. 2, IEEE, pp. 1251–
1257.

154

[182] Edrich, M. and A. Schroeder (2013) “Multiband multistatic passive radar
system for airspace surveillance: a step towards mature PCL implementations,”
in Proceedings of the 2013 International Conference on Radar, IEEE, Adelaide,
Australia, pp. 218–223.
[183] Gaglione, D., C. Clemente, F. Coutts, G. Li, and J. J. Soraghan
(2015) “Model-based sparse recovery method for automatic classification
of helicopters,” in Radar Conference (RadarCon), 2015 IEEE, IEEE, pp.
1161–1165.
[184] Geyer, M. and A. Daskalakis (1998) “Solving passive multilateration equations using Bancroft’s algorithm,” in Proceedings of the 17th
AIAA/IEEE/SAE Digital Avionics Systems Conference, vol. 2, IEEE, Bellevue, WA, pp. F41/1–F41/8.
[185] Griffiths, H. and C. Baker (2005) “Passive coherent location radar
systems. Part 1: performance prediction,” in IEE Proceedings Radar, Sonar
and Navigation, vol. 152, pp. 153–159.
[186] Howland, P. E., D. Maksimiuk, and G. Reitsma (2005) “FM radio
based bistatic radar,” in Radar, Sonar and Navigation, IEE Proceedings-, vol.
152, IET, pp. 107–115.
[187] Kaiser, S., A. Christianson, and R. Narayanan (2016) “Multistatic
passive coherent location using multilateration techniques,” in Proc. SPIE
Conference on Radar Sensor Technology XX, Baltimore, MD, pp. 982904–1–
982904–10.
[188] Kim, D.-B. and S.-M. Hong (2012) “Sequential measurement processing for
tracking with an FMCW radar network,” in Control, Automation and Systems
(ICCAS), 2012 12th International Conference on, IEEE, pp. 508–510.
[189] Kubica, M., V. Kubica, X. Neyt, J. Raout, S. Roques, and
M. Acheroy (2006) “Optimum target detection using illuminators of opportunity,” in Radar, 2006 IEEE Conference on, IEEE, pp. 8–pp.
[190] Kuschel, H. (2013) “Approaching 80 years of passive radar,” in Radar
(Radar), 2013 International Conference on, IEEE, pp. 213–217.
[191] Lauri, A., F. Colone, R. Cardinali, C. Bongioanni, and P. Lombardo (2007) “Analysis and emulation of FM radio signals for passive radar,”
in Proceedings of the 2007 IEEE Aerospace Conference, IEEE, Big Sky, MT,
pp. 1–10.

155

[192] Leung, S. W. and C. H. Wong (1991) “A shadow feature signal processing
algorithm for radar systems,” in Circuits and Systems, 1991. Conference
Proceedings, China., 1991 International Conference on, IEEE, pp. 452–455.
[193] Li, N., T. Zhang, X. Lv, and S. Zhang (2006) “An improved joint time
frequency approach for shadow image of bistatic forward scattering radar,”
in Radar, 2006. CIE’06. International Conference on, IEEE, pp. 1–4.
[194] Malanowski, M., K. Kulpa, and J. Misiurewicz (2008) “Parade-passive
radar demonstrator family development at warsaw university of technology,”
in 2008 Microwaves, Radar and Remote Sensing Symposium.
[195] Maussang, F., R. Garello, F. Soulat, D. Desjonquères, and
N. Pourthié (2011) “GPS passive bistatic radar system in oceanic environment: detection performance estimation,” in IEEE Oceans 2011.
[196] Meissner, P., T. Gigl, and K. Witrisal (2010) “UWB sequential Monte
Carlo positioning using virtual anchors,” in Proceedings of the 2010 International Conference on Indoor Positioning and Indoor Navigation (IPIN),
IEEE, Zurich, Switzerland, pp. 1–10.
[197] Mojarrabi, B., J. Homer, K. Kubik, and I. Longstaff (2002) “Power
budget study for passive target detection and imaging using secondary applications of GPS signals in bistatic radar systems,” in Geoscience and Remote
Sensing Symposium, 2002. IGARSS’02. 2002 IEEE International, vol. 1,
IEEE, pp. 449–451.
[198] O’Hagan, D. and C. Baker (2008) “Passive bistatic radar (PBR) using
FM radio illuminators of opportunity,” in New Trends for Environmental
Monitoring Using Passive Systems, 2008, IEEE, pp. 1–6.
[199] Ryndyk, A. G., A. A. Kuzin, A. V. Myakinkov, and A. B. Blyakhman
(2009) “Target tracking in forward scattering radar with multi-beam transmitting antenna,” in Proc. Int. Radar Conf. - Surveillance for a Safer World,
Bordeaux, France, pp. 1–4.
[200] Saini, R. and M. Cherniakov (2005) “DTV signal ambiguity function analysis for radar application,” in Radar, Sonar and Navigation, IEE Proceedings-,
vol. 152, IET, pp. 133–142.
[201] Smith, J. R. and M. S. Mirotznik (2004) “Forward Scattering Phenomena
at Low Grazing,” in Proc. IEEE Geosci. Remote Sens. Symp., Anchorage,AK,
pp. 402–405.

156

[202] Soloviev, A., F. van Graas, S. Gunawardena, and M. Miller (2001)
“Synthetic Aperture GPS Signal Processing: Concept and Feasibility Demonstration,” in Proceedings of the 2009 International Technical Meeting of The
Institute of Navigation, pp. 851–863.
[203] Tan, D. K., H. Sun, Y. Lu, M. Lesturgie, and H. Chan (2005) “Passive
radar using global system for mobile communication signal: theory, implementation and measurements,” in Radar, Sonar and Navigation, IEE Proceedings-,
vol. 152, IET, pp. 116–123.
[204] Tan, D. K. P., M. Lesturgie, H. Sun, and Y. Lu (2011) “Signal analysis
of airborne passive radar using transmissions of opportunity,” in Radar
(Radar), 2011 IEEE CIE International Conference on, vol. 1, IEEE, pp.
169–172.
[205] Tobias, M. and A. D. Lanterman (2005) “Probability hypothesis densitybased multitarget tracking with bistatic range and Doppler observations,” in
IEE Proceedings Radar, Sonar and Navigation, vol. 152, IET, pp. 195–205.
[206] Urdzik, D., R. Zetik, D. Kocur, and J. Rovnakova (2012) “Shadowing
effect investigation for the purposes of person detection and tracking by UWB
radars,” in Proc. 7th German Microwave Conf. (GeMiC), Ilmenau, Germany,
pp. 1–4.
[207] Vinagre, L. and K. Woodbridge (1998) “Modelling and prediction of
obstacle shadowing on secondary surveillance radar target azimuth,” in Proc.
IEE Colloq. Radar Syst. Modelling, 459, London, UK, pp. 15/1–15/4.
[208] Wang, K., R. Tao, Y. Ma, and T. Shan (2006) “Adaptive multipath cancellation algorithm in passive radar,” in Radar, 2006. CIE’06. International
Conference on, IEEE, pp. 1–4.
[209] Wendeberg, J., F. Höflinger, C. Schindelhauer, and L. M. Reindl
(2011) “Anchor-free TDOA self-localization,” in Proceedings of the 2011
International Conference on Indoor Positioning and Indoor Navigation (IPIN),
IEEE, Guimarães, Portugal, pp. 1–10.
[210] Xiao, P., K. Yang, B. Lei, and H. Wang (2014) “Application of forward
scattering phenomenon: Speed estimation for intruder,” in OCEANS 2014TAIPEI, IEEE, pp. 1–4.
[211] Xiaoming, T., H. You, D. Shijia, and N. Jinlin (2002) “Doppler compensation for passive coherent location,” in Signal Processing, 2002 6th
International Conference on, vol. 2, IEEE, pp. 1457–1460.

157

[212] Yazici, A., U. Yayan, and H. Yücel (2011) “An ultrasonic based indoor
positioning system,” in Proceedings of the 2011 International Symposium
on Innovations in Intelligent Systems and Applications (INISTA), IEEE,
Istanbul, Turkey, pp. 585–589.
[213] Zoeller, C., M. Budge, and M. Moody (2002) “Passive coherent location radar demonstration,” in Proceedings of the 34th IEEE Southeastern
Symposium on System Theory, IEEE, Huntsville, AL, pp. 358–362.
[214] Brodeur, L. R. (1985), “Loran-C navigation apparatus,” US Patent
RE31,962.

158

Vita
Sean A Kaiser
Education
2017: PhD in Electrical Engineering, Pennsylvania State University, University Park, PA
2013: MS in Electrical Engineering, Stevens Institute of Technology, Hoboken,
NJ
2012: BS in Electrical and Computer Engineering, Rowan University, Glassboro, NJ
Publication
S. A. Kaiser, A. J. Christianson, and R .M. Narayanan, "Multistatic passive
coherent location using multilateration techniques," in [Proc. SPIE Conference
on Radar Sensor Technology XX], Baltimore, MD, 9829, 982904-1–982904-10,
doi: 10.1117/12.2224116 (2016).
S. A. Kaiser, A. J. Christianson, and R. M. Narayanan, "Multistatic radar
exploitation of forward scattering nulls," in [Proc. IEEE International Radar
Conference (RadarCon 2016)], Philadelphia, PA, 135–140 (2016).
S. A. Kaiser, A. J. Christianson, and R. M. Narayanan, "Passive coherent
location direct signal suppression using hardware mixing techniques," in [Proc.
SPIE Conference on Radar Sensor Technology XXI], Anaheim, CA (2017).
S. A. Kaiser, A. J. Christianson, and R. M. Narayanan, "Multistatic passive
coherent location resource optimization," in [Proc. SPIE Conference on Radar
Sensor Technology XXI], Anaheim, CA (2017).
S .A. Kaiser, A. J. Christianson, and R. M. Narayanan, "Passive coherent
location matched filter alternative," in [Proc. IEEE International Radar
Conference (RadarCon 2017)], Seattle, WA (2017).
S. A. Kaiser, A. J. Christianson, and R. M. Narayanan, "Multistatic radar
Doppler estimation for passive coherent location," in [Proc. IEEE International
Radar Conference (RadarCon 2017)], Seattle, WA (2017).
S. A. Kaiser, A. J. Christianson, and R. M. Narayanan, "Global positioning
system processing methods for GPS passive coherent location," IET Radar
Sonar & Navigation, in press (2017).
S. A. Kaiser, A. J. Christianson, and R. M. Narayanan, "Multistatic Doppler
estimation for Global positioning system based passive coherent location,"
Submitted (2017).

