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Abstract

A bistatic synthetic aperture radar (SAR) implementation forms images of the earth’s

surface from an aircraft using emitters and receivers which are separated by some

distance. Possible sources of illumination for such radars, when not using cooperative

emitters, are ground based communications systems. The lack of radar specific waveforms

in communications systems means that the radar system may have poor performance in

some respects. One way to improve performance of such systems is a multistatic radar

implementation, where multiple bistatic radar systems operate together. Of particular

interest here is a single receiver, multiple emitter multistatic implementation. This leads to

the problem of selecting from a potentially large set of emitters, a subset of which may be

used in the image formation process.

A framework for selecting between sets of emitters is proposed using multiple

objective optimization. This approach requires use of objective functions to score the

different objectives of the selection process. Four objective functions are selected to score

the sets of emitters: multistatic Signal to Noise Ratio (SNR), Integrated Sidelobes (ISL) of

the multistatic ambiguity function (MAF), effective multistatic resolution area (EMRA),

and contrast ratio. In this work, the high definition television (HDTV) standard, long term

evolution (LTE) cellular standard, worldwide interoperability for microwave access

(WiMAX) wireless internet standard, and analog frequency modulated (FM) radio

standard are used as a set of representative communications standards.

Calculating objective function values through simulation can take a significant

amount of time. To obtain these objective functions faster, an approximation is found for

the SAR point spread function (PSF) to facilitate calculation of EMRA and contrast ratio.

This approximate PSF is compared to the PSF obtained through backprojection with

results showing close agreement. Following development of the fast PSF approximation,

the definition of EMRA is developed. Simulation is performed for multiple emitter
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configurations for bistatic and multistatic radar implementation in order to compare the

results of fast approximation and backprojection based simulation. Results of this

simulation show agreement between the approximation and backprojection. Contrast ratio

is developed as an objective function for multistatic SAR and simulation is performed to

compare with the approximation results. The results of this simulation show that

approximation is useful for determining differences between sets of emitters for the

purpose of selection.

A qualitative example using multiple objective optimization is presented. The

previously defined objective functions are determined by approximation for a randomly

selected set of emitters. The potential sets of emitters are ranked, and the resulting image

from simulation based on backprojection is presented for different ranked sets to illustrate

the effectiveness of the selection process. The selection approach shows the potential for

significantly reducing the time required to choose a set of emitters over image simulation

and comparison.
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Metrics for Emitter Selection for Multistatic Synthetic Aperture Radar

1 Introduction

Synthetic aperture radar (SAR) is used to form images of the earth’s surface from an

aircraft. Traditionally this is done with a monostatic radar - an implementation in which

both the transmitter and receiver are co-located and usually share one antenna [7, 20].

Another implementation of radar, the bistatic case, makes use of a transmitter and receiver

which are separated by some distance. Recently, the extension of SAR to the bistatic case

has received interest [14, 15, 31, 40, 43]. Passive bistatic SAR implementations use

transmitters of opportunity for illumination with a non-collocated receiver.

Foreknowledge of the emitter, including knowledge of the transmitted signal and emitter

location, is required in order to perform image formation. These requirements encourage

use of stationary ground based transmitters. Unfortunately, ground based radar systems

such as air traffic control radars, tend to be focused on illumination of airborne targets.

However, communications systems, such as broadcast television or cell phone towers,

tend to be designed for primarily transmitting signals to receivers on the ground. The lack

of radar specific waveforms means that passive radar systems may have poor performance

in some respects [16, 17]. The performance may be improved by a multistatic

implementation of radar, where multiple bistatic radar systems operate

together [5, 9, 41, 43]. This thesis is focused on the problem of selecting between possible

sets of emitters to use in the implementation of a passive multistatic SAR system.
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1.1 Problem Description

The problem of waveform design for passive radar is the fundamental lack of control

over nearly all parameters of the radar system. Any settings made are in response to some

available waveform. Furthermore, the communications waveforms being used are not

designed with consideration of radar performance. The different classes of communication

system may provide poor performance by one criteria of waveform design, such as

resolution, but have better performance with respect to another criteria. An interesting

problem then is to clarify the selection criteria of a communication system for use as the

illumination source for a SAR implementation. When a multistatic approach is used for

image formation, the problem takes on the form of finding ways to use the strengths of the

available communications transmissions to offset their weaknesses. A scene of interest

may be illuminated by dozens of television stations, commercial frequency modulated

(FM) radio stations, cell phone towers, and even wireless internet communications

relays [12, 13]. However, the challenge comes from the limitations of a receiving system

which can only collect a few of the available signals. The optimal subset of the available

emitters to use may be a collection of the best available signals, or a combination of

signals which may not be individually optimal, but which work best together. The

problem this thesis seeks to answer is formulating a process to select a limited subset of

the available signals which can be combined in a multistatic SAR system.

1.2 Motivation

The primary motive for this thesis is the need to determine a way to select part of a

potentially large set of emitters in order to form a SAR image. Part of what makes this

challenging is the limitation on how data from various emitters can be collected

simultaneously. The collection platform is assumed to have limitations on how much of

the spectrum can be collected from one receiver. Trying to address the variety and number
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of emitters available might take the form of collecting across a broad frequency range.

Doing so would require higher sampling rates to collect what may be mostly unimportant

data. Alternatively, channelized systems could be used to collect all available signals.

Doing so might require too much additional hardware for specific antenna beams, local

oscillators, filters, and analog-to-digital converters. A better solution may be using a

methodical approach to select a limited set of transmitters for use which would be best

suited for the SAR application.

Currently, the planning phase of a SAR collection, especially for the purpose of

exploring the implementation of passive multistatic SAR, has few tools to help make these

decisions. Selection may be based on a few factors from a bistatic perspective, like

individual emitter bandwidth and power. A selection process that takes the various

emitters’ multistatic combination into account may perform better. Furthermore,

weighting these multistatic characteristics of the SAR system may provide a way to tailor

the selection process for specific applications.

1.3 Contributions and Goals

There are three main contributions from this thesis to the field of passive multistatic

SAR imaging:

• Development of a computationally efficient point spread function (PSF)

approximation for bistatic and multistatic SAR

– Used to estimate effective multistatic resolution area (EMRA)

– Supports faster emitter selection

• Development of multistatic distributed target contrast ratio (DTCR) and point target

contrast ratio (PTCR) by extending the monostatic definition provided in [7]

involving
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– Development of bistatic multiplicative noise ratio (MNR) using the definition

provided in [7]

– Development of fast approximation of integrated sidelobe ratio (ISLR)

contributing to MNR

– Development of fast approximation of ambiguity ratio (AMBR) contributing

to MNR

• Dynamic emitter selection procedure making use of multiple objective optimization

– using multistatic signal to noise ratio (SNR), EMRA, DTCR/PTCR, and an

integrated sidelobes (ISL) of the multistatic ambiguity function (MAF) based

penalty

– uses fast approximations of objective functions to speed up selection process

– using possible limitations to rule out emitters and speed up the selection

process, including minimum bistatic SNR, limited antenna beams, radar

horizon, and bistatic angle

The main goal of this thesis is to describe a process for selecting a subset of potential

transmitters for use in SAR image formation in a timely manner during off-line

processing. Choosing a subset of emitters requires a framework for making the selection,

and criteria used to judge the merit of potential selections. The framework needs to be

straightforward for different SAR applications and potentially expandable to future work,

which is why multiple objective optimization is selected. The criteria need to be relevant

to the SAR image formation and also arguably accurate when extended to the multistatic

case. The four selected for this thesis are objectives of good SNR, resolution, contrast

ratio, and low ambiguity of the waveforms used. These will contribute to the selection

process, but there are other practical concerns for this process.
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Making sure the selection is appropriate and useful requires work on showing the

criteria used in the selection process can be performed quicker than full simulation.

Additionally they must be in line with the results of simulation. The desire to quickly

make a selection is due to the potentially large set of combinations of transmitters. Faster

selection would reduce overhead, potentially shorten the lead time to a data collection and

support “real-time” selection of emitters. The goal of reconciling the quick selection to

simulation verifies that the approach is at least as valid as the simulation used.

1.4 Organization

This introduction has focused on describing the problem being addressed and the

goals for this research. It is followed by a chapter containing background information for

the thesis. The background sets up three chapters concerning the computationally efficient

PSF approximation and multistatic resolution, contrast ratio, and the dynamic emitter

selection process respectively. Each of these chapters is organized as development,

followed by a description of the setup used to verify the development against theory using

simulation, and a presentation and discussion of the results. The final chapter is a

conclusion and summary of the work done in this thesis.
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2 Background

The information included in this chapter provides a foundation for the development

of the selection process, the estimates for the objective functions’ values and the SAR

model used to check them. The first section is a brief overview of elliptic geometry to the

extent it is useful in bistatic and multistatic radar. This information is included because in

a two dimensional bistatic implementation of radar, the regions of constant range for these

systems follow elliptical contours. The second section is a description of the signal

processing needed to form images for a SAR system. Next is a short description of

distributed and point target contrast ratio. Following this, a brief overview is given for

each of four communications systems used for examples and in simulation. The

background then focuses on the description of multiple objective waveform optimization

that will serve as a framework which is generic enough to be useful to the selection

process, granted the objective functions are available. Thus it is followed by description of

two multistatic radar evaluation criteria developed in prior work, which are used as

objective functions. Finally, background information on bistatic and multistatic resolution

is given.

2.1 Elliptic Geometry

The equations for an ellipse from the perspective of the transmitter (Tx)-receiver (Rx)

pair are important for bistatic radar. The distance to an object observed by the bistatic

radar will be measured by the total range from the transmitter to the reflecting object, and

back to the receiver. This observed total range places the object along an “isorange

contour,” where all points have the same total range. This isorange contour has the same

definition as the ellipse, with the transmitter and receiver serving as the foci. Defining the

isorange contours as ellipses has implications for the formulation for bistatic SAR and can

be useful for estimating some of the SAR criteria.

6



Figure 2.1: Illustration of ψ̂

To start, the parametric equation of the ellipse can be expressed as [6, pp. 198-200]:

X (ψ) = a cosψ

Y (ψ) = b sinψ (2.1)

where a is the length from the center of the ellipse to the point at which the ellipse

intersects the major axis (the line connecting the two foci), and b is the length from the

center of the ellipse to the point where the ellipse intersects the minor axis (the line

through the center of the ellipse perpendicular to the major axis), and ψ is a parametric

variable ranging between 0 and 2π. In the case of a circle, where a = b, ψ corresponds to

the angle to the point (X(ψ),Y(ψ)) from the major axis. However because a , b in general

for an ellipse, ψ is not always equal to the angle to the point from the major axis of the

ellipse. The variable ψ̂, the corrected angle, is the angle to the point (X(ψ),Y(ψ))

measured from the major axis and relative to the center of the ellipse as shown in Figure

2.1. Because this angle is generally more significant to other calculations, ψ̂ is put in

terms of the parametric ψ to a given point on the ellipse:
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ψ̂ = arctan
(

b sinψ
a cosψ

)
ψ̂ = arctan

(
b
a

tanψ
)

(2.2)

and likewise ψ is found for the desired angle ψ̂ as

ψ = arctan
(a
b

tan ψ̂
)

(2.3)

In a bistatic scenario, the foci of the ellipse are the Tx and Rx, and so the coordinate

system used can be chosen such that the major axis corresponds to the x-axis, and the

ellipse is centered at the origin. For a multistatic scenario, even if the coordinate system is

chosen such that one pair of Tx and Rx correspond to the foci of an ellipse centered at the

origin and with the major axis along the x-axis, all others will not. Thus, the center of the

ellipse for other Tx-Rx pairs will be offset from the reference coordinate system’s origin

and are not likely to have a “baseline,” the line connecting the transmitter and receiver,

which is parallel with the x-axis. In order to adjust the equation of the ellipse to match the

SAR scenario, the x and y coordinates of the ellipse must be rotated and translated as:

X̂(ψ)

Ŷ(ψ)

 =

Xc

Yc

 +

X(ψ)

Y(ψ)


 cos ξ sin ξ

− sin ξ cos ξ


X̂ (ψ) = Xc + a cosψ cos ξ + b sinψ sin ξ

Ŷ (ψ) = Yc − a cosψ sin ξ + b sinψ cos ξ (2.4)

where (Xc,Yc) is the center of the ellipse located at the halfway point between the

transmitter and receiver, and ξ is the angle between the scene’s x-axis and the baseline as
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Figure 2.2: Rotated and shifted ellipse.

shown in Figure 2.2. In (2.4), a, b are

a =
rT x + rRx

2

b =

√
a2 (

1 − e2) (2.5)

where b is related to the eccentricity of the ellipse,

e =
L

rT x + rRx
(2.6)

by the distance, L, between the two foci, and the ranges rT x and rRx from the transmitter

and receiver foci locations to the point (X̂(ψ), Ŷ(ψ)) as shown in Figure 2.2.

The area of an ellipse becomes important when associating the extent of isorange

contours with some width. Contour width is a consideration because a radar system has

some resolution associated with it and so all measurements of total range are not infinity

precise. The area of an ellipse is presented in [6] as A = πab. The area for a segment of an
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Figure 2.3: Segment of an ellipse as described in [6]

ellipse, shown as a shaded region in Figure 2.3, is presented as [6]

AreaBOP =
ab
2

arccos
(

X(ψ)
a

)
(2.7)

where X(ψ) is as defined in 2.1 and so the area can be rewritten as

AreaBOP =
ab
2

arccos
(a cosψ

a

)
=

ab
2

arccos (cosψ)

=
ab
2
ψ

=
ab
2

arctan
(a
b

tan ψ̂
)
. (2.8)

Now the area is in terms of the angle between the major axis and the point on the ellipse,

and so the area of a segment between two different angles can be found as

AreaP2OP1 = AreaBOP2 − AreaBOP1

=
ab
2

(
arctan

(a
b

tan ψ̂2

)
− arctan

(a
b

tan ψ̂1

))
, (2.9)
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assuming that AreaBOP2 > AreaBOP1 . The area of a segment will be used to represent

regions of ambiguous returns in Chapters 4 when developing contrast ratios. Next, a brief

description of synthetic aperture radar and the point spread function are given where the

application of elliptical geometry should become apparent.

2.2 Synthetic Aperture Radar and the Point Spread Function

SAR is used to form images of a scene by measuring the reflection of radio frequency

(RF) energy off of it. This is accomplished by carrying the SAR on an aircraft flying some

distance away from the scene. By combining measurements taken from different positions

the SAR can create synthetic elements of an aperture to improve its resolution.

Measurements at each of these synthetic elements populate a “phase history” of the scene.

This thesis focuses on the spotlight mode implementation of SAR, where the flightpath of

the aircraft is along a circle centered around the scene of interest. A move-look-move

model of SAR is assumed throughout, where the velocity of the receiver is assumed to be

small relative to the speed of light, and thus the Doppler shift within a pulse for any given

scatterer in the scene is assumed small enough to ignore.

There are many references which present the signal processing development of SAR

image formation from transmission to reception, such as [20]. Others describe some of the

more practical aspects of implementations, such as [7]. General digital image processing

is found in [19] and in [27] a development is presented for spotlight mode SAR where the

projection slice theorem is used for image formation for SAR. For the purposes of this

thesis, a brief description of the basics of spotlight mode SAR based on [18–20,27] should

be sufficient to explain the approach to simulation and some of the development in the

objective functions later in this chapter. Note that for the sake of generality the equations

used in the following development do not assume that the transmitter is collocated with

the receiver. These equations convert to the monostatic case by simply setting the

positions of the Tx and Rx equal.
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2.2.1 Basic Signal Processing Steps. In a broad sense of the SAR process, a

signal, call it s(t), is modulated from its baseband frequency to a higher frequency and

transmitted. The signal then travels to, and is reflected off of a scene to be imaged,

represented by reflectivity function g(x, y, z). The reflected signal travels back to the

receiver and is demodulated back to the baseband frequency. Thus the returned signal at

the receiver is a combination of the various reflected copies of s(t) with different delays

and scaling due to the reflectors at different points in the scene. Assuming a small receiver

velocity, relative to the speed of light, this combined return is equivalent to a convolution

of s(t) and g(x, y, z) [20]. The delay time between transmission from point (xT x, yT x, zT x),

reflection at point (x, y, z), and reception at point (xRx, yRx, zRx) is defined in terms of the

spatial coordinates as [18]

τ(x, y, z) =

√
(xT x − x)2 + (yT x − y)2 + (zT x − z)2

c
+√

(xRx − x)2 + (yRx − y)2 + (zRx − z)2

c
, (2.10)

where c is the speed of light. The transmitted signal is put in terms of τ0, the delay from

the transmitter to the scene center at point (0, 0, 0), as s(t − τ0). The scene reflectivity

function is put in terms of the delay as g(t − τ(x, y, z)). All returns at the same range, r,

will add together at the receiver, and thus the received signal at a given time t is the

combination of returns from all angles ψ along an isorange contour as shown in Figure 2.4

given by

r(t) =

∫ 2π

0
s(t − τ0) ∗ g(t − τ(x, y, z))dψ. (2.11)

where ∗ is the convolution operator [18]. The scene reflectivity function can be recovered

by deconvolution of the transmitted waveform from the received signal. The

matched-filter is one method for recovering an estimate of the scene reflectivity function.
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The matched-filter may be implemented via correlation of the received, demodulated

return with the original signal. For some implementations of passive systems, which

would not have access to the original signal, a recreation could also be used for

matched-filtering. The result of matched filtering is recovery of a one dimensional Fourier

transform of the scene, P(k, φ), in terms of spatial frequency, k, and the collection angle,

φ, from the received processed signal [20]. The spatial frequency in the bistatic case with

a small bistatic bisector, β, is shown in [15] (eq 4.2.6) to be

k =
4π f

c
cos

(
β

2

)
(2.12)

2.2.2 Backprojection. The basic premise of backprojection (BP) is that a two

dimensional image of a scene or object can be formed by processing many one

dimensional projections taken from different look angles. The application of this idea is

formed around the Projection-Slice Theorem, which states that the Fourier transform of

the projection of the scene reflectivity function at an angle φ is a slice of the two

dimensional Fourier transform of the scene reflectivity function, G(kX, kY) taken at the

(a) Monostatic (b) Bistatic

Figure 2.4: Depiction of constant range contours [18]
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angle φ [27]. A collected signal can thus be put in terms of spatial frequency, with spatial

frequency in the x direction kX and spatial frequency in the y direction kY , as shown in

Figure 2.5. From this, if the one dimensional Fourier transform of the scene is put in terms

of the angle along which it is collected, that is P(k, φ), it can be expressed as

P(k, φ) = G(kX cos φ, kY sin φ)

= F

(∫ x=∞

x=−∞

∫ y=∞

y=−∞

g(x, y)δ(x(φ) − y(φ))dxdy
)
, (2.13)

where the δ function operator (equal to one when its argument is zero, and zero when the

argument is not) is used to limit the evaluation to a line. The accumulation of these

measurements is known as the phase history. The formation of projections from a function

by taking line integrals is called a Radon transform, R [19]. For SAR applications the line

integral is taken over isorange contours, so the phase history may be more accurately

expressed in terms of the delay to a point in the scene reflectivity function. If the scene

Figure 2.5: Signal frequency support effect on spatial frequency.
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reflectivity function is treated as a set of isotropic point scatterers indexed by m,

g(x, y) =

∞∑
m=0

Amδ(x − xm)δ(y − ym), (2.14)

the phase history can be expressed as an accumulation of the effect of all the points in the

scene as

P(k, φ) = F

 ∞∑
m=0

Amδ(t − (τ0 − τm))


=

∞∑
m=0

Ame j∆τ(m,φ)2π f (2.15)

where τm is the total delay from Tx to the mth point to Rx. Note that the shift due to the

delay results in ∆τ(m, φ), the differential delay to point m from the receiver at collection

angle φ. The differential delay is the difference between the round trip delay from Tx to

the scene center to Rx, and the round trip delay from Tx to the point m to Rx. It is

convenient at this point to express the phase history in terms of an index, n, corresponding

to discrete collection points, so that the angle is given as φn. Also, phase history would be

more appropriately expressed in terms of k, rather than f . So (2.12) is substituted into

(2.15), and the differential delay multiplied by the speed of light is converted to a

differential range,

∆R(m, φn) = c∆τ(m, φn) (2.16)

to give

P(k, φn) =

∞∑
m=0

Ame
j∆R(m,φn)k
2 cos(β/2) (2.17)
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The differential range to point m located at (x, y, z) can be found in the near field case,

used when the isorange contours are expected to be less linear with respect to the scene

being imaged, as

∆R(n, x, y, z) = R(n, x, y, z) − RS AR(n) (2.18)

where R(n, x, y, z) is the total bistatic range to a point:

R(n, x, y, z) =
√

(xT x(n) − x)2 + (yT x(n) − y)2 + (zT x(n) − z)2 +√
(xRx(n) − x)2 + (yRx(n) − y)2 + (zRx(n) − z)2, (2.19)

and RS AR(n) is the total range to the scene center:

RS AR(n) =
√

xT x(n)2 + yT x(n)2 + zT x(n)2 +√
xRx(n)2 + yRx(n)2 + zRx(n)2. (2.20)

In the far field case, which is valid when the isorange contour is expected to be nearly

linear relative to the scene, the differential range is given as [40]

∆R(n, x, y, z) = x(cos(θT x(n)) cos(φT x(n)) + cos(θRx(n)) cos(φRx(n))) +

y(cos(θT x(n)) sin(φT x(n)) + cos(θRx(n)) sin(φRx(n))) +

z(sin(θT x(n)) + sin(θRx(n))), (2.21)

where for the nth collection, θT x(n) is the elevation from the scene center to the transmitter,

θRx(n) is the elevation from the scene center to the receiver, φT x(n) is the azimuth from the

x-axis to the transmitter, and φRx(n) is the angle from the x-axis to the receiver.
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The explanation of phase history gives a convenient way to generate P(k, φn) during

simulation, however the task of recovering an image of the scene remains. Now

backprojection enters into the image recovery process. Backprojection maps a set of

projections, which are generally in terms of angle and distance from the origin, into spatial

coordinates as [19]

b(x, y) =

∫ π

0
ĝ(x cos(φ) + y sin(φ), φ)dφ (2.22)

where ĝ(u, φ) = Rg(x, y). Backprojection of a pixel ideally requires projections from all

directions. However, an estimate of a pixel value can be formed from limited information

and in [27] it was shown that backprojection, as used in computer aided tomography

(CAT) could be extended to spotlight mode SAR. Recalling from (2.15) that a collection

point in phase history corresponds to the Fourier transform of such a projection, the

estimate of the scene formed through backprojection would be:

g̃ =

∫ 2π

0
F −1 (P(k, φ)) dφ (2.23)

Due to practical implementation, a SAR image is sampled from a finite number,Np, of

discrete positions indexed by n. So the estimate of the scene is given by

g̃ ≈
Np∑

n=0

F −1 (P(k, φn)) (2.24)

The phase history is filtered by multiplying by the corresponding frequency to account for

the different patch sizes essentially created by sampling on a polar coordinate system, as

shown in Figure 2.6. This means that (2.23) can be rewritten using the phase history as

˜̃g =

Np∑
n

F −1 (| f (k)|P(k, n)) . (2.25)
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Figure 2.6: Phase history

expressing the result of the inverse Fourier transform in (2.25) as

p̂(∆τ, φn) = F −1 (| f (k)|P(k, φn)) , (2.26)

then (2.25) becomes:

˜̃g(x, y, z) =

Np∑
n

p̂(∆τ(n, x, y, z), φn) (2.27)

The development of ˜̃g(x, y, z) gives a convenient way to recover an estimate of the scene

reflectivity function from the phase history for a bistatic or monostatic system. The

estimate of g(x, y, z) for the multistatic system requires some additional assumptions.
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Figure 2.7: Depiction of constant range contours for Radon transform “projections” in the
case of multi-static SAR with two transmitters and one receiver. Color denotes constant
range contours for each bistatic pair [18].

2.2.3 Multistatic Radar. A multi-static radar scenario, as shown in Figure 2.7, will

have multiple transmitter and receiver pairs. One assumption made for working with

multistatic radar is that the signals used will be separable: they are assumed to be

orthogonal. Starting from this assumption, the received signal is extended from (2.11) by

superposition to be the sum of the individual transmitted, reflected signals:

r(t) =

NT∑
i=0

∫ 2π

0
f (t − τi,0) ∗ g(t − τi(x, y, z))dψ. (2.28)

where NT transmitters are indexed by i. Because (2.28) is a linear operation, it can be

accomplished by using the bistatic SAR development and summing the image formation

results from multiple Tx-Rx pairs. For a given point (x,y), the projections corresponding

to the appropriate constant range contours from the various bistatic pairs will be summed
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Figure 2.8: Depiction of constant range contours for Radon transform “projections” in the
case of multi-static SAR with two transmitters and one receiver. Colors denote constant
range. That is, all reflections from points along a single color will be collected at the same
time at the receiver [18].

to give the return from that point. Thus the added projections have the form of an

intersection of ellipses, as shown in Figure 2.8.

Alternatively, the combination of SAR images from different Tx-Rx pairs can be

viewed as similar to the use of sub-apertures within a flight path. For monostatic radar,

these sub-apertures are combined by a generalized likelihood ratio test (GLRT) [39]. The

GLRT approach compares the separately formed images pixel by pixel, and the largest

pixel value is taken for use in the combined image. GLRT multistatic image formation

precludes the impact of phase information since the separate images are not being added,

and the pixel values are the absolute value of the backprojection process output.

2.2.4 Point Spread Function. A common measure of the SAR system’s quality is

the point spread function. The PSF is similar to an impulse response in that it is the image
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the SAR would create if a single isotropic point scatterer was located at the scene

center [37]. Measuring the extent of the PSF’s mainlobe, at a -3dB drop from the peak,

provides one way to to determine the resolution in SAR systems. The PSF is also useful

for calculating the integrated sidelobe level, which is used to calculated the MNR as

shown in Section 4.1.

2.2.5 Related Research. The theoretical background for the SAR simulation was

presented without going into much detail about how it would be feasibly implemented for

a passive bistatic SAR. However, the approach to simulation used is partially supported

by [31], where experimentation is performed with OFDM waveforms based on the

WiMAX standard. The results of these experiments help validate the use of simulated

phase history and the filtered backprojection approach to forming images which is similar

to the approach used in this thesis. In [31], the image formation was carried out using a

bistatic radar, scaled down to fit on a table top and used to collect reflected signals off of

metal plates. The results of this imaging showed that images formed from the collected

phase history were consistent with the simulated phase history.

Another assumption made for simulation is that there will be coherence between the

transmitter and receiver. It is assumed that it is possible to use the synchronization

symbols and knowledge of the transmitter and receiver locations to maintain coherence.

In [14] the results of experimentation using an X-band airborne radar with a monostatic

and bistatic component includes demonstrated maintenance of synchronization of a

bistatic receiver located on the ground. Thus the possibility of maintaining coherence

seems plausible, though not trivial.

2.3 Point and Distributed Target Contrast Ratio

A useful measure of a SAR’s ability to distinguish targets is contrast ratio. Contrast

ratio is important when attempting to determine the presence of some feature within an
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area or background which may not have a substantially different backscatter coefficient.

In [23], mention is made of using contrast ratio as a image quality metric; however, a

clearer explanation is found in [7]. In [7], two types are specified, point target contrast

ratio (PTCR) and distributed target contrast ratio (DTCR). PTCR is useful for determining

the visibility of a point target in clutter and noise. DTCR is useful when attempting to

detect a change in the local clutter from one level to another within a larger scene. In both

cases the ratio is presented as the expected value of the signal return to the expected

background, including clutter and noise.

For monostatic radar, PTCR is presented by [7] as

PTCR =

σt cos (ψac)
ρaρr

+ σn + MNRσ̄0

σ0 + σn + MNRσ̄0
(2.29)

where σt, σn, σ0, σ̄0, are the backscatter coefficients of the point target, additive noise,

local clutter near the point, and clutter from ambiguous regions outside the scene

respectively; ρa and ρr are the crossrange and downrange resolutions; ψac is the grazing

angle and MNR is the multiplicative noise ratio. DTCR is presented as [7]

DTCR =
σ0h + σn + MNRσ̄0

σ0l + σn + MNRσ̄0
(2.30)

where σ0l is the lower level backscatter coefficient and σ0h is the higher level backscatter

coefficient. As an illustration of the DTCR concept, [7] gives an example of an asphalt

road with σ0l of -26 dB, running through a grassy area with σ0h of -13 dB surrounded by

an area with rough ground, farm buildings and trees with a σ̄0 of -10 dB.

2.3.1 Additive Noise Backscatter Coefficient. Additive noise in the preceding

equations is actually an effective backscatter coefficient representing the additive noise
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figure. This term is related to the common clutter to noise ratio (CNR) by

σn =
σ0

CNR
. (2.31)

The average clutter backscatter coefficient will be canceled out by the CNR which is

simply recalculating the SNR, as presented in Section 2.6.1, with the radar cross section

replaced by the clutter backscatter coefficient [3]. This means that the effective noise

reflectivity is found from the SNR to be [41]

σn =
(4π)3kbTS Bn(RT RR)2

maxLT LR

PTGTGRλ2F2
T F2

R

(2.32)

where RT and RR are the Tx to target and Rx to target ranges, PT is the transmitter power

output, GT and GR are the Tx and Rx antenna gain, FT and FR are the attenuation pattern

propagation factors for Tx to target and Rx to target paths, kb is Boltzmann’s constant (not

to be confused with spatial frequency), TS is the Rx system noise temperature, Bn is the

noise bandwidth of the Rx filter, sufficient to pass the spectrum of the Tx signal, and finaly

LT and LR are the Tx and Rx system losses.

2.3.2 Multiplicative Noise Ratio. MNR is the ratio of the power within a

resolution cell from the radar scatterers within that cell to power which is aliased into that

cell from other external scatterers or from sources within the SAR [21]. The usage here is

different from another related use of the term, such as in [10], which describes radar

fading which results in speckle [21]. Though MNR is generally found through empirical

analysis of a given radar system [37], an approximation for MNR is deemed to be

sufficient for comparison and is found using the components listed in [7]:

MNR = ISLR + QNR + AMBR. (2.33)
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The integrated side lobe ratio (ISLR) is defined by [7] as the ratio of energy in the

sidelobes of the system impulse response to energy in the mainlobe, where the division

between these areas is considered to be the first null. In the formation of the MNR, ISLR

represents the combined effect of all scatterers outside of a given pixel, excluding

scatterers which fold into the pixel due to ambiguity.

The quantization noise ratio (QNR) reflects primarily analog to digital conversion

quantization errors. It is modeled as white Gaussian noise and in general is assumed to be

about -5dB per bit [7]. Compared to other sources of error, this error is relatively small for

modern analog to digital converters which may have 8 or 12 bits. Because of this, and

because the QNR value would be the same regardless of the scenario, it is not included in

the determination of the MNR for this application.

The ambiguity ratio (AMBR) includes the range and azimuth ambiguities due to the

pulse repetition interval (PRI)/pulse repetition frequency (PRF) and antenna sidelobes

which fold into a given measurement.

2.4 Communication Standards

Four different communications standards are selected to serve as example possible

transmitter types in this research. The standards are the long term evolution (LTE) cellular

communications standard, the worldwide interoperability for microwave access (WiMAX)

wireless internet access standard, the US high definition television (HDTV) standard, and

analog frequency modulated (FM) radio. LTE and WiMAX represent two-way

communication, while HDTV and FM radio represent broadcast communications. An

important distinction between signal types is the way in which the message of each is

modulated. LTE and WiMAX are orthogonal frequency division multiplexing (OFDM)

signals, which are common for digital communication. HDTV is an eight symbol vestigial

side band (8-VSB) modulated signal, which is not as common, but in some ways closer

resembles a traditional radar waveform. Finally, though digital FM radio is starting to
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become more popular, the version being investigated here is the classic analog signal. The

transmit signal types are limited to a set of four for the sake of brevity, though this work

may be extended to additional signal types. In Sections 2.4.1-2.4.4, the different

communications standards are described in enough detail to understand the

implementation for simulation used in the multiple objective waveform optimization

section.

There has been a fair amount of research lately into the use of different

communications standards for passive covert/coherent/bistatic radar. The communications

standards selected for examples were based in part on similar work which had shown

some experimental basis for using WiMAX, TV, and FM radio for passive radar. In [15],

use of OFDM was examined for use as the waveform for SAR, with particular attention

paid to WiMAX. The approach in [15] used simulation and experimental generation of a

representative message with focus on using the preamble of the downlink for matched

filtering. This was analyzed through the bistatic ambiguity function and also in

experimental SAR image formation. In [16] non-cooperative television transmitters were

used for the transmitter portion of a bistatic radar system. Airborne targets were tracked at

ranges of 260 km from the receiver and 150 km from the transmitter. The processing

focused on using measurements of bearing through direction of arrival (DOA) and velocity

through Doppler shift. The signal used was the vision carrier of a non-digital television

signal. The use of Doppler shift removes the necessity of synchronizing with the

television transmitter as long as the carrier frequency is stable. In [17] experiments with

non-cooperative FM transmitters were used to track airborne targets up to 150 km from the

receiver. The approach performed matched filtering by correlation of a received reflection,

and a direct path collection of the transmission from a dedicated reference antenna.

2.4.1 High Definition Television. HDTV provides a broadcast to an area, using a

high output power and one-way communication. A good overview of US HDTV can be
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found in [33], however [2] provides more current technical details of the implementation.

Unlike many modern digital television standards, US HD television uses 8-VSB instead of

OFDM modulation. 8-VSB is a type of amplitude modulation using 8 “symbols”, also

called levels, that form the representation of the data to be transmitted. One symbol

represents some digital value, and thus in this case can represent three bits of audio/video

data. These symbols are allowed to take on the values -7,-5,-3,-1,1,3,5 and 7, where the

corresponding amplitude of these levels is not specified, though the final transmission

power is determined by the Federal Communications Commission (FCC). A pilot tone, an

always present spectral component at DC, is added to the signal by increasing all of these

levels by 1.25. Symbols are transmitted at a rate of 10.762 MHz [2], and an accumulation

of 832 symbols is called a “segment”. Thus, the transmitted signal can be modeled as

sHDTV = A

 832∑
n=0

dnrect(t − nT ) + 1.25

 (2.34)

where A is the amplification prior to broadcasting, dn is symbol n’s amplitude and T is the

symbol period, the reciprocal of the symbol rate. Each segment has a specific format

wherein the first four symbols form the synchronization component, d0 to d3, follow a [5,

-5, -5, 5] pattern. The rest of the frame contains the audio and video data which is

randomized, encoded using Reed-Solomon coding for forward error correction,

one-sixth-data-field interleaving and two-thirds-rate trellis coded modulation [2]. Because

the rest of this information is not specified a-priori, and the randomization and encoding

are not applied to the synchronization symbols, the synchronization symbols are assumed

to be the portion of the signal which will be usable for SAR without collecting a reference

signal, or decoding and reconstructing the signal. The segments, and thus the

synchronization symbols, repeat at a rate of 77.3 µs.

A broadcaster is allocated a 6 MHz channel [2] and in order to make maximum use

of the available bandwidth, a filter is used to remove the lower side-band of the modulated
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Figure 2.9: US HDTV channel occupancy described in [2]

signal. First, sHDTV(t) is converted to an intermediate frequency, then filtered with a

specified roll off allowing some of the lower side band to remain, hence the name vestigial

side band. This is accomplished by filtering the signal with a root raised cosine filter,

which removes all but .31 MHz of bandwidth at IF which falls below the pilot [2] as

shown in Figure 2.9. The root raised cosine filter can be defined as the square root of a

raised cosine filter described in [36] as:

HRC(ω) =


T, 0 ≤ |ω| ≤ (1 − α)W

0, |ω| > (1 + α)W

T
2

{
1 − sin

[
π

2αW (|ω| −W)
]}
, else

(2.35)

where W = π/T, and the roll off factor α = 0.1152 [2]. Thus, the transmitted signal

spectrum is

S̃ HDTV(ω) =

[
1
2

S HDTV(ω − ωIF) +
1
2

S HDTV(ω + ωIF)
]

HRRC(ω) (2.36)

where S HDTV(ω) is the Fourier transform of sHDTV(t) mixed up to an intermediate

frequency, and HRRC(ω) is the root raised cosine filter. The signal is then modulated up to

the carrier frequency and amplified. When the transmitted signal is received, it is mixed to
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Figure 2.10: Non-zero portion of simulated HDTV sync signal in amplitude versus time

baseband such that the original signal is reproduced. The HDTV synchronization signal

used was generated by creating the four synchronization symbols [5,-5,-5,5], mixing the

signal to an intermediate frequency, filtering using a root raised cosine filter to reduce the

bandwidth to 6 MHz. To simulate the received signal, the signal was then mixed down to

baseband, and finally filtered to remove the high frequency component. The resulting

signal is shown in Figure 2.10 for the synchronization portion of the signal to show the

waveform at baseband.

2.4.2 Long Term Evolution (LTE). LTE is a cellular standard which allows for the

transfer of large amounts of data. The term long term evolution describes the development

of the Universal Terrestrial Radio Access (UTRA) standard into a new standard, known as

Evolved-UTRA (E-UTRA). Since this signal will be part of a cell network, there will be

downlink as well as uplink activity, distributed over several base stations in a given area.

The signal makes use of OFDM to modulate symbols onto non-interfering sub-carriers

spaced 15 kHz apart, with each sub-carrier modulated as either binary phase shift keying

(BPSK), quadrature phase shift keying (QPSK), 16-ary quadrature amplitude modulation
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(QAM), or 64-ary QAM [1]. The modulated sub-carriers are then converted into a time

based signal by means of an inverse fast Fourier transform (IFFT). The set of symbols is

organized into a “frame” which contains not only structure in terms of timing as was the

case for the “segments” used in HDTV, but also in terms of spectral occupancy [1].

Because most aspects of the signal can be dynamically determined, the signal of interest

for radar application is the primary synchronization (P-SCH) signal that is used to

synchronize the mobile user equipment during downlink. There are three P-SCH signals,

assigned to a given cell in order to avoid duplicating the signal of a neighboring cell [29].

The P-SCH signal is defined by the coefficients that are modulated onto 62 sub-carriers

around the central or DC sub-carrier. These coefficients are a Zadoff-Chu sequence

described by [29]:

du(m) =


exp

(
− jπum(m+1)

63

)
m = 0,1,...,30

exp
(
− jπu(m+1)(m+2)

63

)
m = 31,32,...,61

(2.37)

where m is mapped according to (2.37) onto sub-carriers -31 to 31, excluding the DC

sub-carrier, with a guard band of five sub-carriers on either side of this sequence. Thus the

modulation of the subcarriers, in terms of the subcarrier index, n, is

dn =



0 n =-36,-35,..., -32

du(n + 31) n = -31,-30,..., -1

0 n = 0

du(n + 31) n = 1, 2, ..., 31

0 n = 32,33,...,36

(2.38)

The variable u is either 25, 29, or 34 and defines the P-SCH signal [29]. The P-SCH

symbols are transmitted twice during every 10 ms frame, with the signals placed 5 ms

29



0 10 20 30 40 50 60 70
−15

−10

−5

0

5

10

Time (µs)

R
e{

S
L

T
E(t

)}

(a) Real component

0 10 20 30 40 50 60 70

−10

−5

0

5

10

Time (µs)

Im
{S

L
T

E(t
)}

(b) Imaginary component

Figure 2.11: Non-zero portion of simulated LTE sync signal amplitude vs. time

apart [1]. Using the OFDM transmitted signal model:

sLT E(t) = e j2π fct
N/2∑

n=−N/2

dne jn2π∆ f t 0 ≤ t < Ts (2.39)

where fc is the carrier frequency, ∆ f is the subcarrier spacing, and Ts is the duration of the

signal. Excluding a cyclic prefix Ts = 1/15000 seconds. When a cyclic prefix is used Ts

becomes (NCP/N + 1) times longer. For a normal cyclic prefix N = 2048 and NCP = 144,

so Ts = (144/2048 + 1)/15000 seconds [1]. The signal is usually constructed at baseband,

and then modulated to the carrier frequency. The LTE synchronization signal used was

generated at baseband for u = 25, and the non-zero portion of the signal is shown in Figure

2.11.

2.4.3 Worldwide Interoperability for Microwave Access (WiMAX). The

Worldwide Interoperability for Microwave Access (WiMAX) is a wireless network

standard used for providing Internet access within a few miles of the base station [15].

Like LTE, this communication makes use of OFDM modulation. Three physical layer

(PHY) configurations are specified in [24]: single carrier, 256-point OFDM for fixed
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stations and orthogonal frequency division multiplex access (OFDMA) with up to 2048

subcarriers for mobile subscribers. WiMAX also has two different types of frame

structures: frequency division duplexing (FDD), where uplink and downlink channels use

different frequencies, and time division duplexing (TDD) where the uplink and downlink

channels share a frequency but are separated in time so that they do not overlap [24].

In [15], WiMAX was investigated for use as a radar waveform assuming 256-point OFDM

configuration with a TDD frame structure, in a 2 - 11 GHz frequency band, and so that

configuration is used for this thesis.

For the purpose of SAR, the features of the waveform which are known a priori are of

particular interest. A first assumption for radar application is that the downlink will be

more powerful and possibly more predictable than the uplink, and so only the downlink is

being investigated. The duration of the frame, including the uplink and downlink

sub-frames, will be determined by the base station and should not be changed; otherwise

all the subscriber stations (receivers) would have to resynchronize to the base station [24].

Therefore the frame length is assumed to determine a consistent PRI for the signal when

using it for radar applications. The set of possible frame durations are: 2.5, 4, 5, 8, 10,

12.5, and 20 ms [24].

Furthermore, the frame structure has within the downlink subframe a portion called

the preamble which is used for synchronization and equalization as shown in Figure 2.12.

There are two different symbols used for the OFDM PHY preamble. The first uses only

subcarriers which are multiples of 4, resulting in a time domain waveform which repeats

every 64 samples. This symbol can be written as [24]

P1 =


√

2
√

2P∗ALL(k) kmod4 = 0

0 kmod4 , 0
(2.40)
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Figure 2.12: Example of TDD frame structure as described in [24]

where P∗ denotes the complex conjugate of P, and the double square roots here are an

explicit statement of the root mean square power associated with the data section and a

3dB boost for the preamble. PALL is a sequence provided in the standard [24] as shown in

Table 2.1.

The second preamble symbol uses only even subcarriers, resulting in a time domain

waveform which repeats every 128 samples and is given by [24]:

P2 =


√

2PALL(k) kmod2 = 0

0 kmod2 , 0
(2.41)

Though there are other preamble configurations for space time encoding regions and

adaptive antenna systems, they are not considered here. The two preamble symbols are

run consecutively at the start of every downlink frame and each has a cyclic prefix

(CP) [24] . The CP is a segment of the symbol in the time domain copied from the end of

the symbol and appended to the start of that symbol as shown in Figure 2.13. The length,

G, of this segment is either 1/4, 1/8, 1/16, or 1/32 of the symbol duration [24]. In [15] the

CP was investigated for the effect it would have on matched filtering. If not taken into

account, this could change the estimation of the range of a return; however it is assumed

from now on that the CP will be known. Each symbol in the OFDM PHY has a duration

determined by the desired bandwidth of the WiMAX signal. The total symbol duration is
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Table 2.1: Table of PALL values as listed in [24]

PALL PALL PALL PALL PALL PALL PALL PALL PALL PALL

-100:-80 -79:-59 -58:-38 -37:-17 -16:4 5:25 26:46 47:67 68:88 89:100

1-1j 1-1j -1-1j -1+1j -1-1j -1-1j 1-1j 1-1j -1+1j 1-1j

1-1j -1-1j 1+1j 1+1j -1-1j 1+1j 1-1j 1-1j 1-1j -1+1j

-1-1j 1+1j 1-1j 1+1j 1+1j 1+1j -1-1j -1+1j 1+1j 1+1j

1+1j 1-1j 1-1j -1-1j -1-1j 1+1j 1+1j -1-1j 1-1j 1+1j

1-1j 1-1j -1+1j 1+1j -1-1j -1-1j 1-1j -1+1j 1-1j 1+1j

1-1j -1+1j 1-1j 1+1j -1-1j 1+1j -1-1j -1+1j -1-1j -1-1j

-1+1j 1-1j 1-1j 1+1j 1-1j 1-1j -1-1j 1+1j -1+1j -1-1j

1-1j 1-1j 1-1j -1+1j -1+1j 1-1j -1-1j 1-1j -1+1j -1-1j

1-1j 1-1j 1+1j 1-1j 1-1j 1-1j -1+1j 1-1j -1+1j -1-1j

1-1j 1+1j -1-1j -1+1j 1-1j -1+1j 1+1j 1-1j 1+1j 1+1j

1+1j -1-1j 1+1j -1+1j -1+1j -1+1j -1+1j -1-1j -1-1j 1-1j

-1-1j 1+1j 1+1j 1-1j 1-1j -1+1j -1+1j 1+1j -1-1j 1-1j

1+1j 1+1j -1-1j -1+1j -1+1j -1+1j -1-1j 1+1j 1-1j

1+1j -1-1j 1+1j 1-1j -1+1j 1-1j 1+1j -1+1j -1-1j

-1-1j 1+1j -1-1j 1-1j -1-1j -1-1j 1+1j 1-1j -1+1j

1+1j -1-1j -1-1j 1+1j 1+1j -1-1j 1+1j -1+1j -1-1j

-1-1j -1-1j 1-1j -1-1j 0+0j -1+1j -1-1j -1+1j 1-1j

-1-1j 1-1j -1+1j -1-1j -1-1j 1-1j 1-1j -1+1j 1-1j

1-1j -1+1j 1+1j -1-1j 1+1j 1+1j 1-1j 1-1j -1+1j

-1+1j 1-1j 1+1j -1+1j -1+1j 1+1j 1+1j 1+1j -1+1j

1-1j 1-1j 1-1j 1-1j -1+1j -1+1j -1-1j 1+1j -1+1j
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Figure 2.13: WiMAX symbol with cyclic prefix as described in [24]

the combination of the time required by the OFDM symbol, Tb, and the cyclic prefix time,

Tg which are defined as

Tb =
1

∆ f
(2.42)

Tg = GTb (2.43)

where as previously mentioned G takes on one of four values, and the subcarriers are

spaced ∆ f Hz apart, where

∆ f =
Fs

NFFT
. (2.44)

Here NFFT is 256, and Fs is determined as

fs = 8000
⌊
ηB

8000

⌋
(2.45)

where η is determined based on the factorization of the bandwidth in the order shown in

Table 2.2 [24]. The first 28 (-128:-101), and last 27 (101:127) subcarriers are all left as
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Table 2.2: Table of η values from [24]

Channel Bandwidth (B) is a multiple of η

1.75 MHz 8/7

1.5 MHz 86/75

1.25 MHz 144/125

2.75 MHz 316/275

2.0 MHz 57/50

Other 8/7

zero in order to serve as guard bands; and the DC subcarrier is also left as zero as shown

in Figure 2.14. An example preamble signal is shown in Figure 2.15.

For the simulation and estimation in this thesis, only the preamble is being

considered. It is assumed that there will be limited impact from the rest of the signal on

the signal recovery and matched filtering to form a SAR image. There may be some

impact, but the repetitive structure of the preamble and additional amplification it receives

are expected to offset this. The effect of the rest of the signal may appear as noise in the

channel when a WiMAX signal is used for SAR. Additionally, the repetitive structure

within the preamble may cause some ghosting. This assumption also precludes use of the

rest of the signal for image formation by recovering and recreating the entire frame as

suggested in [15].
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Figure 2.14: OFDM frequency domain illustration based on description in [24]
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Figure 2.15: Simulated WiMAX sync signal amplitude vs. time
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2.4.4 Analog FM Radio. Unlike digital communications standards, analog

frequency modulated (FM) radio is generated without synchronization which could be

used for matched filtering. So a direct path signal needs to be collected. A specific type of

FM radio modulation called stereo FM, described in [30], is common for music broadcast.

For that reason, stereo FM is used in this thesis to represent FM radio. This section

provides a brief overview of the modulation procedure.

In the first step to creating a stereo FM modulated signal, two message signals are

used to provide slightly different signals to different speakers. These two signals, called

left, ml(t), and right, mr(t), are added and subtracted to create sum, ms(t), and difference,

md(t), signals:

ms(t) = ml(t) + mr(t)

md(t) = ml(t) − mr(t) (2.46)

These two channels are then separately filtered using pre-emphasis filters [30]. The

pre-emphasis filter is used to counteract the effect of the noise power-spectral density,

shown in [30] to be parabolic after FM demodulation. After reception, the demodulated

signal is run through a de-emphasis filter in order to return the message to its original

power spectral density while reshaping that of the noise. The pre-emphasis filter for stereo

FM radio is a first order high pass RC filter with a time constant of 75 µs:

Hp( f ) = 1 + j
f
f0
, (2.47)

where for FM radio, f0 = (2π75µs)−1 = 2100 Hz [30]. After this filtering, ms(t) occupies

the frequency band between 0 and 15 KHz. To seperate it from ms(t), md(t) is modulated

by double side band suppressed carrier (DSB-SC) amplitude modulation (AM). DSB-SC

is achieved by multiplying the message signal md(t) with a carrier signal, c(t), giving the
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Figure 2.16: Stereo FM signal conceptual spectrum as described in [30]

modulated signal

m̃d(t) = md(t)c(t) = md(t) cos (2π fit + φc) (2.48)

where fi is a 38 kHz intermediate carrier generated from a 19 kHz oscillator, and φc is the

carrier phase (assumed to be unknown but constant). Since the message signal is a real

valued function, after multiplying it by the carrier it will have both side bands centered

around the carrier. As long as the message does not contain a DC component, there is no

impulse at the carrier frequency, hence “suppressed carrier”. Addition of a carrier to the

modulated signal is useful for demodulation since the message can be recovered with a

simple envelope detector, so a pilot tone, mp(t), is added at 19 kHz [30]. The spectrum of

the combination of ms(t), m̃d(t), and the pilot is shown in Figure 2.16. The resulting

message signal,

m̃(t) = ms(t) + mp(t) + m̃d(t) (2.49)

is then used to frequency modulate a carrier. FM modulation is accomplished as [30]

sFMRadio(t) = Ac cos [2π fct + φ(t)] (2.50)
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Figure 2.17: Simulated stereo FM radio signal amplitude vs. time

with

φ(t) = 2πk f

∫ t

−∞

m̃(τ)dτ. (2.51)

Here k f is the frequency deviation constant. This term is used to convert the maximum

amplitude deviation of the message signal into the desired peak frequency deviation of the

modulated signal, ∆ fmax. FM radio has ∆ fmax fixed at 75 kHz with 200 kHz carrier

separation [30]. Assuming that the message signal is normalized, ∆ fmax = k f . The

resulting signal might look something like Figure 2.17.

2.5 Multiple Objective Waveform Optimization

The goal of this work is to create a framework for evaluating multiple sets of possible

emitters for multistatic SAR. A possible good solution for the evaluation is multiple

objective optimization, where there are several different objectives being evaluated for a

set of possible design criteria. The general multi-objective optimization problem is posed

as
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arg min
x

F(x) = [F1(x), F2(x), ..., FI(x)]T (2.52)

subject to g j(x) ≤ 0, j = 1, 2, ..., J and hl(x) = 0, l = 1, 2, ..., L.. The notation indicates

there are I objective functions, F(x), J inequality constraints, g j(x), and L equality

constraints, hl(x) [8, 26]. The vector of design variables, x, is comprised of n independent

variables and n is not necessarily equal to I. Note that in these equations, bold indicates

that the variable is a vector. The feasible design space, X, is a set of design vectors defined

to be {X | g j(x) ≤ 0, j = 1, ...J; hl(x) = 0, l = 1, ..., L}. One way to solve this would be to

find the Pareto optimal solution, which is defined to be the vector of design variables x∗

such that there is no other set in X such that F(x) ≤ F(x∗) and additionally there is no case

where Fi(x) < Fi(x∗) [26]. One problem with this solution is that for the limitations for

emitter selection, the Pareto optimal may not exist among the set of possible design

variables. Rather than finding a Pareto optimal solution to this problem, there is the

possibility of a compromise solution [26]. The compromise solution is found as the design

variable vector which gives the minimum distance between the vector of objective

functions F(x), and the utopia point, F0. The utopia point is a vector of the minimum

individual functions, Fi(x), possible for all x in X. The compromise solution using the

Euclidean distance between these two functions is then:

arg min
x

N(x) = |F(x) − F0| =

 k∑
i=1

[
Fi(x) − F0

i

]2


1/2

. (2.53)

However, if the functions have different units (2.53) does not hold up. The magnitude of

the difference between objective functions and the utopia point may not be appropriate for

comparison when using different units. As an example, resolution in meters is on a

different scale than signal to noise ratio in dB. To account for different units, the functions
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are normalized. One approach is to find

F trans
i (x) =

Fi(x)
|Fmax

i |
, (2.54)

where |Fmax
i | is the maximum value of the set of possible Fi(x) for x in X [26]. Note that

normalizing helps with different units for the objective functions, but does not account for

cases where the objective function would be desirable, or undesirable, for all possible

outcomes. In the event of a uniformly good or bad outcome, small changes would not be

significant, despite becoming large after normalization.

In addition to the compromise solution in (2.53), the evaluation to determine which

set of design variables should be selected can be based on a weighted global criterion

method. This approach uses a utility function to take into account the preferences for

different objective functions by weighting them [8]. A simple way to do this is using a

weighted exponential sum [42],

U =

 k∑
i=1

wp
i

[
F trans

i (x) − F0
i

]p


1/p

, (2.55)

which, with p = 2 as in the compromise solution, has the form of a weighting of the

Euclidian distance between the utopia point and a given set of objective functions. The set

of weights, w, is selected by a user, and there are a large number of approaches available

for selecting and utilizing weighting [26]. However, two straightforward approaches are

ranking (simply incrementing the weight value from least to most important) and

categorization (different objectives are grouped by categories such as highly and

moderately important).

Multiple objective optimization requires use of several different relevant objective

functions. For the emitter selection problem of passive multistatic SAR, the selected

objectives are: improving signal to noise ratio (SNR), and contrast ratio, and reducing
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EMRA and ambiguities. To that end, two of these objective functions are described in the

following subsections and two are developed in Chapters 3 and 4.

2.6 Objective Functions of Previously Defined Multistatic Radar Criteria

This section will give a brief description of two of the objective functions, SNR

maximization and ambiguity penalty. These criteria have been well defined in the

multistatic radar context in other research [5,40,41] . They require little, if any, adaptation

to the approach of this thesis and so are presented as background. Background on bistatic

resolution is also given, since it is useful to check the multistatic resolution estimate and

informs some of the constraints in Section 5.1.1. Additionally some background is given

on prior work on multistatic resolution.

2.6.1 Multistatic SNR maximization. One of the objective functions of interest,

SNR maximization has already been formulated. In [41], the radar range equation is

extended to the bistatic case for determining the maximum range product, (RtRR)max as

(RT RR)max =

[
Pavt0GTGRλ

2σBF2
T F2

R

(4π)3kbTS Bn(S NR)minLT LR

]1/2

(2.56)

where RT and RR are the Tx to target and Rx to target ranges, PT is the transmitter power

output, GT and GR are the Tx and Rx antenna gain, σB is the bistatic radar target cross

section, FT and FR are the attenuation pattern propagation factors for Tx to target and Rx

to target paths, kb is Boltzmann’s constant (not to be confused with spatial frequency), TS

is the Rx system noise temperature, Bn is the noise bandwidth of the Rx filter, sufficient to

pass the spectrum of the Tx signal, (S NR)min is the minimum SNR required for detection,

and finally LT and LR are the Tx and Rx system losses. Equation (2.56) should apply for

all types of waveforms [41]. Rearranging the equation to find the SNR in terms of the

42



other variables yeilds

S NR =
PTGTGRλ

2σBF2
T F2

R

(4π)3kbTS Bn(RT RR)2LT LR
(2.57)

For the purpose of this application, the terms which are constant between all scenarios can

be grouped together. These scenarios assume multiple transmitters and only one receiver.

Additionally, the gain for the transmitters is assumed to be broad, such that the gain in any

given direction will be the same. System loss for transmitters are assumed unknown, but

are accounted for in the effective radiated power of the transmitter. Based on these

assumptions, the bistatic SNR equation can be grouped as

S NR =

(
PTλ

2σB

Bn(RT RR)2

) (
GTGRF2

T F2
R

(4π)3kbTS LT LR

)
, (2.58)

where the first set of terms represent those which change between scenarios and are

separated out to be calculated for each Tx-Rx pair; the second set represent those which

are essentially constant based on the previously stated assumptions. Note that full

consideration of the aspect dependence of the bistatic radar target cross section is beyond

the scope of this thesis; however, there may be frequency dependence which could help

differentiate the SNR for different transmitters. To that end, σB is treated as a backscatter

coefficient which depends on the frequency, and the type of clutter/scenery being

represented in a scenario. For multistatic radar, [41] gives the equation for system signal

to noise ratio for nr receivers and nt transmitters operating coherently as

S NR =
σBΣ2

T Σ2
R

(4π)2kb
(2.59)
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where the two Σ terms are the sum of the transmitter and receiver components.

Specifically they are presented as

ΣT =

NT∑
i=1

(
PTiGTi F

2
Ti

R2
TiLTi

)1/2

, (2.60)

and

ΣR =

NR∑
j=1

(
AR j F

2
R j

R2
R jLR j

)1/2

NR∑
j=1

Ts jBn j

, (2.61)

where the variables are as described in the previous section, with indices corresponding to

the transmitter or receiver they are derived from. The receiving aperture, AR j is related to

the antenna gain as

AR j =
GR jλ

2
j

4π
. (2.62)

Putting (2.62) into (2.61) and then into (2.59) along with (2.60) to get a more familiar

SNR function gives

S NR =

σB

[
NT∑
i=1

(
PTiGTi F

2
Ti

R2
TiLTi

)1/2
]2 [

NR∑
j=1

(
GR jλ

2
j F

2
R j

R2
R jLR j

)1/2]2

(4π)3kb

(
NR∑
j=1

Ts jBn j

) (2.63)

Note that the wavelength, λ, is associated with the receiver’s aperture gain term, and has

now been given an index corresponding to the receiver, though the receive frequency is

determined by the transmitter frequency.

The preceding formulation relies on the assumption that coherence can be maintained

between the transmitter and the receiver. Coherence may be difficult to implement, though
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possible if knowledge of the original signal’s transmission time is available. Accurate

estimation of the timing of the original signal would rely on synchronization and

knowledge of the distance of the transmitter from the receiver. Digital communications

signals are designed so that a receiver separate from the transmitter may be synchronized

in order to demodulate and decode the original message. Based on this synchronization,

coherence for digital communications signals are assumed to be possible. Synchronization

in this manner is not possible for analog signals, which lack the synchronization structure.

To obtain coherence for analog signals, the system is assumed to make use of a separate

antenna to collect a reference signal that will be coherent with the reflected signal. Thus,

the assumption of coherence used in this thesis is reasonable, if it is accompanied by the

assumption that the position of the transmitter and receiver are known. Since the same

assumption is required for the formation of images using backprojection as previously

described, it is maintained.

2.6.2 Waveform Ambiguity Penalty/Integrated Side Lobe. Ambiguities due to the

waveform being transmitted can be used as another objective function. The geometry of a

scenario and waveforms being used by the transmitters have been shown to contribute to

resolution based on the bandwidth and frequency of the signal being used. Beyond the

main lobe resolution, there may be ambiguities which add uncertainty as to whether a

return is from one or several reflectors. Ambiguities in the waveforms are due to parts of

the signal which resemble other parts, such that during matched filtering they produce

peaks at places other than the main lobe. This is separate from ambiguous returns from

reflections at ranges ambiguous due to the signals PRI. Note that this is also being treated

separately from the question of resolution. ISL is focused on relative ambiguities with a

main lobe. To account for this in an objective function, the ratio of the integrated side lobe

level to main lobe of the waveform’s ambiguity function (MAF) is found. ISL is defined

as the ratio of the integral of all points in the MAF above the -3dB cutoff to the integral of
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those points below:

IS L =

!
{x,y:10 log10(Ψ(x,y))>−3dB}

Ψ(x, y)dxdy!
{x,y:10 log10(Ψ(x,y))≤−3dB}

Ψ(x, y)dxdy
(2.64)

To find the ISL value, it is first necessary to define how the MAF, Ψ(x, y) will be

calculated. Next, differences between how the ambiguity function is calculated for digital

and analog signals need to be determined. Note that though ISL has a similar name to

ISLR developed in Section 2.3.2, ISLR is the integrated side lobes of a PSF, whereas ISL

is the integration of the sidelobes of the ambiguity function. Due to the assumption of an

isotropic point scatterer used in the development of the multistatic SAR simulation, the

phase history is treated as if the signal could be perfectly de-convolved; however, a more

realistic scene would involve more interference.

2.6.2.1 Multistatic Ambiguity Function. A traditional, monostatic ambiguity

function compares a signal to a copy of itself which has been delayed and offset in

frequency. In [38], the ambiguity function was extended to the bistatic case, and put in

terms of the bistatic delay and Doppler of a target at a given angle. However for the

purpose of a MAF, the geometry assumptions in [38] are hard to maintain. Thus, going to

a more general statement, the ambiguity function represents the comparison of a signal

reflected off of a target to the signal for a false hypotheses of the state of that target. These

false hypotheses evaluate targets at different ranges and Doppler shifts [25, 32]. The

ambiguity function gives information about how much the false hypotheses resemble the

true, and also for SAR applications how reflectors outside of the point being evaluated

may contribute to the measured return for that point. To calculate the MAF, it is necessary

to look at the function in terms of a sum of signals, put in a slightly altered version of the
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traditional form [5]

Ψ (τa, τH, ωa, ωH) =

∣∣∣∣∣∣∣∣
∞∫

−∞

s(t − τa)s∗(t − τH)e j(ωDH−ωDa)tdt

∣∣∣∣∣∣∣∣
2

, (2.65)

where s(t) is the combination waveform being evaluated, τa and ωDa are the actual delay

and Doppler shift, and τH and ωDH are the hypothesized delay and Doppler shift. Note

that, due to the different ranges from the transmitter to a point target, to a receiver due to a

given scenario’s geometry, the delays will not be consistent, meaning that the combination

waveform is of the form

s(t − τ) =

NT∑
i=1

si(t − τi). (2.66)

Now NT transmitter signals are added together, each delayed by its own τi depending on

the range. In [5], the solution to this disconnect between the various delays is to set up the

ambiguity function in terms of a position in space, giving the appropriate relative delays.

The Doppler shift could be put in terms of hypothesized velocity of the point target.

Changing to notation of the ambiguity function, as suggested in [5], based on a position

and velocity based approach would lead to a restatement of (2.65) as:

Ψ (xa, ya, vxa, vya, xh, yh, vxh, vyh) =∣∣∣∣∣∣∣∣
∞∫

−∞

s(t, xa, ya, vxa, vya)s∗(t, xh, yh, vxh, vyh)dt

∣∣∣∣∣∣∣∣
2

, (2.67)

where xa, ya, vxa, and vya are the actual x and y coordinates and x and y velocity

components, and xh, yh, vxh, and vyh are the hypothesized x and y coordinates and x and y

velocity components. Bistatic Doppler shift calculations which could be used for the

individual signals contributing to the ambiguity function are provided in [38]. However,

for the purpose of SAR image formation, the ambiguities due to velocities are assumed to
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be small for the move-look-move model of receiver collection which should be

appropriate when the scene is in the far field. The signal is then a function of the sum of

the various delays due to location as

s(t, x, y) =

NT∑
i=1

Aisi(t − τi(x, y)) (2.68)

where the delay of signal i to point (x, y) is given by

τi(x, y) =

√
(XT xi − x)2 + (YT xi − y)2

c
−

√
(XRxi − x)2 + (YRxi − y)2

c
. (2.69)

The signal has to take into account attenuation due to path loss, given by the coefficient Ai,

as well as transmitter and receiver location relative to the point target location.

Substituting (2.68) into (2.67), and setting actual and hypothesized velocities equal, yields

|Ψ (xa, ya, xh, yh)| =

∣∣∣∣∣∣∣∣
∞∫

−∞

 NT∑
i=1

Aisi (t − τi(xa, ya))

  NT∑
m=1

Amsm (t − τm(xh, yh))

∗ dt

∣∣∣∣∣∣∣∣
2

. (2.70)

Presumably the individual communication signals in an area will be designed to not

interfere with each other. The cross terms in (2.70) are thus assumed to be uncorrelated

and can be removed to give

|Ψ (xa, ya, xh, yh)| =

∣∣∣∣∣∣∣∣
∞∫

−∞

NT∑
i=1

A2
i si (t − τi(xa, ya)) s∗i (t − τi(xh, yh)) dt

∣∣∣∣∣∣∣∣
2

. (2.71)

Rearranging the sum and integral operations, this becomes

|Ψ (xa, ya, xh, yh)| =

∣∣∣∣∣∣∣∣
NT∑
i=1

A2
i


∞∫

−∞

si (t − τi(xa, ya)) s∗i (t − τi(xh, yh)) dt


∣∣∣∣∣∣∣∣
2

. (2.72)
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Now the MAF can be seen as a weighted sum of the individual bistatic pair ambiguity

functions. The sum of these ambiguity functions is normalized, so that the maximum

value will be 1, and the resulting ambiguity function, for a set area is evaluated to

determine the integrated sidelobe level. Examples of the individual bistatic ambiguity

functions for the four transmitter types, and their combined ambiguity function are shown

in Figures 2.18 and 2.19. The combination of transmitters all at the same azimuth does not

give a good indication of the way the MAF will behave in general, and so the azimuth

values of the transmitters are changed and the ambiguity functions are reformed in Figure

2.20. The MAF in Figure 2.21 shows the addition of bistatic pairs with down ranges in the

different direction.

The ambiguity penalty objective function is then simply the value of the ISL found

by using the ambiguity function based on the approach described in [5]. In the

development in [5] the geometry and waveforms were more traditional with transmitters

and receiver assumed to be on separate aircraft, and P3, P4, and Frank polyphase coded

waveforms used to generate the ambiguity function. In [4] experimentation carried out in

a lab environment was performed to confirm that the approach to the ambiguity function

worked as expected.
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(a) WiMAX with Fc = 2GHz,

B = 20MHz, and φT x = 0◦
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(b) HDTV with Fc = 470MHz,

B = 6MHz, and φT x = 0◦
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(c) LTE with Fc = 1.85GHz,

B = 945kHz, and φT x = 0◦
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(d) FM Radio with Fc = 88MHz,

B = 75kHz, and φT x = 0◦

Figure 2.18: Bistatic ambiguity function in dB for example transmitters and a receiver at
zero azimuth
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Figure 2.19: Ambiguity function in dB for combination of example transmitters in Figure
2.18 using (2.72)
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(a) WiMAX with Fc = 2GHz,

B = 20MHz, and φT x = 63◦
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(b) HDTV with Fc = 470MHz,

B = 6MHz, and φT x = −83◦
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(c) LTE with Fc = 1.85GHz,

B = 945kHz, and φT x = 0◦
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(d) FM Radio with Fc = 88MHz,

B = 75kHz, and φT x = 45◦

Figure 2.20: Bistatic ambiguity function in dB for example transmitters at various azimuths
and a receiver at zero azimuth
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Figure 2.21: Ambiguity function in dB for combination of example transmitters in Figure
2.20 using (2.72) with the WiMAX Tx at 63◦, the HDTV Tx at -83◦, the LTE Tx at 0◦, and
the FM radio Tx at 45◦
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2.6.3 Bistatic SAR Resolution. Though not an objective function itself, bistatic

SAR resolution is used to check the resolution estimate from the PSF approximation in

Chapter 3. In [40] formulas for down and cross range bistatic resolution are developed

based on far field approximations. The cross range resolution is determined to be [40]

δcr =
c

4 fc sin
(

∆φ

2

)
cos θ̄b cos(β/2)

(2.73)

where fc is the carrier frequency, ∆φ is the angular extent of the phase history relative to

the scene center, θ̄b is the elevation look angle of the SAR image as shown in Figure 2.22,

and β is the bistatic angle between the transmitter and receiver. The angular extent of the

phase history is expressed as [40]

∆φ = max
(
tan−1

(
fy( f , τ)
fx( f , τ)

))
−min

(
tan−1

(
fy( f , τ)
fx( f , τ)

))
(2.74)

where

fx( f , τ) =
f
2

[
cos φt(τ) cos θt(τ) + cos φr(τ) cos θr(τ)

]
(2.75)

fy( f , τ) =
f
2

[
sin φt(τ) cos θt(τ) + sin φr(τ) cos θr(τ)

]
(2.76)

fz( f , τ) =
f
2

[sin θt(τ) + sin θr(τ)] , (2.77)

τ is the slow time of the collection (similar to the previously defined φn, except time of

collection instead of angle), φt and φr are the azimuth angles to the transmitter and

receiver from the scene center, and likewise θt and θr are the elevation angles. The bistatic

elevation look angle is defined by [40] as

θ̄b = tan−1

 fz( f , 0)√
fx( f , 0)2 + fy( f , 0)2

 (2.78)
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Figure 2.22: Phase history in three dimensions as described in [40]

The down range resolution is found in [40] to be

δr =
c

2B cos(β/2)
(2.79)

where B is the bandwidth of the waveform being used. Projecting to the ground plane, the

equation for down range resolution becomes [40]:

δrB =
c

2B cos (β/2) cos θ̄b
, (2.80)

while the cross range resolution is already in the ground plane.

2.6.4 Prior Research on Multistatic Resolution. Though the EMRA objective

function used in this thesis follows a different approach, it has some inspiration from

previous work on bistatic resolution and multistatic resolution in the non-coherent

addition case. In [43], the generalized ambiguity function (GAF) is determined for bistatic
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radar pairs with respect to spatial coordinates instead of delay and Doppler, similar to [5].

The GAF is shown to be the product of the power spectrum of the transmitted waveform

and the inverse Fourier transform of the power ratio of the received and transmitted

signals. This is used to show the effect of the collection manifold as an antenna pattern

and the waveform spectrum on the resulting resolution, allowing for an expression for

resolution in any direction. In [9] the idea of the GAF is again pursued and resolution is

defined as a set of vectors and a resolution ellipse. The GAF is extended to multistatic

systems in [9] using a non-coherent summation of ambiguity functions and the resulting

resolution was shown to be the intersection of the individual bistatic radar resolution

ellipses. The results of this theoretical development are checked in [9] against a scenario

using three GPS satellites as non-cooperative transmitters. These approaches, however, do

not explore coherent or GLRT combination of bistatic pairs. They do however give some

insight into ways in which the resolution of a combination of bistatic pairs can be formed.

This informs the developments in Section 3.2.

2.7 Summary of Background Material

This chapter has given the necessary background on elliptical geometry, bistatic and

multistatic SAR, contrast ratio, communications standards, multiple objective

optimization, as well as previous work on multistatic SAR parameters. This provides a

foundation from which to develop the framework for dynamic emitter selection. In

Chapter 3, the background on SAR in Section 2.2 is used as the starting point for the

development of a computationally efficient point spread function. This is followed by a

development of the EMRA objective function based on the background in Sections 2.6.3

and 2.6.4. Chapter 4 uses the background on elliptical geometry in Section 2.1, SAR in

Section 2.2, and contrast ratio in Section 2.3 to develop an approximation of the

multistatic contrast ratio. Chapter 5 uses the multiple objective optimization approach

described in Section 2.5, using SNR from Section 2.6.1, ISL from Section 2.6.2, EMRA
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from Chapter 3, and contrast ratio from Chapter 4 as objective functions. The

development in each chapter is checked against simulation based on Section 2.2 using

transmitter parameters from the communications standards in Section 2.4.
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3 Computationally Efficient Point Spread Function Approximation

This chapter contains the derivation of a computationally efficient approximation of

the point spread function for a bistatic radar. The PSF approximation serves to reduce the

number of calculations required in order to find an approximation of the effective

multistatic resolution area (EMRA). The PSF approximation is compared to

backprojection for a number of scenarios to show agreement. The approach to finding the

EMRA is described next. Following the development, test scenarios are described to show

how bistatic resolution observed in the PSF approximation compares to that formed

through backprojection and theory. Next, scenarios for forming effective resolution from

the two PSFs under different carrier frequencies, bandwidths and bistatic angles are

presented. The EMRA is compared between the fast approximation and backprojection

for these scenarios to show the utility of the fast approximation.

3.1 Deriviation of PSF Approximation

The process of forming a phase history and performing backprojection in a

simulation can take a significant amount of time, especially for a scene with a large

number of pixels and many samples along the flightpath. However, it is possible to make a

much faster rough approximation of the point spread function if a few key conditions are

satisfied. This section develops the approximation and shows the resulting PSF for a

simple example of the point spread function using WiMAX transmitter bandwidth and

frequency characteristics (20MHz and 2GHz) located at an azimuth of 45 degrees above

the scene’s x axis and a receiver moving from -0.5 degrees to 0.5 degrees azimuth, and a

constant 20 degrees elevation. The PSF generated for this scenario through simulated

backprojection as described in Section 2.2 is shown in Figure 3.1.

The PSF approximation development starts by re-writing the image formation

process described in (2.25), and including the form of phase history from (2.15) using
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frequency notation. For an arbitrary set of point reflectors, the image is

IM(x, y, z) =

Np∑
n=1

F −1
f

 M∑
m=1

Am f e j2π f ∆Rnm(x,y,z)/c

 (∆τ(n, x, y, z))

=

Np∑
n=1

M∑
m=1

AmF
−1
f

{
f e j2π f ∆τm(n,x,y,z)

}
(∆τ(n, x, y, z)). (3.1)

The notation F −1
f {X( f )}(t) indicates the inverse Fourier transform of X expresed in terms

of frequency f , evaluated at t. The differential delay, ∆τ, is put in terms of the PSF’s

evaluation point, (x, y, z), as well as the receiver collection point index n. Note that for the

point spread function, the only point used is located at the scene center. Thus m = 1 and

the differential range of the point is ∆Rnm(0, 0, 0) = ∆τm(0, 0, 0) = 0, and the exponential

term containing this will be equal to one. The point’s amplitude for the PSF is presumably

only dependent on propagation loss and the reflectivity coefficient of the point, and is left
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Figure 3.1: |PS F(x, y, z)| for example transmitter, in dB
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as a constant A. Additionally, taking into account that the phase history is bounded in

frequency by half the bandwidth on the upper and lower ends, it is useful to explicitly

write this restriction using the rectangular function so that the PSF becomes

PS F(x, y, z) = A
Np∑

n=1

F −1
f

{
f Π

(
f − Fc

B

)}
(∆τ(n, x, y, z)). (3.2)

where

Π(x) =


1 |x| ≤ 1/2

0 otherwise
. (3.3)

The result of taking the inverse Fourier transform is found as follows

F −1
f

{
f Π

(
f − Fc

B

)}
(∆τ) =

∫ ∞

−∞

f Π

(
f − Fc

B

)
e j2π f ∆τd f

=

∫ Fc+B/2

Fc−B/2
f e j2π f ∆τd f

=
e j2π f ∆τ(1 − j2π f ∆τ)

4π2∆τ2

∣∣∣∣∣∣Fc+B/2

Fc−B/2

=
e j2π(Fc+B/2)∆τ(1 − j2π(Fc + B/2)∆τ)

4π2∆τ2 −

e j2π(Fc−B/2)∆τ(1 − j2π(Fc − B/2)∆τ)
4π2∆τ2

=
e j2πFc∆τ

4π2∆τ2

(
e jπB∆τ − j2π(Fc + B/2)∆τe jπB∆τ

−e− jπB∆τ + j2π(Fc − B/2)∆τe− jπB∆τ
)

=
e j2πFc∆τ

4π2∆τ2

(
e jπB∆τ − j2πFc∆τe jπB∆τ −

jπB∆τe jπB∆τ − e− jπB∆τ +

j2πFc∆τe− jπB∆τ − jπB∆τe− jπB∆τ
)

(3.4)
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where Euler’s formula allows further simplification to

F −1
f

{
f Π

(
f − Fc

B

)}
(∆τ) =

e j2πFc∆τ

4π2∆τ2

(
j2 sin(πB∆τ) − j222πFc∆τ sin(πB∆τ) −

j2πB∆τ cos(πB∆τ)
)

=
je j2πFc∆τ

2π2∆τ2

(
sin(πB∆τ) − j2πFc∆τ sin(πB∆τ) −

πB∆τ cos(πB∆τ)
)

=
jBe j2πFc∆τ

2Bπ2∆τ2

(
(1 − j2πFc∆τ) sin(πB∆τ) −

πB∆τ cos(πB∆τ)
)

=
jBe j2πFc∆τ

2π∆τ

(
(1 − j2πFc∆τ)sinc(πB∆τ) −

cos(πB∆τ)
)

(3.5)

which would make the PSF

PS F(x, y, z) =

jAB
2π

Np∑
n=1

e j2πFc∆τ(n,x,y,z)

∆τ(n, x, y, z)

(
(1 − j2πFc∆τ(n, x, y, z)) sinc(πB∆τ(n, x, y, z)) −

cos(πB∆τ(n, x, y, z))
)
. (3.6)

An example of the image for the previously described scenario for the analytically arrived

at PSF in (3.6) is shown in Figure 3.2.

Using (3.6), it may be possible to approximate the PSF with fewer operations. First, a

few constraints on the scenario allow the differential delay to be simplified. The

constraints are that the flightpath be centered around zero and maintain a constant

elevation, that φR(n) be small for all n, and that the transmitter be stationary. The condition

that φr(n) be small leads to cos φr(n) ≈ 1 and sin φr(n) ≈ φr for all n. Thus the differential

delay can be separated out into constant and varying terms as
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Figure 3.2: |PS F(x, y, z)| for example transmitter in dB after evaluating Fourier transform

∆τ(n, x, y, z) =
1
c

(−x(cos (φT (n)) cos (θT (n)) + cos (φR(n)) cos (θR(n)))

−y(sin (φT (n)) cos (θT (n)) + sin (φR(n)) cos (θR(n)))

−z(sin (θT (n)) + sin (θR(n))))

≈
1
c

(−x(cos (φT (n)) cos (θT (n)) + cos (θR(n)))

−y(sin (φT (n)) cos (θT (n)) + φR(n) cos (θR(n)))

−z(sin (θT (n)) + sin (θR(n)))) (3.7)
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Gathering all constant terms and dropping their dependence on n

∆τ(n, x, y, z) ≈
1
c

(−x(cos φT cos θT + cos θR)

−y(sin φT cos θT ) − z(sin θT + sin θR)

−yφR(n) cos (θR(n)))

≈ ∆τ(x, y, z) −
yφR(n) cos θR

c
(3.8)

where

∆τ(x, y, z) =
−x(cos φT cos θT + cos θR) − y(sin φT cos θT ) − z(sin θT + sin θR)

c
(3.9)

not only represents all of the terms which are constant for all collection points, but is also

the differential delay found from the midpoint of the flightpath, where φR(mp) = 0.

The foregoing changes to the differential delay lead to another modification to the

PSF approximation to decrease the number of calculations required. Note that because the

summation of the exponential in (3.6) is for a finite number of pulses, it resembles a DFT

multiplied by a scale factor. If the remaining term in the summation,

Term1 =

(
(1 − j2πFc∆τ(n, x, y, z)) sinc(πB∆τ(n, x, y, z)) − cos(πB∆τ(n, x, y, z))

)
∆τ(n, x, y, z)

=
sinc(πB∆τ(n, x, y, z)) − cos(πB∆τ(n, x, y, z))

∆τ(n, x, y, z)
−

j2πFcsinc(πB∆τ(n, x, y, z)) (3.10)

can be shown to be nearly constant, it could be moved outside. If this could be shown to

be the case, the DFT could be solved and calculating the PSF would require many fewer

operations. The first step to determine that Term1 is nearly constant is to show that for a

given point, the difference in the differential delays for the middle collection point, n = mp
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and another collection point is minimal relative to the midpoint’s differential delay:

∣∣∣∣∣∣∆τ(mp) − ∆τ(n)
∆τ(mp)

∣∣∣∣∣∣ � 1∣∣∣∣∣∣∣1 − ∆τ(x, y, z) − yφR(n) cos θR
c

∆τ(x, y, z) − yφR(mp) cos θR

c

∣∣∣∣∣∣∣ � 1 (3.11)

Since φR(n) is zero for the midpoint of the flightpath by definition, this changes to

∣∣∣∣∣∣∣1 − ∆τ(x, y, z) − yφR(n) cos θR
c

∆τ(x, y, z)

∣∣∣∣∣∣∣ � 1∣∣∣∣∣∣∣1 − 1 +

yφR(n) cos θR
c

∆τ(x, y, z)

∣∣∣∣∣∣∣ � 1∣∣∣∣∣∣yφR(n) cos θR

c∆τ(x, y, z)

∣∣∣∣∣∣ � 1

|φR(n)| �

∣∣∣∣∣∣c∆τ(x, y, z)
y cos θR

∣∣∣∣∣∣ . (3.12)

Inserting (3.9) into (3.12)

|φR(n)| �
∣∣∣∣∣−x(cos φT cos θT + cos θR) − y(sin φT cos θT ) − z(sin θT + sin θR)

y cos θR

∣∣∣∣∣
|φR(n)| �

∣∣∣∣∣−x(cos φT cos θT + cos θR)
y cos θR

−
(sin φT cos θT )

cos θR
−

z(sin θT + sin θR)
y cos θR

∣∣∣∣∣ .
(3.13)

Thus, as y cos θR/c goes to zero the right side becomes infinity large and the condition is

easily met. A plot of y cos θR/c in Figure 3.3 shows that for the ranges of y and θR

expected for this application, the term does not become excessively large and the division

of ∆τ(x, y, z) by this term does not become small relative to the flightpath. Thus, the

remaining consideration is the case where ∆τ(x, y, z) becomes small. Account for this case

requires placing a second condition on Term1 being treated as a constant: that when the

first condition is not met due to a small ∆τ(x, y, z), then the difference between Term1
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Figure 3.3: |y cos θR/c| versus y for given receiver elevations θR

evaluated at the midpoint and some other point is small relative to Term1 evaluated at the

midpoint:

Term1(mp) − Term1(n)
Term1(mp)

<< 1 (3.14)

However, when ∆τ(x, y, z) goes to zero, the differential delay from (3.8) depends only on

the term yφR(n) cos θR/c. Thus the difference term in (3.14) can be evaluated by replacing
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∆τ(n, x, y, z) with yφR(n) cos θR/c

Term1(mp) − Term1(n) = ∆Term1 =

sinc(πB yφR(mp) cos θR

c ) − cos(πB yφR(mp) cos θR

c )
yφR(mp) cos θR

c

− j2πFcsinc(πB yφR(mp) cos θR

c ) −

sinc
(
πB yφR(n) cos θR

c

)
− cos

(
πB yφR(n) cos θR

c

)
2π yφR(n) cos θR

c

+ j2πFcsinc(πB yφR(n) cos θR
c )

=
c

y cos θR

(sinc(πB yφR(mp) cos θR

c ) − cos(πB yφR(mp) cos θR

c )
φR(mp)

−

sinc(πB yφR(n) cos θR
c ) − cos(πB yφR(n) cos θR

c )
φR(n)

)
−

j2πFc

(
1 − sinc

(
πB yφR(n) cos θR

c

))
(3.15)

accounting for division by φR(mp) requires using L’Hopital’s rule. Noting that in general:

lim
x→0

(sinc(ax) − cos(ax))
x

= lim
x→0

∂
∂x (sinc(ax) − cos(ax))

∂
∂x x

= lim
x→0

ax cos(ax)−sin(ax)
ax2 + a sin(ax)

1
(3.16)

and since

lim
x→0

ax cos(ax) − sin(ax)
ax2 = lim

x→0

∂
∂x (ax cos(ax) − sin(ax))

∂
∂x (ax2)

= lim
x→0

a cos(ax) − a2x sin(ax) − a cos(ax)
2ax

= lim
x→0

−a sin(ax)
2

= 0 (3.17)

then

lim
x→0

(sinc(ax) − cos(ax))
x

= 0 (3.18)
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Thus, the value from (3.15) simplifies to

∆Term1 =

−c
yφR(n) cos θR

(
sinc

(
πB yφR(n) cos θR

c

)
− cos

(
πB yφR(n) cos θR

c

) )
−

j2πFc

(
1 − sinc

(
πB yφR(n) cos θR

c

))
(3.19)

From the previous use of L’Hopital’s rule, it is evident that (3.19) also goes to zero as the

product yφR(n) does, but further from yφR(n) = 0, it can take on larger values quickly.

However when compared to the term from the center of the flightpath, shown from the

previous calculations to be equal to − j2πFc, the change is not so large:

∆Term1

Term1(mp)
=

− jc
2πFcyφR(n) cos θR

(
sinc

(
πB

yφR(n) cos θR

c

)
−

cos
(
πB

yφR(n) cos θR

c

) )
+(

1 − sinc
(
πB

yφR(n) cos θR

c

))
(3.20)

Evaluating (3.20) with several possible values of φR(n), and allowing y to vary, results in

the plots shown in Figure 3.4. Note that the range of y values is selected to extend to the

expected resolution from (2.73) for the given parameters. This should indicate that the

approximation will be accurate up to at least the first null. Based on the conditions of the

approximation, it could become less accurate further along the y axis and near points with

small differential delay. However, the mainlobe of the PSF is the region of primary

concern for resolution, and so the condition is deemed sufficient. The error that is being

accepted with these approximations is explored through comparison with PSF’s generated

through backprojection in Section 3.1.2.

The result of this formulation is that the relative difference is small for values of y

near the expected resolutions, and thus the term in (3.10) is effectively constant. Thus
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Figure 3.4: Plot of (3.20) vs. y for various transmitter types. Note that plots (a)-(d) are
on different scales to show the value of (3.20) is small near the expected resolution of the
given communication type

(3.10) can be pulled outside the summation using the differential delay from the center of

the flight path, ∆τ(x, y, z). The PSF can now be approximated as

P̃S F(x, y, z) =
jBA

4πFc∆τ(x, y, z)

( (
1 + j2πFc∆τ(x, y, z)

)
sinc

(
πB∆τ(x, y, z)

)
−

cos
(
πB∆τ(x, y, z)

) ) Np∑
n=1

e j2πFc∆τ(n,x,y,z), (3.21)
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Figure 3.5: |P̃S F(x, y, z)| for Example Transmitter

which results in a PSF approximation for the previously described scenario as shown in

Figure 3.5. The second term in this approximation can be rewritten as

Np∑
n=1

e j2πFc∆τ(n,x,y,z) =

Np∑
n=1

e j2πFc∆τ(x,y,z)e− j2πFc
yφR(n) cos θR

c

= e j2πFc∆τ(x,y,z)
Np∑

n=1

e− j2πFc
yφR(n) cos θR

c

= e j2πFc∆τ(x,y,z)
∞∑

n=−∞

Π

(
φR(n)
∆φR

)
e− j2πFc

yφR(n) cos θR
c (3.22)

where now the portion outside the summation is a constant phase term, and the summation

resembles an inverse DFT of a rectangular function with width ∆φR with a scaled

frequency variable Fc cos (θR)/c. Evaluating (3.22) would result in a Dirichlet sinc

(periodic sinc due to digital sampling) [28], however this is approximated by a standard

sinc due to the sampling assumptions. Substituting the sinc function for (3.22) and
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rearranging terms, the approximation of the PSF is

˜̃PS F(x, y, z) =
jBANp

4πFc∆τ(x, y, z)
e j2πFc∆τ(x,y,z)sinc

(
πFc cos θR∆φRy

c

)
( (

1 + j2πFc∆τ(x, y, z)
)

sinc
(
πB∆τ(x, y, z)

)
−

cos
(
πB∆τ(x, y, z)

) )
. (3.23)

Clearly each time an assumption is required, the PSF approximation becomes more

limited in how it can be applied and how accurate the result is; however, the computation

becomes faster. Backprojection, an O(N3) operation [40], is replaced by an approximation

which is O(N2), where N is the number of pixels in the PSF. The assumptions used are not

unreasonable, and comparing Figures 3.2 and 3.6, the difference in the shape of the

approximation near the center appears to be small. In Section 3.1.1 scenarios will be set

up to test these differences more rigorously with the results of these comparisons

presented in Section 3.1.2.

3.1.1 Analysis of Fast PSF Approximation. To analyze the fast PSF

approximation, a set of arbitrary transmitter characteristics were selected to be

representative of bandwidths and carrier frequencies that would be found in some of the

communication modulation types being considered. Furthermore, a range of possible

transmitter azimuths was used to check for angle dependence. These possible values are

shown in Table 3.1. All transmitters are 50 m above the ground and 7 km away from the

scene center. The receiver is located 10 km away from the scene center at an elevation of

20◦. The receiver follows a flightpath of −0.5◦ to 0.5◦ in 0.001◦ steps. All possible

combinations of the given values are evaluated, varying bandwidth first, then carrier

frequency, then transmitter azimuth.
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Figure 3.6: | ˜̃PS F(x, y, z)| for example transmitter

Table 3.1: Table of Transmitter Characteristics for Bistatic Resolution

Bandwidth (MHz) Carrier Frequency (GHz) Azimuth (degrees)

4.0 0.47 -50.4

5.5 0.8525 -44.8

7.0 1.235 -28.0

8.5 1.6175 0

10. 2.0 39.2

89.6

PSF images are formed through backprojection and the fast approximation method

for all configurations for a scene ranging from -150 m to 150m in 0.25m steps along both

the x and y axis. The difference between the absolute value of all corresponding pixels

71



and their ratios are examined, as well as the absolute value of the difference between

corresponding pixels. Additionally the phase of the difference, and the difference of the

phases of corresponding pixels are examined. The results are presented as a histogram of

results from all configurations, a plot of difference by configuration, as well as PSF

difference images for a small number of example configurations.

3.1.2 Fast PSF Approximation Results. The PSFs for a given Tx-Rx configuration,

generated both through backprojection and the fast approximation are compared pixel by

pixel. A pixel from the PSF formed through the fast approximation is subtracted from the

corresponding pixel from the PSF formed through backprojection. The resulting

magnitude of the difference is accumulated for all pixels in all PSFs. For the set of all

pixels in all PSFs for all configurations, the resulting set of differences is shown as a

histogram in Figure 3.7 for the magnitude of the difference between pixels. The mean for

the magnitude of the difference between all pixels is 6.45e-4, and the standard deviation is

7.99e-4. These results show good agreement in the magnitude and phase of the PSF, so

that the coherent combinations of PSFs formed through the fast approximation should

closely resemble the PSFs formed through backprojection.

To help illustrate the differences in the magnitude, configuration 150, with a

transmitter using a bandwidth of 10MHz, a carrier frequency of 2GHz, and an azimuth of

89.6◦ is used as an example. The configuration number is from the progression of values

in Table 3.1 according to the order described in Section 3.1.1. The PSFs for this

configuration formed through backprojection and fast approximation are shown in Figure

3.8 for configuration 150. Figure 3.9(a) presents an image of the magnitude of the

difference between all pixels for the PSFs formed through backprojection and fast

approximation on a dB scale, ||PSFBP| − |PSFApprox||. Figure 3.9(b) presents an image of

the absolute value of the difference of the magnitude of all pixels for the PSFs formed

through backprojection and fast approximation on a dB scale, |PSFBP − PSFApprox|.
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Figure 3.7: Histogram of differences between corresponding pixel intensities

Again, configuration 150 is used as an example to examine the effect of these trends

on the phase of the PSFs for an individual bistatic pair. In Figure 3.10(a) the phase of the

difference between all pixels is shown, and as expected the phases appear uniformly

random. In Figure 3.10(b) the difference between the phases of all pixels is shown. The

phases in Figure 3.10(a) tends to be close to 0◦ near the peaks of the main and sidelobes,

and approaches ±π closer to the nulls. In general though, measuring the effective

resolution, which will be discussed in Section 3.2, will rely more on those pixels closer to

the center of the main and sidelobes.

The statistics of the accumulated difference between pixels illustrates that in general,

the approximated PSF matches well with the backprojection PSF. Looking at the statistics

for all pixels within a given configuration provides some additional information. The

mean of the magnitude of pixel differences is plotted in Figure 3.11 by configuration with
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Figure 3.8: PSF images for configuration 150 formed through (a) backprojection and (b)
fast approximation
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Figure 3.9: Images of the differences between PSFs for configuration 150 in dB scale

the standard deviation of the pixel difference shown as an error bar. These results show

that there is variation in the agreement between pixel values from one configuration to

another. In particular increasing bandwidth tends to decrease variability, increasing

frequency tends to increase the variability, and increasing the absolute value of the bistatic
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Figure 3.10: Images of the differences between PSFs phase for configuration 150 in radians

angle tends to increase variability. Again note the parameters of the configuration follow

the progression of values in Table 3.1 according to the order described in Section 3.1.1,

denoted by hash marks for the first progression through a given parameter in Figure 3.11.
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Figure 3.11: Statistics for the magnitude of pixel differences by configuration

3.2 Development of Effective Multistatic Resolution Area

3.2.1 Analysis of Bistatic Resolution Estimation. Though bistatic resolution has

been previously described, comparison of the approximation and backprojection to

theoretical values are made. Checking the results of bistatic resolution against the

theoretical values provides a first step in using the PSF approximation for multistatic

resolution. To analyze the bistatic resolution estimation, the same parameters listed for the

fast PSF approximation analysis are used, as listed in Table 3.1. All possible combinations

of the given values are evaluated, varying bandwidth first, then carrier frequency, then

transmitter azimuth.
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Measuring the cross range resolution is accomplished by evaluating PSF(x, y) for

x = r cos
(
β

2
+
π

2

)
y = r sin

(
β

2
+
π

2

)
(3.24)

where β/2 is the bistatic bisector, and the range from the scene center, r, was a set of

values between zero and 100 m in 0.05m increments. Since the PSF generated both

through backprojection and through the approximation method previously developed

using these parametrically defined x and y coordinates is along a line extending from the

center and perpendicular to the bistatic bisector, the first null is taken to be the cross range

resolution. Measuring the down range resolution requires a slightly different approach

than simply using

x = r cos
(
β

2

)
y = r sin

(
β

2

)
, (3.25)

because backprojection and approximation can result in point spread functions such as the

PSF approximation shown in Figure 3.12, where the first null the radial line will intersect

is due to the cross range limitation, rather than the down range extent δr. To avoid

selecting the wrong range, the first null along the x axis is found resulting in δx. The first

x axis null is used to find the true down range resolution as

δr = δx cos
(
β

2

)
(3.26)

Measuring the first null is straightforward: find the first inverse peak. Thus the first

step in the analysis of the bistatic resolution approximation is comparing the down and

cross range to the theoretical down and cross range values for the backprojection PSF and
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Figure 3.12: Point spread function approximation with overlain down and cross range
markers in green

PSF approximation. Following this, the resolution measurements using a -3dB threshold

are evaluated. Comparison for a -3dB threshold is done because this threshold is used for

evaluating the multistatic resolution due to the presence of grating lobes. Only the

backprojection PSF and PSF approximation are compared, since the theoretical values are

for a resolution measured to the first null.

3.2.2 Bistatic Resolution Approximation Results. The results of comparing down

and cross range for the bistatic scenario is largely in agreement between the fast

approximation and backprojection. In Figure 3.13, the null-to-null resolution for the PSF

formed through backprojection (BP) are shown as blue dots, the null-to-null resolution of

the PSF approximation are shown as red x’s, and the theoretical down and cross range are

shown as black plus signs. Both measurements of down and cross range follow the

theoretical values well. As expected, down range resolution responds more to changes in

bandwidth than carrier frequency, and cross range resolution responds more to changes in
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frequency. Also as expected, both have finer resolutions for transmitters at zero azimuth,

as seen in configurations 76 through 100. Note that the configuration numbering comes

from the progression through the values in Table 3.1 as described in Section 3.2.

Comparing the ratio of the measurements with the theoretical values found using

(2.73) and (2.80) and each other, shown in Figure 3.14, provides additional information.

The ratio of the measurements of the PSF formed through backprojection to the estimate,

using asterisk markers in the plot, show good agreement. The ratio of the BP

measurements to theoretical values, shown as blue dots, as well as the ratio of the estimate

to the theoretical values, shown as red x’s, show that these are close to the theoretical

values. However, both backprojection and approximation tend to be larger for the down

range resolution, and become worse as the transmitter azimuth, and consequently the
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Figure 3.13: Results of null-to-null down and cross range resolution for bistatic system,
where configuration varies first by bandwidth, then by carrier frequency, then by transmitter
angle using values from Table 3.1
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bistatic angle, becomes larger as shown in configurations 126 through 150 where the Tx

azimuth is 89 degrees. This is not entirely surprising due to the assumption in Section 2.2

that the bistatic angle would be small. Again in Figure 3.15 showing the -3dB threshold

resolution, the BP -3dB resolution and the PSF approximation -3dB resolution are in

agreement and follow the same pattern. However looking at the ratio of BP -3dB

resolution to approximation -3dB resolution shown in Figure 3.16 there is a consistent

tendency for the PSF approximation’s resolution to be slightly larger than the resolution

measured from the PSF formed through backprojection.

One potential problem when comparing the two, which was discovered and corrected

to produce the results in this section, comes from the interpolation of the zero padded

phase history in backprojection. Increasing the zero padding of the IFFT from a total of

213 points to 217 smoothed out the PSF and improved the agreement between BP and

approximation -3dB resolution. In Figure 3.17 an example of the difference in zero

padding is provided by showing the down and cross range radial slices of the PSF for

backprojection (blue) and approximation (red dashed) together with a line at the -3dB

threshold (green) for both the 213 and 217 point FFT cases.
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Figure 3.14: Ratios of null-to-null down and cross range resolution for bistatic system
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Figure 3.15: Results of down and cross range resolution using a -3dB threshold for bistatic
systems varying configuration first by bandwidth, then by carrier frequency, then by Tx
angle using values from Table 3.1
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Figure 3.16: Ratio of BP down range resolution to approximation down range resolution
(top) and ratio of BP cross range resolution to approximation cross range resolution
(bottom) using a -3dB threshold for bistatic systems varying configuration first by
bandwidth, then by carrier frequency, then by Tx angle using values from Table 3.1
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Figure 3.17: Example radial slice of PSF approximation (red dash) and BP PSF (blue) with
-3dB point marked in green for configuration 30, with 10MHz bandwidth, 470MHz carrier
frequency, and -44.8◦ Tx azimuth
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Figure 3.18: Conceptual best and worst case combined resolution

3.2.3 Multistatic SAR Resolution. Multistatic SAR resolution is not extensively

documented, and so this section will attempt to explain the methods used to arrive at an

evaluation of the EMRA of a multistatic SAR. The effect on the resolution of combining

data from multiple bistatic pairs will clearly depend on the way their individual images are

combined into a multistatic image. If the images are coherently added, the resolution will

be different than if a GLRT approach is used to combine the images. In previous work on

multistatic resolution, such as in [9], resolution from individual bistatic pairs is treated as

an ellipse. Non-coherent addition and GLRT combination of images will result in

multistatic resolution which is at best the intersection of the individual resolutions, and at

worst bounding their union, as shown in Figure 3.18.

Use of ellipses to describe multistatic resolution is appropriate, because the overlap

and combination of resolutions does not follow the definition of down and cross range in a

traditional sense. To measure the resolution ellipse, the point spread function is weighted

by the effective radiated power and propagation loss, and combined for the various bistatic

pairs forming the multistatic system. Because the phase history placement for the various

Tx-Rx pairs are irregularly spaced, the coherent combination of the images formed from

them contain grating lobes. Grating lobes can be hard to predict and are expected to
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effectively increase the area of minimum separability of targets. An example of this is

presented in Figure 3.20 where the three bistatic PSF’s shown in Figure 3.19 are

coherently combined into a multistatic PSF. In that image, the portion of the normalized

multistatic PSF above the -3dB threshold is shown along with the bistatic resolution

ellipses. Figure 3.20 highlights a case where grating lobes appear outside the intersection

of the individual bistatic resolution ellipses but within their union. Because of this, we

define the outer boundary of where the combination of NT different PSFs cross a -3dB

threshold, shown as a magenta ellipse in Figure 3.20, as the EMRA used for comparison

of different possible sets of transmitters. EMRA is treated as the area of an ellipse which

bounds all points above -3dB from the peak of the PSF.

To calculate the combined resolution ellipse, it is first necessary to determine the

individual point spread functions and scale them by the propagation loss to the point. The

multistatic PSF is then formed using either the GLRT or coherent combination approach.

For estimating the GLRT approach, the maximum value for a given (x, y) coordinate from

all the bistatic PSFs is found and used as the combined PSF. For coherent addition, the

complex value of the pixels at (x, y) from all PSF are added. To improve the speed of

estimating the resolution, a faster method of approximating the PSF was developed in

Section 3.1.

To find the resolution ellipse, a set of points is generated by finding all parts of the

combined PSF above the threshold:

(X,Y) =
{
(x, y)|10 log10(PSF(x, y)) ≥ −3

}
. (3.27)

The parameters of the ellipse are then found in a straightforward manner by using singular

value decomposition (SVD), which factors a matrix into three new matrices in the form of

A = UΣVT [35]. This factoring is of particular interest since the matrices can be used to

find the a, b and ξ parameters of the ellipse. The length of the major axis of the ellipse, a,
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Figure 3.19: PSF for three bistatic pairs used in generating multistatic PSF (Tx1: LTE,
az = 0◦, range = 7km, Fc = 1850MHz, BW = 945kHz, u=25, Tx2: HDTV, az = −83◦ ,
range = 8062km, Fc = 470MHz, BW = 6 MHz, TX3: WiMAX, az = 63◦, range=4472km,
Fc=2GHz, BW=20MHz, Rx: az = −0.5◦ to 0.5◦ in 5e − 4◦ steps, el = 20◦, range = 10km
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Figure 3.20: Combination of three bistatic PSFs into multistatic PSF with grating lobes
outside of resolution ellipse intersection

can be found by multiplying the first element of the matrix Σ, the first singular value, by

the largest element in the first column of U. Likewise the distance of the minor axis of the

ellipse, b, is found by multiplying the second element of the matrix Σ, the second singular

value, by the largest element in the second column of U. The orientation of the major axis,

ξ, is found from V, as it is a matrix with columns representing the orthonormal bases of

the row space of the original matrix [35]. The association of the first singular value to the

first column of U is based on the assumption that it is a rotated and scaled set of

coordinates corresponding to (X,Y), only along the axis provided by V. This assumed

orientation is shown in Figure 3.21. Since it is assumed that the first axis of V is parallel

with the major axis of the ellipse, the largest element of the first column of U is the
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Figure 3.21: Assumed orientation of V with respect to resolution ellipse

furthest point along that axis. Likewise the association of the second singular value to the

second column of U is based on a presumed association with the minor axis. Thus

a = Σ1,1 max(U:,1) (3.28)

b = Σ2,2 max(U:,2) (3.29)

ξ = atan
(
V2,1

V1,1

)
(3.30)

3.2.4 Analysis of EMRA Approximation. To analyze the EMRA approximation,

combinations of different transmitters at different locations are desirable. In order to set

up a large number of unique combinations with limited simulation overhead, a small set of

permissible locations for the transmitters is used, along with a set of representative

modulation configurations . For determining the accuracy of the EMRA predictions, the

set of potential positions puts transmitters at the locations in Table 3.2. Height is treated as

a constant 50 meters for all transmitter positions.

The six different potential positions are shown in Figure 3.22. A representative

configuration for each modulation is used in each position, with the exception of FM radio
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Table 3.2: Table of Potential Positions for EMRA

Azimuth (degrees) Range (m)

-55 4000

-30 9000

0 4000

15 9000

40 4000

65 9000

which was excluded due to a large expected resolution. For HDTV, the configuration uses

a carrier frequency of 470 MHz, near the bottom of the band, with a transmission power of

91 kW, based on the mean power of the reported stations in [13]. The WiMAX

configuration uses a frequency of 4 GHz, near the middle of the band, with a bandwidth of

20 MHz, a frame duration of 2.5 milliseconds, a quarter length cyclic prefix, and a 85

dBm power level, or about 316 kW, the same as was assumed in [15]. Finally, for LTE the

configuration uses a carrier frequency of 1.85 GHz, near the bottom of the usable band, a

Zadoff-Chu sequence based on u = 25, and a transmission power of 85 dBm. To avoid

interfering frequencies, which would occur when the same communication standard is

used at different positions, the frequency is offset based on the position it occupies. The

carrier frequency of each signal type is offset by adding a multiple of the index of the

position being occupied, based on what modulation was being used. For HDTV the

multiples are 6 MHz, for WiMAX the offset is 20 MHz, and for LTE the offset is 5 MHz.

This offset allows different images to be added together without consideration of possible

interference due to frequency reuse. In addition, a blank modulation corresponding to no

transmitter present is also included to account for cases where there are fewer than six

transmitters being used for image formation. To facilitate computation time, PSF
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Figure 3.22: Transmitter positions used for multistatic resolution analysis

formation from a given transmitter at a given position is performed before combination

and saved for later use, so that backprojection is performed to form the PSF only twenty

four times for the EMRA measurements. In summary, for EMRA measurements there will

be a combination of four modulation schemes with six possible Tx positions, a total set of

(46 − 1) = 4095 possible combinations excluding the no transmitter case.

In order to compare the theoretical EMRA, a point spread function is used in image

formation for each bistatic pair and then combined to form the multistatic image. The

image is formed for a square grid of pixels around the center point, representing -150m to

150m in .25m steps in both dimensions. This .25m step resolution is smaller than the

smallest expected bistatic resolution (7m). To evaluate the worst case resolution, the

multistatic image is formed from a GLRT combination of the separate bistatic images.

This means that the image is formed by taking the pixel by pixel maximum absolute value
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of the bistatic pair PSFs. For the best case resolution, the point spread functions are added

coherently. Because each image is formed from phase history which occupies different

frequencies and azimuth angles in phase history space, the irregular sampling leads to the

creation of grating lobes as shown in Figure 3.23(b). Rather than ignore this effect, the

effective resolution is measured, the EMRA, defined to be the area of an ellipse enclosing

the set of points above a threshold of -3dB below the maximum point as described in

Section 3.2.

In both cases, the parameters of the resolution ellipse are determined by examining

the set of points above the cutoff:

(X,Y) =
{
(x, y)|10 log10(PSF(x, y)) ≥ −3

}
(3.31)

SVD is used to find the parameters of the error ellipse fit to the points as described in

(3.28) - (3.30) .

To compare the backprojection simulation result to the fast approximation, the two

EMRAs are computed as described in Section 3.2.3, and then plotted together to compare

results. The results for all combinations are examined using plots, including plots of the

ratio between the approximated and simulated areas and histograms of the difference

between the EMRAs.

3.2.5 Multistatic Resolution Results. Comparison of EMRA between the

approximated PSF and the PSF formed through backprojection showed more variability

for coherent combination of transmitters than GLRT combination. In Figure 3.24(a) the

EMRAs are shown for all transmitter configurations for both the combination of PSFs

generated through BP and approximation where coherent combination was used. Figure

3.24(b) shows the same results, but for GLRT combination. This plot shows some

difference between the two; however, other comparisons provide more insight into the
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(a) Coherent combination of PSFs
x (m)

y 
(m

)

 

 

−100 −50 0 50 100
−100

−80

−60

−40

−20

0

20

40

60

80

100

−3

−2.5

−2

−1.5

−1

−0.5

0

(b) Coherent combination above -3dB
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(c) GLRT combination of PSFs
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(d) Portion of GLRT combination above -3dB

Figure 3.23: Example of coherent and GLRT combination of two PSFs and resulting
portions above -3dB cutoff (Tx1: az=45◦, range = 5km, Fc=470MHz, BW=6Mhz, Tx2:
az = −25◦, range = 5km, Fc=482Mhz, BW = 6MHz, Rx: az = −0.5◦ to 0.5◦ in 5e−3◦ steps,
el = 20◦, range = 10km

performance. Examining a histogram of the error between the two EMRA values for each

configuration, determined as the difference between the measurement of the resolution for

the combination of PSFs generated through backprojection and that of the combination of

PSF approximations, shows a tendency toward small error in Figure 3.25.

By itself, measurement of error fails to take into account the difference between cases

where error is large but EMRA is also large, such that the error is minor relative to the
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Figure 3.24: EMRA area for BP PSF and PSF approximation
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Figure 3.25: Histogram of error between EMRA from BP PSF to resolution area from PSF
approximation

EMRA; and cases where the relative error is large compared to the EMRA, but both are

small on an absolute scale. However, examining the results of the ratio of the EMRAs

helps mitigate this problem and show results which are generally close. Comparing the

ratio between the simulation and the estimate, as seen in Figure 3.26(a) shows that though
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(b) GLRT combination

Figure 3.26: Ratio of EMRA for BP PSF to EMRA for PSF approximation. Coherent
combination has a mean ratio of 0.994 and standard deviation of 0.01341. GLRT
combination has a mean ratio of 0.994 and standard deviation of 0.00433

there are many cases where the two EMRAs are nearly the same, the mean of the set of

ratios being 0.994 with a standard deviation of 0.0134. There are some cases where either

the EMRA from the simulation or the estimate is up to 1.37 times the other EMRA.

In contrast to the coherent combination results, the EMRA of the GLRT combination

approach seem to be dominated by a few or even one main transmitter. This results in

EMRA which are repetitive as shown in Figure 3.24(b). A histogram of the difference

between the two GLRT EMRAs is shown in Figure 3.25(b) which highlights the fact that

the EMRA from the PSF approximation tends to be larger than the EMRA formed through

back projection. In the histogram there are a few values which show up repeatedly,

creating a sparse histogram. The ratios are similarly repetitive as shown in Figure 3.26(b).

Here the results of simulation and estimation tend to be closer, having a mean ratio of

0.994 and a standard deviation of 0.00433, and range between extremes of 0.959 and

1.003.These differences in the results between coherent addition and GLRT prompted a

closer look at some of the more extreme errors.
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(a) Backprojection
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(b) Fast Approximation

Figure 3.27: Multistatic PSF for run 811 formed through coherent combination of (a) BP
bistatic PSFs and (b) fast approximation bistatic PSFs, with resolution ellipses

The run with the lowest ratio of EMRA from backprojection to EMRA from fast

approximation is run 811, with a ratio of 0.729. This run consists of five transmitters, two

LTE transmitters at 15◦, and 65◦, and three WiMAX transmitters at -55◦, -30◦, and 0◦.

This corresponds to carrier frequencies at 1.87 GHz, 1.88 GHz, 4.02 GHz, 4.04 GHz, and

4.06 GHz respectively. The multistatic PSFs for run 811 are shown in Figure 3.27.

Reducing the extent of the approximate PSF to show only the portion above -3dB in

Figure 3.28 shows where the difference comes from. The approximate PSF, as shown in

3.28 (b) has pixels located at (-16.75,-0.5) and (16.75,0.5) which are -2.998 dB down from

the maximum value. This may indicate that setting the threshold of the EMRA at -3dB in

accordance with convention will not alway results in the best agreement between the

approximation and backprojection.

The run with the highest ratio of EMRA from backprojection to EMRA from fast

approximation is run 3763, with a ratio of 1.05. This run consists of four transmitters, one

LTE Tx at -30◦, and three WiMAX transmitters at −55◦, 15◦, and 40◦. This corresponds to

carrier frequencies at 1.86GHz, 4.02GHz, 4.08 GHz, and 4.1 GHz respectively. The
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(a) Backprojection PSF above -3 dB
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(b) Approximated PSF above -3 dB

Figure 3.28: Approximate and backprojeciton multistatic PSF for run 811 above -3 dB
threshold formed through coherent combination

multistatic PSFs for run 3763 are shown in Figure 3.29. The same approach as was used

to display the difference the threshold made for run 811 is applied to 3763. Reducing the

extent of the approximate PSF to show only the portion above -3dB in Figure 3.30 shows

the differences between the approximation and backprojection PSF. This time, pixels in

the approximation PSF located at (-5.5,1.25) and (5.5,-1.25) having normalized values of

-2.998 have changed the resolution ellipse enough that the area is slightly larger than the

backprojection PSF.

In the case of GLRT combination, runs 564, 692, and 756 all have a ratio of BP to

approximation EMRA of 0.959 and similar PSFs to each other. Runs 2731, 2735, 2747,

2751, 2795, 2799, 2811, 2815, 3755, 3759, 3771, 3775, 3819, 3823, 3835, and 3839 all

have a ratio of BP to approximation EMRAs of 1.003 and similar PSFs to each other. Run

564 is examined as an example of one of the worst ratios of EMRA for the GLRT

combination. Run 564 consists of four transmitters, three LTE Tx at −30◦, 15◦, and 65◦,

and one WiMAX transmitter at 40◦. This corresponds to carrier frequencies at 1.86GHz,

1.87GHz, 1.88 GHz, and 4.1 GHz respectively. The multistatic PSFs for run 564 are
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(a) Backprojection
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(b) Fast Approximation

Figure 3.29: Multistatic PSF for run 3763 formed through coherent combination of (a) BP
bistatic PSFs and (b) fast approximation bistatic PSFs, with resolution ellipses
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(a) Backprojection PSF above -3 dB
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(b) Approximated PSF above -3 dB

Figure 3.30: Approximate and backprojeciton multistatic PSF for run 3763 above -3 dB
threshold formed through coherent combination

shown in Figure 3.31. The two PSFs appear similar and have very little difference, except

that the approximation PSF contains multiple pixels further along the cross range above

the threshold.
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(a) Backprojection
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(b) Fast Approximation

Figure 3.31: Multistatic PSF for run 564 formed through GLRT combination of (a) BP
bistatic PSFs and (b) fast approximation bistatic PSFs, with resolution ellipses

Differences in the way the PSF images formed through backprojection and through

the PSF approximation add constructively and destructively are assumed to be the main

cause of variation between the EMRAs for a given transmitter configuration. The

threshold of the EMRA was originally set at -3dB, however it would change the

agreement between EMRA for backprojection and approximation if the threshold is

changed slightly. For example, if the threshold is changed to -2.5 dB, the set of ratios

would then have a mean of 0.994 and standard deviation of 0.0154 with a maximum ratio

of 1.157 and a minimum of 0.626. Likewise if the threshold is changed to -3.5 dB, the set

of ratios would then have a mean of 0.995 and standard deviation of 0.0177 with a

maximum ratio of 1.82 and a minimum of 0.815. The -3dB threshold is maintained as a

conventional cutoff, however the potential effect a single pixel difference due to the

threshold on the EMRA should be understood.

Another factor influencing the EMRA results is the PSF’s pixel size. Previously, 0.25

m square pixels were used. To check the dependence on pixel size, the test is run with

0.15 m square pixels and a -3dB threshold. The histogram of the difference between the
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(b) GLRT combination

Figure 3.32: Histogram of error between EMRA from BP PSF to EMRA from PSF
approximation when using 0.15 m by 0.15 m pixels to determine EMRA

area from backprojection and the area from approximation shown in Figure 3.32. Ratios

of the area for backprojection to the area from approximation are shown in Figure 3.33.

For the ratios of the coherently combined PSFs, the mean is 0.994, the standard deviation

is 0.0136, the maximum ratio is 1.36 for configuration 1096, and the minimum ratio is

0.627 for configuration 1187. For the ratios of the PSFs combined through GLRT, the

mean is 0.994, the standard deviation is 0.00461, the maximum ratio is 1 for 108 different

configurations; and the minimum ratio is 0.944 for configurations 2988, 2992, 3052, 3056,

4012, 4016, 4076, and 4080.

The variability in the EMRA results between fast approximation and backprojection

are much smaller when using the smaller pixels. This would be expected as small

differences in the grating lobes is captured by finer calculation of the PSF. As a check on

the effect, Figure 3.34 shows the results for run 811 using the smaller pixels. In this case,

more pixels above the threshold are captured.

Though in general, the agreement between backprojection and the fast approximation

is improved by using smaller pixels to calculate the EMRA, there are two notable outliers,
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(a) Coherent combination
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(b) GLRT combination

Figure 3.33: Ratio of EMRA for BP PSF to EMRA for PSF approximationusing 0.15 m
by 0.15 m pixels to determine EMRA, coherent combination has a mean ratio of 0.994 and
standard deviation of 0.0136, GLRT combination has a mean ratio of 0.994 and standard
deviation of 0.00461
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(a) Backprojection
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(b) Fast approximation

Figure 3.34: Approximate multistatic PSF for run 811 formed through coherent
combination for 0.15 m square pixels by (a) backprojection and (b) fast approximation,
with resolution ellipses
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configurations 1096 and1187. As in runs 811 and 3763 for the 0.25 m by 0.25 m pixel

case, the large difference between the backprojection and fast approximation EMRA can

be attributed to a few pixels with values close to the threshold for both configurations.

Run 1096 has pixels at (-2.4,11.85) and (2.4,-11.85) with a normalized value of -2.998 dB

in the backprojection PSF which is below the threshold in the fast approximation. Run

1187 has pixels at (-52.2,0.15) and (52.2,-0.15) with a normalized value of -3dB in the fast

approximation which is below the threshold in the backprojection PSF.

Based on the results of comparison between the EMRA generated through fast

approximation and backprojection, the fast approximation is determined to be appropriate

for the purpose of comparing different sets of emitters. The fast approximation will tend

to be pessimistic and on average produce slightly larger EMRA values. When calculating

the EMRA, the effect of the PSF’s pixel size should be considered, since smaller pixels

will produce more consistent results but require more time to compute.
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4 Multistatic Contrast Ratio

This chapter develops the multistatic DTCR and PTCR. To facilitate this, fast

approximations of the ISLR and AMBR are developed to allow speedy calculation. Once

these are developed, test scenarios are presented for comparison of the fast

approximations against simulation using backprojection. The results of the comparison

are presented following the scenario to demonstrate the appropriateness of the

approximation. After development and simulation of both the ISLR and AMBR

approximations, multistatic DTCR and PTCR are developed. Scenarios to compare the

approximation to a simulation of DTCR are presented. PTCR is assumed to have the same

dependence on an accurate calculation of MNR, but because DTCR allow for a simulation

that includes the average effect in a region, only DTCR is examined. The chapter is

concluded by the result of the comparisons between approximation and simulated DTCR.

4.1 ISLR Approximation

Rather than simulate a large number of scatterers, then measure their effect on a

given pixel, it is simpler to measure the ratio of energy in the pixels outside a single

scatterer to the pixel containing it. This assumes that when forming an image, scatterers

exist at all points around a measured pixel, such that through superposition the effect is

that of the sums of all points outside of the center. Thus, in the evaluation of ISLR for this

application, the ratio is determined by examining the point spread function (PSF) for the

various bistatic configurations within the scenario. The ISLR estimate is determined based

on descriptions in [7] and [37] as

ISLR =

∑
{x,y:PSF(x,y)<−3dB} |PSF(x, y)|∑
{x,y:PSF(x,y)≥−3dB} |PSF(x, y)|

. (4.1)
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Assuming that the PSF has been normalized, such the maximum value in the mainlobe is

0 dB. A faster approximation of this value may be obtained using the PSF approximation,

thus

˜ISLR =

∑{
x,y: ˜̃PSF(x,y)<−3dB

} ∣∣∣∣∣ ˜̃PSF(x, y)
∣∣∣∣∣∑{

x,y: ˜̃PSF(x,y)≥−3dB
} ∣∣∣∣∣ ˜̃PSF(x, y)

∣∣∣∣∣ . (4.2)

4.1.1 Analysis of Integrated Sidelobe Ratio. ISLR is present in all simulation

involving multiple reflectors, since the addition of side lobes from a different reflector into

a pixel can change the measurement of a given reflector. This section looks at two aspects

of simulating the ISLR, the effect of pixel size on the results, and the possibility of using

the fast approximation to arrive at a similar value to that produced by backprojection, but

faster. The PSF of bistatic pairs are generated through backprojection and fast

approximation for a range of possible values of transmitter locations, bandwidths, and

frequencies based on the communications standards discussed in Section 2.4. The selected

values for this simulations used throughout this chapter are shown in Table 4.1. The PRI

will not impact the way ISLR is calculated, and so this is not used as a variabile during

simulation, however it is presented here as part of the set of variables used for simulation

in AMBR and DTCR. Transmitters are given a height of 25 m, which is not expected to

impact the ISLR calculations significantly, but does reduces some of the required

calculations for the AMBR and DTCR tests, by decreasing the radar horizon.

The simulation uses a receiver flying at an elevation of 20◦ and azimuth between

−0.5◦ and 0.5◦ in 1/1500◦ steps at a range of 7 km. The transmitters are simulated having

the values in Table 4.1 progressing through carrier frequency first, then bandwidth, then

finally transmitter azimuth values. Thus, the first transmitter would have an azimuth of

−50◦, a 470 MHz carrier, and a 4 MHz bandwidth, followed by a transmitter with a 1235

MHz carrier frequency, but otherwise the same values. Likewise the fourth transmitter
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Table 4.1: Table of Potential Tx Parameters for DTCR Simulations

Carrier Bandwidth PRI Azimuth Range Height

(MHz) (MHz) (µs) (deg) (m) (m)

470 4.0 60 -50 5000 25

1235 5.875 105 -28

2000 7.75 150 -0

-89

simulated would have the same values as the first except the bandwidth would change to

5.875 MHz. This progression continues until the final transmitter having an azimuth of

89◦, a 2000 MHz carrier, and a 7.75 MHz bandwidth.

The extent of the PSF formed by backprojection and the fast approximation has to be

fixed at some value for calculation. The limit used in this simulation is found based on the

theoretical cross range resolution, as presented in (2.73), multiplied by the number of

samples along the flight path. Cross range resolution is used because it is expected to be

smaller than down range, and thus be more limiting. This is similar to limitation on the

size of a scene to be imaged discussed in [20]. The resulting PSF is separated out into

points above the -3dB threshold below the maximum value and those points below it in

order to be added together according to (4.1) for the simulation and (4.2) for the

approximation. The resulting ISLR is compared for different square pixel sizes based on

oversampling the cross range resolution of the bistatic pair. The oversampling values used

are 0.5 (representing a coarser resolution than the pair provides), 1 (representing the

expected resolution), 2, and 4. The ISLR based on oversampling factors of 8 and 16 are

calculated using only the fast approximation method to check that the results settle into

similar values as the oversampling factor increases. The results are plotted together for

comparison.
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4.1.2 ISLR Approximation Results. The result of various oversampling factors

comparing backprojection and fast approximation ISLR is shown in Figure 4.1. In each of

the four oversampling factor values used, the pattern of the change from one configuration

to another is similar between ISLR determined using backprojection and ISLR determined

using the fast approximation. However the values of ISLR for the approximation tend to

be smaller than the ISLR from backprojection. Unfortunately, for those configurations

with a transmitter azimuth of 89◦ (runs 28-36), the patterns of the change due to changes

in frequency and bandwidth of the two ISLR values appear to diverge more than for other

azimuth values. Furthermore, the ISLR arrived at through both methods depends on the

oversampling. By increasing the oversampling, the ISLR for a given configuration first

becomes large, as the number of pixels outside the mainlobe increases. The increase due

to finer sampling can be seen in the difference between Figures 4.1(a) and (b). The ISLR

then starts to decrease with increased oversampling as more pixels within the mainlobe of

the PSF begin to be incorporated in the numerical integration. The decrease due to finer

sampling can be seen in the difference between Figures 4.1(c) and (d).

As would be expected with numerical integration, the trend of the ISLR value should

be to settle into one value for larger and larger oversampling factors. To check the trend,

the ISLR from more oversampling factors than were previously used are calculated. In

this case, only the fast approximation is used, though the previous results indicate that

backprojection would have similar dependence on the configuration, though a larger

ISLR. The set of ISLR values are shown in Figure 4.2, and this indicates that as the

oversampling increases, the ISLR settles into a fixed value for a given configuration. For

ease of comparison, an expanded view of 4,8 and 16 times oversampling is shown in

Figure 4.3. These results would seem to indicate that an oversampling factor of at least

four would be preferable when finding the ISLR. However, in Section 4.3.2, results of

simulation of DTCR indicate better agreement for simulation purposes may be achieved
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(a) Oversampling by factor of 0.5
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(b) Oversampling by factor of 1
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(c) Oversampling by factor of 2

5 10 15 20 25 30 35
0

20

40

60

80

100

120

140

160

ISLR Tx Configuration #

IS
L

R

 

 

Backprojection
Fast Approximation

(d) Oversampling by factor of 4

Figure 4.1: Plot of ISLR results from backprojection and fast PSF approximation using
different oversampling factors for the pixel resolution

by matching the resolution of the ISLR evaluation with the point scatterer spacing used to

generate the phase history.
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Figure 4.2: ISLR from multiple oversampling values generated using the fast approxima-
tion method
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Figure 4.3: Expanded view of ISLR from 4, 8, and 16 times oversampling values generated
using the fast approximation method
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4.2 AMBR Approximation

Based on the approach for image formation being used, the ambiguities due to

Doppler shifts surpassing half the PRF are assumed to be filtered out prior to image

formation, leaving PRI as the primary source of ambiguities. For a given scenario, the

ambiguities are assumed to be coming from the expected clutter returns from isorange

contours of the bistatic radar at multiples of the PRI as shown in Figure 4.4. Thus, a fast

approximation of the AMBR is developed as the numerical integral of all portions of all

ambiguous isorange ellipses which fold into the scene.

The first step to approximating the AMBR is to limit the number of calculations to

only the necessary isorange ellipses. The number and extent of the isorange contours

folding into the scene center are limited by the radar horizon of the bistatic radar. The

radar horizon is assumed to be primarily limited by the transmitter, which will be near the

ground and thus have a much more limited horizon than the aircraft. Thus, the radar

horizon varies between bistatic pairs. The radar horizon range, Rh is given in [3] as

Rh =

√
h2

a + 2haae (4.3)

Where ha is the height above the earth and ae is the effective radius of the earth, modeled

as 4re
3 . The radius of the earth is approximated as 6371 km [3]. The FCC website gives

information about the height of TV and FM transmitters height relative to the average

terrain. For TV, tower height ranges between -1156 and 2530.3 meters, with an average of

132.9 meters [13]. For FM, tower height ranges between -827 and 1531 meters, with an

average of 87.4 meters [12]. LTE and WiMAX are assumed to be between 50 and 200

meters above the ground [11]. Clearly there is no single height estimate which will be

representative, but rather height will depend on the scenario.
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Figure 4.4: Ambiguous isorange contours and radar horizon

The number of ambiguous isorange contours to be included, Na, can be found by

using (2.5), given a total range to the last ambiguity, Na, of

Rtot = RT x + RRx = c(Tc + NaPRI), (4.4)

where Tc is the delay to the scene center, which is assumed to be closer than any

ambiguities, but in the general case could be the result of taking the modulus of the delay

with respect to the PRI. Note that RRx is assumed to be constant for all pulses for spotlight

mode SAR. To determine Na, the distance from the transmitter to the nearest point on the

isorange contour for the N th
a ambiguity must be less than the radar horizon. Since the

major axis parameter a will always be the range from the center of the Tx-Rx pair to the
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point on the isorange contour closest to the Tx:

a −
L
2
≤ Rh

RT x + RRx

2
−

L
2
≤ Rh

c(Tc + Na(PRI))
2

−
L
2
≤ Rh

Tc + Na(PRI) ≤
2Rh + L

c

Na ≤
1

PRI

(
2Rh + L

c
− Tc

)
(4.5)

where L is the baseline length, the distance between the transmitter and receiver. So, to

find the number of ambiguities for the approximation, pick

Na =

⌊
1

PRI

(
2Rh − L

c
− Tc

)⌋
(4.6)

Now, the AMBR can be expressed as the sum of the reflected signal from the various

ambiguous isorange contours which fold into the scene, with the average clutter

backscatter coefficient divided out:

˜AMBR =
1
σ0

Na∑
n=1

∫
ψ:RT xn(ψ)≤Rh

S n(ψ)dψ (4.7)

where ψ is the angle to the point on the ellipse. The reflected signal power, S n(ψ), can be

found similar to the previously described SNR in (2.58), for the range ambiguities as

S n =

(
PTλ

2Anσ0

(RT xn(ψ)RRxn(ψ))2

) (
GTGRF2

T F2
R

(4π)3LT LR

)
, (4.8)

Note that the reflectivity is expressed as the product of a clutter reflectivity factor, σ0, and

the area of clutter illuminated, An [34]. The average clutter reflectivity factor is multiplied

by the MNR in the DTCR/PTCR equations, and so this term is removed while calculating
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the AMBR. The inclusion of the area implies that the isorange contours are treated as

having some width. This width is determined by the radar’s resolution, δr. Also note that

now the ranges from the transmitter and receiver to a point on the nth ambiguous isorange

ellipse, RT xn and RRxn are put in terms of the angle ψ. ψ is the angle to a point on the

ellipse defined by (2.4) from the center of the bistatic pair. So now rewriting (4.7) gives

˜AMBR =

(
PTλ

2GTGRF2
T F2

R

(4π)3LT LR

) Na∑
n=1

∫
ψ:RT xn(ψ)≤Rh

(
An

(RT xn(ψ)RRxn(ψ))2

)
dψ (4.9)

The ranges from the transmitter to a point on the nth ambiguous contour at

(X̂n(ψ), Ŷn(ψ), Ẑn(ψ)) are, for the sake of clarity, explicitly:

RT xn(ψ) =

√(
XT x − X̂n(ψ)

)2
+

(
YT x − Ŷn(ψ)

)2
+

(
ZT x − Ẑn(ψ)

)2

RRxn(ψ) =

√(
XRx − X̂n(ψ)

)2
+

(
YRx − Ŷn(ψ)

)2
+

(
ZRx − Ẑn(ψ)

)2
. (4.10)

To simplify the calculation, the integration indicated in (4.9) is performed

numerically by splitting the N isorange contours into M discrete segments. The center of

each isorange contour segment is found using (2.4). Though this provides a point, and

thus the ranges required, the area of the isorange contour segment An is still needed to

calculate (4.9). Thus each isorange contour segment is assumed to have an angular extent

to the bisector between itself and its neighboring points, and a width dependent on the

radar’s resolution, δr. In (2.9), the area of a segment of an ellipse was provided, so the area

of an isorange contour segment could be found from the difference betweenA+nm which is

a an ellipse segment with total range increased by half δr, and A−nm, an ellipse segment

decreased by half δr, as shown in Figure 4.5. Thus the area of the nth isorange contour’s

mth segment is then given by

Anm = A+nm − A−nm, (4.11)
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Figure 4.5: Wedges of ellipse used to find area of a segment

However increasing the extent of the ellipse wedge by δr/2 requires evaluating (2.9) with

different values of a and b. The nth ellipses a and b parameters are found for upper and

lower bounds of the segment using (4.4) and (2.5) to produce:

a+n =
c(Tc + n(PRI)) + δr

2

b+n =

√
a2

+n

1 − (
L

c(Tc + n(PRI)) + δr

)2
a−n =

c(Tc + n(PRI)) − δr
2

b−n =

√
a2
−n

1 − (
L

c(Tc + n(PRI)) − δr

)2 (4.12)

So now, using (2.9), the area of the larger ellipse segment is:

A+nm =
a+nb+n

2

(
arctan

(
a+n

b+n
tan

(
ψ̂m +

π

M

))
−

arctan
(
a+n

b+n
tan

(
ψ̂m −

π

M

)) )
, (4.13)
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and the smaller ellipse segment is

A−nm =
a−nb−n

2

(
arctan

(
a−n

b−n
tan

(
ψ̂m +

π

M

))
−

arctan
(
a−n

b−n
tan

(
ψ̂m −

π

M

)) )
. (4.14)

Now, (4.9) is implemented as a summation, with the limits of integration replaced by the

unit step function,

u(x) =


0 x < 0

1 x ≥ 0
, (4.15)

to become:

˜AMBR =

(
PTλ

2GTGRF2
T F2

R

(4π)3LT LR

) Na∑
n=1

M∑
m=1

u(Rh − RT xn(ψ̂m))Anm

(RT xn(ψ̂m)RRxn(ψ̂m))2
(4.16)

4.2.1 Analysis of Ambiguity Ratio. Analysis of AMBR uses the same scenarios as

in Section 4.1.1 but now must include the effect of PRI in Tabel 4.1. In order to simulate

the effects of the AMBR, the area outside of the scene is simulated. A set of points

centered around the transmitter, ambiguous with the scene being imaged, and within the

radar horizon, is added to the phase history at 71.4 m steps in the x and y axis, to create a

2000m x 2000m scene with 29x29 pixels. The clutter backscatter coefficient is

σ̄0 = −10dB as in [7]. An example of the resulting scene is shown for the first

configuration in Figure 4.6 where both full and partial ambiguous isorange contours are

visible. The phase history generation and backprojection were performed using the near

field equations so that differential ranges resulting in delays greater than the PRI for a

given transmitter could be adjusted to create ambiguities. Inclusion of ambiguities into

phase history was accomplished by taking the modulus of the range to the scene center, as
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Figure 4.6: Example scene used for simulating AMBR via phase history generation and
image formation through backprojection, for configuration 1 with Tx. azimuth -50◦, carrier
frequency 470 MHz, PRI 60 µs, and bandwidth 4 MHz

well as the modulus of the range to all points within the scene, with respect to the PRI and

then finding the difference between the two.

Rc =

√
X2

T x + Y2
T x + Z2

T x +

√
X2

Rx + Y2
Rx + Z2

Rx (4.17)

is the range to the scene center, and

Rs =
√

(XT x − XS )2 + (YT x − YS )2 + (XT x − ZS )2 +√
(XRx − XS )2 + (YRx − YS )2 + (XRx − ZS )2 (4.18)
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is the range to a given point ‘S ’. The modulus is taken so that the new values are

R̂c = c PRI
( Rc

c PRI
−

⌊ Rc

c PRI

⌋)
R̂s = c PRI

( Rs

c PRI
−

⌊ Rs

c PRI

⌋)
(4.19)

so that now the differential range used in image formation, modified to allow for

ambiguities is

∆R = R̂c − R̂s (4.20)

The resulting AMBR is found by creating an image through backprojection for a

scene of 29x29 pixels corresponding to a 2000m x 2000m region centered on the scene

center. This spacing provides a scene which is within the expected resolution of any of the

transmitter configurations used. The number of pixels used effectively creates a number of

sample points (841 in this case) where the ambiguous backscatter fold in is measured.

Thus, the mean backscatter in the recovered image is divided by the scene’s average

backscatter coefficient σ̄0 to obtain the simulated AMBR. The results of the fast

approximation of the AMBR and the simulated AMBR are compared by plotting results

by configuration on linear and log scales.

4.2.2 AMBR Approximation Results. The AMBR measurement resulting from

simulation are shown in Figure 4.7. The fast approximation seems to be a pessimistic

estimate of the AMBR, since the AMBR values arrived at through the backprojection

based simulation are much smaller. On average the fast approximation AMBR is 263.49

times larger than the backprojection based simulations AMBR values, for those points

where both values are not zero. However, the trends seem to follow the same pattern of

decreasing AMBR as the frequency and bandwidth of the emitter is increased. For both
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Figure 4.7: AMBR values generated through simulation of phase history generation and
BP of a scene and the fast approximation method plotted together with a log scale y axis

methods, the AMBR decreases with the increase in PRI, as would be expected since more

points on ambiguous isorange contours are excluded as it moves further away from the

transmitter. The approximation also seems to follow the trend of the simulation with

respect to the angle of the emitter, that is increasing with larger bistatic angles. The large

difference between the approximation and simulation may be due to the assumption that

all ambiguous regions will add constructively in the scene of interest. In the simulation,

there may have been some destructive interference from different ambiguous scatterers

which reduced the resulting AMBR.

For some of the configurations, 64 through 72, the fast approximation method

determines no ambiguous points will fold in to the scene center, yet the backprojection

based simulation has non zero values for AMBR. In these cases, the radar horizon is close

enough to an ambiguous isorange contour that the backprojection based simulation,
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Figure 4.8: AMBR values generated through simulation of phase history generation and
BP of a scene and the fast approximation method plotted together with a log scale y axis,
with point cutoff based on simulation scene extent instead of bistatic radar resolution

consisting of all points which are ambiguous with the scene, calculates AMBR for points

within a much thicker isorange contour which fall within the radar horizon as shown in

Figure 4.6. The fast approximation on the other hand is based on the resolution of the

bistatic radar for a isorange contour passing through the scene center only. If the limits of

this calculation are changed to match the backprojection based simulation, by making

contour segment exclusion based on the scene extent instead of the resolution, the results

do include AMBR for these points. A plot of these results is shown in Figure 4.8.

Including the scenes limits allows the AMBR approximation to better account for an

entire scene.

To check that the impact of the AMBR does not increase dramatically with the height

of the transmitter, and thus the radar horizon and number of ambiguous isorange contours,

a quick check is performed using the fast approximation. The AMBR is recalculated for
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Figure 4.9: AMBR values generated through the fast approximation method, reseting the
transmitter height to 2.394 km to match the receiver

all of the previous configurations; however, the transmitter height is set to match the

receiver. The receiver height is 2.394 km based on the scenario configuration of a 20◦

elevation from the scene center and 7 km range. Figure 4.9 shows the results of re-running

the AMBR calculations with the new transmitter heights. As expected, the AMBR

increases for the higher emitters. Additionally, more ambiguities fold into the scene center,

thus no AMBR values calculated with the parameters presented in Table 4.1 are zero.

Because the relative changes in the simulated AMBR tend to correspond to the fast

approximation, the approximation is deemed to be acceptable for the purpose of

comparing emitters in the multiple objective optimization. Note that in general the AMBR

is several orders of magnitude smaller than the ISLR for the same configuration (see

Section 4.1.2) thus it will have considerably less impact on the MNR. However the

AMBR, and thus the MNR, will be slightly more pessimistic when using the
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approximation. Even when the transmitter is given more height and hence more possible

ambiguities, it appears that AMBR is still a less significant contributing factor (see

Section 4.3.2). Despite this, the fast approximation requires little calculation time, and so

is left in the MNR calculations used in Chapter 5.

4.3 Multistatic DTCR

Since both the PTCR and DTCR are a ratio of the expected received signal for the

areas of high and low backscatter coefficient, it may be extended to the multistatic case by

making the assumption, as was previously done while presenting the background on

multistatic SAR, that the signals are non-interfering and separable. Thus, they combine

using the principle of superposition for the coherent addition approach. This means that

the PTCR and DTCR for a multistatic image generated by the coherent addition of bistatic

images are expected to become

PTCRc =

∑N
i=1[σti cos (ψaci)

ρaiρri
+ σni + MNRiσ̄0i]∑N

i=1[σ0i + σni + MNRiσ̄0i]
(4.21)

DTCRc =

∑N
i=1[σ0hi + σni + MNRiσ̄0i]∑N
i=1[σ0li + σni + MNRiσ̄0i]

(4.22)

When using a GLTR approach to combining bistatic images into a multistatic image, the

form of the PTCR and DTCR would be

PTCRg =
maxi[

σti cos (ψaci)
ρaiρri

+ σni + MNRiσ̄0i]

maxi[σ0i + σni + MNRiσ̄0i]
(4.23)

DTCRg =
maxi[σ0hi + σni + MNRiσ̄0i]
maxi[σ0li + σni + MNRiσ̄0i]

(4.24)

Note that the various backscatter coefficients for the different bistatic pairs may have

different values depending on the frequencies used and aspect dependency, the

development of which is beyond the scope of this thesis. However, the manner in which

117



the multiplicative noise ratios differ from one bistatic pair to another is assumed to be

sufficiently useful as a comparative measurement.

4.3.1 Analysis of Distributed Contrast Ratio. The set of possible scenarios as

presented in Section 4.1.1 is reused. Because the AMBR is expected to have minimal

impact, the PRI is held constant at 60µs. However, to check the impact of AMBR, a

second set of simulations is run holding the azimuth constant at -50◦ while varying first

carrier frequency, then bandwidth, then PRI according to Table 4.1. For a distributed

target, the ratio is between the average value of two regions. The numerator is the

expected value of an image formed in an area with a higher backscatter coefficient in the

presence of noise and clutter. The denominator is the expected value of the image formed

in an area with a lower backscatter coefficient in the presence of noise and clutter. The

scene being used has a general background clutter scattering coefficient, σ̄0 equal to

-10 dB, with a small area with a lower backscatter coefficient σ0l equal to -26 dB,

containing another area with a higher backscatter coefficient σ0h equal to -13 dB as in [7].

This scenario is illustrated in Figure 4.10(a). To simulate the DTCR in a similar manner as

the AMBR, a set of points was simulated within the scene at 71.4 m steps along the x and

y axis. An inner rectangle of 15x29 points was given the lower backscatter coefficient, and

two 7x29 rectangles on either side were given the higher backscatter coefficient. Note that

there are 406 pixels of higher backscatter and 435 pixels of lower backscatter, so that the

image contains nearly the same number of pixels for both coefficients. Outside of this

scene are a number of scatterers within the radar horizon as shown in Figure 4.10(b)

representing the clutter. Thousands of reflectors have to be added to the phase history,

causing each scenario to take a great deal of time to simulate.

Normally in simulating the image formation, the thermal noise, clutter, and two area

backscatter coefficients would all be random values. However this analysis is focused on

the accuracy of the combined expected effect. To this end, using non-random realizations
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Figure 4.10: Scene used in DTCR simulation, scene within simulated clutter, and example
image formed by BP for Scene plus clutter, both shown with backscatter coefficients in dB

of these values is assumed to be sufficient. Additionally thermal noise is left out of the

simulation and fast approximation of DTCR. Despite this, the exact effect of adding

complex valued side lobes and ambiguities from individual point scatterers are hard to

predict, leading to images such as that shown in Figure 4.10(c). Thus, for measuring

DTCR the mean value of the regions was used to find the ratio between the high

backscatter (σ0h) and low backscatter (σ0l) region. Plots of the simulated DTCR and

DTCR formed from the fast approximation of the ISLR and AMBR are presented.

4.3.2 DTCR Approximation Results. The first observation about the simulations

used to find the DTCR was a large variations in the measurements for the configurations

with transmitters at zero degrees azimuth. Looking into this, it appears that the images for

these runs all have a region of higher returns close to zero on the y axis, as shown in

Figure 4.11(a). This is different from a run with a larger DTCR, as shown in Figure

4.11(b). At first this was thought to be caused by points along the baseline between the

transmitter and receiver only, however it appears that the transmitter angle also contributes

to this. As an example, a point is simulated midway between a transmitter at a range of

5km and receiver at 7 km with azimuth ranging between −0.5◦ and 0.5◦, and as shown in

Figure 4.12 (a), the point can contribute strongly to a scene centered at the origin.
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Figure 4.11: Image for configurations with different DTCR values

However, a point midway between the receiver and a transmitter at an azimuth other than

zero tends to have less influence on a scene located at the origin, as shown in Figure

4.12(b). When simulating a scene, the large SNR of points close to the transmitter can

have a disruptive impact on the image formed. For this reason, the simulation is re-run

with an assumption that the transmitter antennas have a non-isotropic antenna pattern that

exclude points within 1km of the transmitter. This is unlikely to be the case for a real

communication system, but it is assumed that a realistic receiver would attempt to avoid

the direct signal from the emitter unless it was collecting a reference signal.

With that anomaly resolved, the simulated DTCR is plotted by configuration in

Figure 4.13. The DTCR for ISLR calculations based on a eight times oversampling factor

is shown in Figure 4.14. Though the approximated value is smaller, it is expected to have

changes in the DTCR between configurations behave in a consistent manner (i.e. both

increase from one to another and decrease from that configuration to the next, etc...). This

does not appear to be the case. The DTCR from the simulated scene increases with

bandwidth and frequency and decreasing azimuth. The approximated DTCR decreases

with frequency and azimuth angle. However when the ISLR is calculated with the fast
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(b) Point at (4896m,-1915m), Tx at −50◦ Az

Figure 4.12: Image for points along Tx-Rx pair baseline

approximation using the same pixel size used to create the results in Figure 4.13, the

results have a very similar relative dependence on the configuration as shown in Figure

4.15. When using the 71.4 m square pixel size, both the DTCR from the simulated scene

using backprojection and the fast approximation of the DTCR tend to decrease as the

bistatic angle increases, increase as the frequency increases, and increase as the bandwidth

changes. This behavior could be due to the decreasing mainlobe extent used to calculate

the ISLR expected to result from these changes, since the mainlobe of the PSF will be

smaller for a constant scatterer spacing. As shown in Section 4.1.2, the results from fast

approximation and backprojection ISLR will be similar for a given pixel size, so the fast

approximation is not the source of the differences. The source of this behavior is the

spacing of the points added to phase history in the simulation. Since ISLR is the influence

of all scatterers outside of a given pixel, then the addition of scatterers at a set interval can

best be found by evaluating the PSF at the same step size, to simulate superposition of all

scatterers outside a given pixel. Thus, when simulating phase history the best approach to

find ISLR will be to use the spacing at which scatterers are added. Conversely, when

planning for an actual collection, ISLR calculated with higher oversampling is expected to
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Figure 4.13: Plot of DTCR from backprojection

be a better predictor of performance. Thus the calculation of DTCR in Chapter 5 will use

the spacing of the scatterers added to phase history to approximate ISLR.

Examining the set of runs where azimuth is held constant and PRI is allowed to vary

shows that though AMBR is expected to be small, there are some minor changes in the

DTCR. In Figure 4.16 small increases to the DTCR are observable as the PRI increases,

corresponding to fewer ambiguous reflectors folding into the scene. Changes to the DTCR

due to PRI still represents a marginal change compared to the differences caused by

changing the carrier frequency or bandwidth, as indicated on the plot.

122



5 10 15 20 25 30 35
1.022

1.024

1.026

1.028

1.03

1.032

1.034

DTCR Tx Configuration #

D
T

C
R

Figure 4.14: Plot of DTCR from ISLR using fast approximation and eight times
oversampling

5 10 15 20 25 30 35
1

1.5

2

2.5

3

3.5

4

DTCR Tx Configuration #

D
T

C
R

 

 

Simulation
Approximation

Figure 4.15: Plot of simulated DTCR and approximated DTCR from ISLR using fast
approximation and pixel size based on backprojection simulation resolution
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5 Dynamic Emitter Selection

This chapter presents a qualitative example of the dynamic emitter selection process.

It starts with a description of the implementation of the multiple objective optimization

process. It then describes the constraints used to limit the design space. Next, details of

the implementation of objective functions are described. This is followed by the setup of a

scenario to perform the selection process on, and a scene to use in simulating image

formation. Finally results are presented for the evaluation of the different emitter sets

under different weightings, along with some representative multistatic images generated

using a Matlab simulation.

5.1 Multiple Objective Optimization Function Implementation

The scoring of all possible transmitter combinations takes the form of the multiple

objective optimization as described in Section 2.5. The values of the objective functions

are found for the combination, where

F1 =
1

S NR(Tx,Rx)

F2 = EMRAC(Tx,Rx)

F3 = EMRAG(Tx,Rx)

F4 =
1

DTCRC(Tx,Rx)

F5 =
1

DTCRG(Tx,Rx)

F6 =
1

PTCRC(Tx,Rx)

F7 =
1

PTCRG(Tx,Rx)

F8 = IS L(Tx,Rx). (5.1)
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Where Tx represents the set of transmitters, and likewise Rx is the receiver. EMRAC and

EMRAG are the effective multistatic resolutions areas (EMRA) respectively found by

coherent and generalized likelihood ratio test (GLRT) combination. Likewise, coherent or

GLRT distributed target contrast ratio (DTCR) and point target contrast ratio (PTCR) are

denoted by the C and G subscript respectively. The values of the signal to noise ratio

(SNR), DTCR, and PTCR objective functions are inverted, such that minimizing the

resulting objective produces a desirable outcome. The objective functions are evaluated

for all permissible combinations of transmitters in the scenario. The largest result for a

given objective function for all permitted configurations is then used to normalize all the

results for that objective function. The utopia point is likewise found as the set of

minimum values of each of the objective functions. To facilitate the selection process, the

first step is to use the constraints to rule out transmitters. The minimum bistatic SNR,

radar horizon, and bistatic angle constraints are used to remove individual transmitters

from consideration. In a practical implementation, bistatic multiplicative noise ratio

(MNR) for use in objective function evaluation is calculated first, then re-used to speed up

objective function calculation. This saves repeated calculations for different combinations

of transmitters. All combinations of between one and four transmitters, not ruled out by

the constraints, are evaluated. The consideration of a given combination is however

constrained by the maximum allowable number of antenna beams prior to evaluation.

5.1.1 Multiple Objective Optimization Function Constraints. A major part of

limiting the calculations required to find the optimal combination of transmitters lies in

limiting the search space. To this end, a set of constraints of the form g j(x) ≤ 0 for

j = 1, 2, ..., J and hl(x) = 0 for l = 1, 2, ...L, are used to limit the set of possible solutions,

x. The constraints being considered are a minimum bistatic signal to noise ratio at the

scene center, a limit on the number of antenna beams to allow, a requirement that the

transmitters radar horizon includes the scene center, and a limit on the maximum bistatic
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angle. Primarily, these represent precluding a transmitter/receiver pair based on some

characteristic of the pair on its own, and not considered in relation to any other possible

selections. The exception is the antenna beam constraint.

5.1.1.1 Bistatic SNR Constraint. Constraining bistatic SNR is meant to rule

out signals which are simply too weak to be of much use when obscured by system noise.

The limit on SNR for a bistatic pair illuminating the scene center is set to S NRmin and the

constraint can be expressed as S NR > S NRmin. The SNR is calculated using (2.58) and

assuming unity for the gain, system losses, propagation factors, and radar cross

section.The variable S NRmin has for this implementation been set to a low threshold of

-30dB. This is to accommodate signals which may potentially have other desirable

features when combined with additional signals.

5.1.1.2 Antenna Beam Constraint. The antenna beam constraint refers to the

selection of how many transmitters to use. The constraint is that the number of available

receive antenna beams be less than or equal to the number of antenna beams required by

that transmitter. The receiver is assumed to have a maximum of NB possible beams which

can be used concurrently. The type of transmitter determines how many antennas are

required to use it. Analog signals are assumed to require two beams due to the necessity

of collecting a reference signal, as described in Chapter 2.6.1. For digital signals, only one

antenna is assumed to be necessary, since they presumably have a repetitive segment

known a priori. Letting NB = 4, the possible combinations are limited to no more than

four transmitters.

5.1.1.3 Radar Horizon Constraint. In order for a transmitter to be capable of

illuminating a scene of interest, it should have a line of sight to the scene center. For this

reason all transmitters being considered must be closer to the scene center than their radar
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horizon, as described in Section 4.2. Though some transmitters may be capable of

propagating beyond the line of sight, this possibility is not considered here.

5.1.1.4 Bistatic Angle Constraint. The angle between the transmitter and

receiver with respect to the scene center, known as the bistatic angle, will be limited to be

no greater than 90 degrees. In cases where the bistatic angle exceeds 90 degrees, the

resolution suffers, as described in (2.80). Additionally, issues of aspect dependence are

not well explored, especially for the forward scattering case and are beyond the scope of

this thesis.

5.1.2 PTCR Implementation. The multistatic PTCR is calculated using (4.21) and

(4.23). The bistatic grazing angle for this calculation uses the bistatic grating angle

definition found in [40], and is written for this application as

ψaci =
ψT xi + ψRx

2
(5.2)

where ψaci is the equivalent bistatic grazing angle of the ith bistatic pair and ψT xi and ψRx

are the transmitter and receiver grazing angles, equal to their elevation angle (for flat

terrain). The resolution term, ρaiρri, in (4.21) and (4.23) is replaced by the bistatic

resolution area found as in Chapter 3.2. The point’s backscatter coefficient, σti, is -13 dB,

the same as σ0h in the DTCR calculations. The local clutter backscatter coefficient σ0i is

-10 dB, the same as the average backscatter coefficient, σ̄0i.

5.1.3 Ambiguity Penalty Implementation. In order to implement the ambiguity

penalty, there are different approaches for digital and analog signals. The difference in the

implementation for this thesis are explained here. Details of the signal used to modulate

the FM Radio are also provided.
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Though the exact contents of a communication signal may not be known in advance,

most digital communications signals contain a predetermined portion which may

periodically repeat. In the case of WiMAX,the preamble is used, and in the case of HDTV

and LTE a set of synchronization symbols is used. Having these symbols, as described in

Section 2.4, allows matched filtering against a portion of the communication symbol

which is known a-priori. The synchronization also provides a PRI and pulsewidth defined

as they would be in traditional radar waveforms. Additionally, the extent of the multistatic

ambiguity could be set based on the maximum expected pulsewidth, or minimum

expected PRI. Of the digital communications standards selected, the maximum possible

pulsewidth belongs to the WiMAX, with a preamble consisting of two symbols with

cyclic prefix attached. The case where the bandwidth is minimum (1.25 MHz) and an FFT

size is 2048 leads to a maximum pulse width of 3.5 ms. The minimum PRI of the signal

set is, 77.3 µs, belongs to the HDTV signal. Based on these parameters, the extent of the

scene being imaged should not be larger than 23 km.

Unlike digital signals, there may be no repeating section of an analog communication

signal. However, it may be possible to match the received signal against a reference. So,

for analog signals, two signals must be collected, the reflection of the signal off of the

target area, and the direct path signal from the transmitter. Since there is no real

pulsewidth or PRI, it is necessary to determine how long to sample a signal, and how

often. For the purpose of determining ambiguity, the PRI is effectively infinite, and the

pulsewidth is arbitrary, but has been selected to be the inverse of the bandwidth,

1/(75kHz)=13.33 µs, such that the time bandwidth product will be one. More advanced

approaches may use a larger time bandwidth product to improve resolution; however, such

an approach is not considered in this thesis.

In order to simulate the FM radio signal for ambiguity determination, a wave file

containing an 8 second segment of classical music is loaded, then split into left and right
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components, with the right signal arbitrarily delayed by about 9 ms to simulate the

equivalent of a three meter difference in separation from the source of sound between

microphones. These signals are FM modulated to an IF frequency of 10.7 MHz [30] and

then a section of the signal, corresponding to the pulsewidth, is selected to serve as the

signal to autocorrelate, and use in forming the ambiguity function. The section used is a

randomly selected segment of the recording.

5.1.4 Noise Implementation. A useful characteristic of the backprojection image

formation process is that it is a linear operation. Because of linearity, the Gaussian thermal

noise component of SNR can be treated as a separate image formation process. Two

useful properties of Gaussian random variables are then used to simplify noise generation.

First, linear transformations like the inverse Fourier transform of a set of Gaussian random

numbers is expected to result in another set of Gaussian random numbers [22]. Second,

summation of several Gaussian random numbers, as would then be done in the

backprojection process, is expected to result in another Gaussian random variable [22].

Thus, noise can be added to either the phase history or the final image of the scene. To

generate the images in Section 5.3, the noise is added to the phase history. To generate the

noise, the peak power is found, then using the SNR as defined in Section 2.6.1 to scale the

variance, a single realization of noise is found for each point in phase history or each pixel

as:

Ntot = N

(
0,
|Ppeak|

2SNR

)
+ jN

(
0,
|Ppeak|

2SNR

)
(5.3)

5.2 Test Scenarios

The goal of this demonstration is to evaluate the optimization approach and show

whether it produces quantitative ranking which are in line with qualitative image results.

A simulated scene is used in the examples shown. Different weighting criteria are
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presented to attempt to highlight the impact of different objective functions scores. In

order to highlight all the effects being investigated, it is necessary to use a scene that

includes components which can be used to qualitatively observe some of the different

effects. With the scene determined, a set of possible transmitters is selected and positioned

randomly, and then the objective function is used to determine which subset should

produce the best results. The results of the combinations for optimal and suboptimal are

displayed to highlight the strengths of the approach.

5.2.1 Weighting of Criteria. The weighted distance from the utopia point is found

using two sets of weights:

wC = [1, 1, 0, 1, 0, 1, 0, 1]

wG = [1, 0, 1, 0, 1, 0, 1, 1] (5.4)

where the weights correspond to the objective functions in the order shown in (5.1). These

weights indicate that optimization is performed under separate assumptions of how the

bistatic images are combined into a multistatic image: coherent combination for wC and

GLRT combination for wG. Also, all weights are set equal to zero or one so that all

objectives that are used are given equal priority. The score for a given combination is then

found using (2.55) for these functions and weightings. After all combinations are scored

and ranked, some of the images formed for the top ranking combinations are presented,

along with some of the poorer ranking combinations to provide a qualitative indication of

the emitter selection’s performance. The process is repeated with a new set of weights to

show the effect of a more targeted selection:

wC = [1, 1, 0, 1, 0, .5, 0, .1]

wG = [1, 0, 1, 0, 1, 0, .5, .1] (5.5)
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In (5.5), the SNR, EMRA, and DTCR receive equal weighting of 1, however PTCR, with

a weighting of 0.5, is smaller because the targets in the image are distributed. ISL receives

an even lower weight (0.1) because it is not taken into account in the simulation the same

way as the other values, but could be informative.

5.2.2 Scene Characteristics. The scene used for qualitative analysis contains some

features which allow observation of the effect of the different objective functions. The

scene takes the form of a group of letters in a 7500m x 7500m grid with 50m x 50m

pixels. To demonstrate the effect of SNR, the scene is large enough that some parts are

better illuminated than others. In order to test the resolution, the scene is set up to contain

different sized letters. To demonstrate the DTCR the scene includes regions of different

backscatter coefficients, outlining of the letters, and points outside of the scene

representing background clutter. The scene is simulated as a set of non-interacting (i.e.

non-shadowing) point targets forming both clutter as well as the letters, with backscatter

intensity and location shown as an image in dB in Figure 5.1.

5.2.3 Scenarios. The set of transmitters used is generated randomly within some

constraints. The positions of the individual transmitters is random within an area ranging

between 0 and 10km on the x axis and -10km and 10 km on the y axis, but outside the

scene. There are equal numbers of each transmitter type, however the parameters of the

individual transmitters are randomly selected from a set of allowable values. The set of

transmitters thus created are shown in Table 5.1 in terms of their azimuth (Az) in degrees,

height (H) in meters, range from scene center in meters, waveform (WF) type , carrier

frequency (Fc) in MHz, bandwidth (BW) in MHz, pulse repetition interval (PRI) in µs,

pulse width (PW) in µs, effective radiated power (Pt) in kW, and the u parameter of the

Zadoff-Chu sequence if the waveform is LTE. The Tx positions are shown on an x-y axis

along with the receiver flight path in Figure 5.2. The receiver parameters are the same as
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Figure 5.1: Scene used in qualitative evaluation of emitter sets

for the simulation of DTCR in Section 4.3. Additionally, clutter is added within the radar

horizon and outside of the scene, except for a 1km radius around the emitter and further

along the x axis than the receiver, implementing a simplistic antenna pattern.
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Table 5.1: Table of Tx Parameters for Multiple Objective Optimization Qualitative Analysis

Tx Az H Range WF Fc BW PRI PW Pt u

1 55.5 35.6 11798 FM 92.6 0.075 ∞ 13.3 14.0

2 -41.3 35.1 8486 FM 88.2 0.075 ∞ 13.3 14.0

3 -8.9 35.0 8101 FM 90.4 0.075 ∞ 13.3 14.0

4 -20.8 36.0 9458 FM 100.4 0.075 ∞ 13.3 14.0

5 15.2 38.7 8273 FM 97.0 0.075 ∞ 13.3 14.0

6 -20.0 32.5 7351 FM 90.2 0.075 ∞ 13.3 14.0

7 -57.3 30.3 8459 HDTV 500 6.0 77.3 0.37 91.0

8 -30.8 33.4 11041 HDTV 596 6.0 77.3 0.37 91.0

9 -66.9 30.6 6284 HDTV 656 6.0 77.3 0.37 91.0

10 -53.8 38.6 8946 HDTV 518 6.0 77.3 0.37 91.0

11 10.2 30.6 4088 HDTV 698 6.0 77.3 0.37 91.0

12 -76.3 35.5 6896 HDTV 470 6.0 77.3 0.37 91.0

13 -73.2 38.3 6087 LTE 1880 0.945 5000 66.7 316.2 34

14 74.3 34.9 7668 LTE 1895 0.945 5000 66.7 316.2 25

15 0.9 33.3 8569 LTE 1925 0.945 5000 66.7 316.2 29

16 40.9 34.2 10752 LTE 1950 0.945 5000 66.7 316.2 34

17 71.6 39.8 6905 LTE 1965 0.945 5000 66.7 316.2 34

18 48.1 32.9 9394 LTE 1945 0.945 5000 66.7 316.2 34

19 41.9 37.3 10379 WiMAX 9300 3.5 2500 136 316.2

20 52.5 37.7 6529 WiMAX 9720 5.25 10000 106.7 316.2

21 50.3 37.9 10918 WiMAX 7620 15.25 8000 31.2 316.2

22 -58.7 37.4 11651 WiMAX 3460 3.25 12500 155.2 316.2

23 43.7 36.0 9570 WiMAX 9240 16.75 8000 33.5 316.2

24 39.8 33.2 11103 WiMAX 7080 12.5 12500 37.8 316.2
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Figure 5.2: Tx positions for dynamic emitter selection qualitative analysis

5.3 Results

The Multiple Objective Optimization was carried out as described for the set of

emitters presented. The constraints ruled out emitters 21,23 and 24 due to small bistatic
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SNR. That brought the total number of available emitters to 21. Out of these available

emitters, there were a total of 2680 different combinations that were not ruled out by the

required number of antenna beams. Use of the constraints described in Section 5.1.1 has

resulted is a 84.7 percent reduction from all 17550 different combinations of one to four

emitters out of a set of 24.

The top ten combinations for the coherent combination cases are shown in Table 5.2

along with their objective function scoring. In addition, ten sets of emitters with higher

scores are listed. The higher ranked sets are selected because they occur at a point where

the scores change more drastically from the top ten. The combined image formed

coherently from the first and second ranked set of emitters is shown in Figure 5.3 (a) and

(b) respectively. To highlight performance of higher scored sets, the coherent multistatic

image for the 1551st and 1552nd ranked sets of emitters is shown in Figures 5.3 (c) and

(d). As indicated, the top ranked sets have similar scores, with different objective

functions scores supporting the rank. For example, the first image has better SNR, so that

letters stand out better, however the second has better DTCR, such that borders around the

‘T’ in “AFIT” are visible. Additionally, the last few letters in “Force” and “Institute” are

more visible with the better EMRA and DTCR in Figure 5.3 (b). For the emitter set ranked

1551, the EMRA and SNR are better than the first ranked set, however the poor DTCR

and ambiguous clutter contribute to the poorer visibility of letters further away from the

receiver. Finally, the image for the set ranked 1552 shows much poorer performance.

Beside ISL, DTCR is the only objective function worse than the top ranked set and may be

the cause of the distortion. Note that the ranking of the equally weighted sets is strongly

affected by ISL, which is not captured by the simulation method, so that the result is close

to the top ranked sets in some respects, despite nearly doubling the score.

The image in Figure 5.3 (c) points to potential shortfall of the exclusion criteria. In

Figure 5.3 (c) a large return is shown in the upper left corner of the scene. The large return
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corresponds to the point where clutter close to a distant emitter with a short PRI, number7,

is ambiguous with the scene. Some points close to the emitter are excluded to emulate an

antenna pattern, visible as a ring around the eleventh emitter in the right side of the images

in Figures 5.3 (b) and (c). When ambiguous with the scene, these points create the ring on

the left half of the scene in Figure 5.3 (c). The ambiguous clutter also causes low local

DTCR, with smaller SNR to counteract it. Thus, letters on the left half of the scene with

poor DTCR and SNR are more distorted. Letters on the right half may have similar local

DTCR, but much higher SNR. One approach to account for this effect would be to add

another exclusion criteria, that unambiguous range be greater than the scene. Such a

constraint may have ruled out the first scene, where the upper left corner is lighter because

ambiguous clutter is outside the scene. Another approach would be to adjust AMBR

calculations to account for antenna patterns and the possibility that the scene is not

entirely in the unambiguous range.

In a similar way to the coherent case, Table 5.3 shows the ranks of the first ten

highest, and ten lower ranked emitter sets. The image of the scene for the first, second,

1271st and 1280th transmitter sets from the GLRT ranking are shown in Figure 5.4.

Comparing the first two images shows that the results are similar, except 5.4(b) contains

more of the last word. The SNR may have been a more significant factor than DTCR or

PTCR when both are relatively high. The set ranked 1271 has slightly poorer DTCR, but

otherwise comparable SNR, EMRA and PTCR to the first two. However, in the resulting

image in Figure 5.4(c) points further from the receiver are distorted by ambiguous clutter.

The set ranked 1280 has poorer DTCR than the top ranked sets, visible in the bottom of

the scene, and poorer EMRA, causing smearing of the letters, as shown in Figure 5.4(d).
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Table 5.2: Table of top 10 ranked emitter combinations and selected emitter combinations
for coherent combination (only coherent values reported)

Rank Tx set Score SNR EMRA DTCR PTCR ISL

(dB) (m2)

1 12, 13 0.039689 3.60 1524 1.0090 0.982 0.595

2 11, 13 0.039784 2.71 669 1.0110 0.977 1.031

3 12, 14, 17 0.039824 7.84 1461 1.0081 0.983 1.117

4 11, 14, 17 0.039828 6.91 665 1.0092 0.981 1.869

5 13, 15 0.039845 2.49 2382 1.0086 0.982 0.781

6 14, 17 0.039853 2.19 2651 1.0090 0.982 0.533

7 12, 13, 15 0.039866 8.02 1444 1.0079 0.984 1.204

8 11, 13, 18 0.039876 6.84 671 1.0082 0.983 1.726

9 9, 11, 13 0.039901 7.19 846 1.0076 0.984 1.308

10 12, 17 0.039905 2.80 1629 1.0080 0.983 1.330

1550 9, 15, 18, 20 0.083411 6.45 922 1.0003 0.999 25.537

1551 7, 11, 16, 18 0.083427 9.32 806 1.0053 0.989 26.326

1552 9, 15, 18, 19 0.083469 5.94 924 1.0002 1.000 25.536

1553 9, 11, 16, 18 0.083632 8.81 744 1.0054 0.989 26.419

1554 11, 12, 15, 22 0.084024 8.85 983 1.0012 0.997 25.973

1555 11, 12, 15, 20 0.084407 9.28 1026 1.0003 0.999 25.954

1556 11, 12, 15, 19 0.084465 8.63 1005 1.0002 1.000 25.953

1557 7, 11, 15, 18 0.085213 9.84 830 1.0060 0.988 27.108

1558 9, 14, 15, 16 0.085388 8.74 829 1.0055 0.988 27.140

1559 8, 9, 15, 18 0.086118 8.01 898 1.0038 0.992 27.246

1560 12, 13, 14, 17 0.087829 12.01 1439 1.0090 0.982 28.280
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(a) Image from first ranked Tx set
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(b) Image from second ranked Tx set
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(c) Image from 1551st ranked Tx set
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(d) Image from 1552nd ranked Tx set

Figure 5.3: Images formed coherently for different highly ranked sets of emitters
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Table 5.3: Table of top 10 ranked emitter combinations and selected emitter combinations
for GLRT combination (only GLRT values reported)

Rank Tx set Score SNR EMRA DTCR PTCR ISL

(dB) (m2)

1 11, 13 0.039653 2.71 822 1.0096 0.980 1.031

2 11, 14, 17 0.039898 6.91 822 1.0084 0.983 1.869

3 14, 17 0.039901 2.19 2636 1.0084 0.983 0.533

4 13, 14 0.040027 2.97 2852 1.0084 0.983 1.334

5 13, 17 0.040061 3.23 2852 1.0096 0.980 1.774

6 11 0.040070 -6.45 822 1.0096 0.980 1.499

7 12, 13 0.040140 3.60 1993 1.0069 0.986 0.595

8 17 0.040180 -6.56 2636 1.0096 0.980 0.380

9 12, 14, 17 0.040186 7.84 1993 1.0069 0.986 1.117

10 12, 17 0.040225 2.80 1993 1.0069 0.986 1.330

1270 9, 10, 19, 22 0.046647 5.13 1266 1.0001 1.000 5.213

1271 10, 11, 16 0.046689 5.56 822 1.0038 0.992 7.994

1272 9, 16, 18, 20 0.046781 5.97 1270 1.0001 1.000 5.409

1273 9, 16, 18, 19 0.046810 5.40 1270 1.0001 1.000 5.409

1274 13, 14, 17, 22 0.046867 7.79 2852 1.0003 0.999 5.570

1275 7, 8, 10, 12 0.046875 7.76 1993 1.0020 0.996 7.063

1276 11, 12, 22 0.046904 5.11 1580 1.0003 0.999 5.795

1277 7, 8, 10 0.046906 2.98 1481 1.0020 0.996 7.132

1278 13, 14, 17, 20 0.047108 6.69 2852 1.0001 1.000 5.570

1279 11, 12, 20 0.047128 5.93 1580 1.0001 1.000 5.776

1280 13, 14, 17, 19 0.047137 6.90 2852 1.0001 1.000 5.570
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(a) Image from first ranked Tx set
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(b) Image from second ranked Tx set
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(c) Image from 1271st ranked Tx set
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(d) Image from 1280th ranked Tx set

Figure 5.4: Images formed through GLRT for different highly ranked sets of emitters
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The process is repeated for the weighting in (5.5) with the resulting top ten ranking

shown in Table 5.4 for the coherent case. Again, ten sets of emitters with higher scores are

also listed.The image formed by the first set, a single transmitter, is shown in

Figure 5.5(a), and the image formed by the second set, which is predicted to have better

SNR, EMRA, and PTCR, but poorer DTCR is shown in Figure 5.5(b). Despite the higher

score, the first image is less legible than the second. The poorer EMRA appears to lead to

smearing of letters in the middle of the scene. Despite the predicted good DTCR, poor

SNR may be counteracting it towards the bottom of the scene. The image for the set

ranked 1920 is shown in Figure 5.5(c). Here, the poor EMRA and contrast seem to work

together to cause much of the scene to be unrecognizable, with ambiguous clutter further

distorting the image. The set ranked 1923, shown in Figure 5.5(d), has better SNR,

EMRA, and PTCR than the first ranked set, and may have been clearer, as seen in the right

half. However ambiguous clutter has again distorted much of the left half of the image.

Using the weighting in (5.5), the top ten ranking sets are shown in Table 5.5 for the

GLRT case, along with ten sets of emitters with higher scores than the top ten. The image

formed by the first set, the same single transmitter as for the coherent case is shown in

Figure 5.6(a). The image formed by the second set, which is predicted to have better SNR,

EMRA, and PTCR, but poorer DTCR is shown in Figure 5.6(b). Again, despite a higher

score, the first image is less recognizable than the second. The image for the set ranked

1937 is shown in Figure 5.6(c), and is expected to have better SNR, EMRA, and PTCR

than the first, but worse DTCR. In the resulting image, the DTCR is made worse by

ambiguous clutter. The image for the set ranked 1940 is shown in Figure 5.6(d). The set

ranked 1940 is expected to have much better SNR and good DTCR and PTCR, but terrible

ERMA, due to the inclusion of an FM radio, and this is apparent in the resulting image.

In all of these cases, the weighting appears to result in ranks which make sense in

general. Images with low ranks seem better than those with higher ranks. However
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between two low ranked sets, it would not automatically select the same set a user might

want based on the images. For example, the image in Figure 5.6(b) appears to be more

legible than Figure 5.6(a), however it was ranked second. Thus, a better method of

selecting the weighting may help improve the outcome of the selection process.

Experimentation with different weighting schemes is an area where additional research

could improve the outcome. This would depend on the ability to recognize a given image

for a given scenario. To make the results of such a test less subjective, different

quantitative approaches, such as simply correlating the recovered image against the

original, calculating a root mean squared error of the ranked images versus the true scene,

or using the same automatic target recognition algorithm, could provide a measure of the

weighting’s success.
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Table 5.4: Table of top 10 ranked emitter combinations and selected emitter combinations
for coherent combination using targeted weighting (only coherent values reported)

Rank Tx set Score SNR EMRA DTCR PTCR ISL

(dB) (m2)

1 13 0.034677 -5.08 2852 1.0130 0.973 0.389

2 11, 13 0.035347 2.71 669 1.0110 0.977 1.031

3 13, 17 0.035604 3.23 2628 1.0110 0.977 1.774

4 1, 11, 12 0.035636 15.28 2923 1.0110 0.977 0.517

5 11, 13, 14 0.036058 7.39 726 1.0100 0.979 5.024

6 13, 14 0.036156 2.97 2749 1.0102 0.979 1.334

7 13, 14, 17 0.036300 8.09 2582 1.0100 0.979 5.570

8 11, 14, 17 0.036627 6.91 665 1.0092 0.981 1.869

9 11, 12, 13 0.036638 8.41 945 1.0092 0.981 2.072

10 12, 13, 17 0.036678 8.64 1321 1.0092 0.981 2.950

1920 10, 12, 14, 19 0.070516 8.35 1454 1.0002 1.000 195.200

1921 7, 10, 12, 15 0.070946 9.48 1401 1.0051 0.989 209.142

1922 7, 8, 9, 16 0.071005 7.47 1170 1.0034 0.993 205.701

1923 7, 9, 16 0.072450 4.51 1219 1.0045 0.991 214.347

1924 8, 9, 12, 15 0.073966 8.74 1451 1.0039 0.992 219.656

1925 8, 9, 10, 16 0.074204 7.26 1123 1.0033 0.993 219.339

1926 7, 9, 16, 22 0.074249 6.78 1219 1.0011 0.998 214.432

1927 7, 8, 12, 15 0.074521 8.82 1545 1.0039 0.992 221.899

1928 7, 9, 16, 20 0.074691 7.52 1219 1.0003 0.999 214.353

1929 7, 12, 15 0.074753 6.30 1551 1.0057 0.988 226.556

1930 7, 9, 16, 19 0.074757 6.62 1219 1.0002 1.000 214.353
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(a) Image from first ranked Tx set
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(b) Image from second ranked Tx set
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(c) Image from 1920th ranked Tx set
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(d) Image from 1923th ranked Tx set

Figure 5.5: Images formed coherently for different highly ranked sets of emitters using
targeted weighting
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Table 5.5: Table of top 10 ranked emitter combinations and selected emitter combinations
for GLRT combination using targeted weighting (only GLRT values reported)

Rank Tx set Score SNR EMRA DTCR PTCR ISL

(dB) (m2)

1 13 0.034677 -5.08 2852 1.0130 0.973 0.389

2 11, 13 0.036331 2.71 822 1.0096 0.980 1.031

3 13, 17 0.036624 3.23 2852 1.0096 0.980 1.774

4 11 0.036697 -6.45 822 1.0096 0.980 1.499

5 17 0.036960 -6.56 2636 1.0096 0.980 0.380

6 11, 14, 17 0.037180 6.91 822 1.0084 0.983 1.869

7 11, 13, 14 0.037200 7.39 822 1.0084 0.983 5.024

8 14, 17 0.037412 2.19 2636 1.0084 0.983 0.533

9 13, 14 0.037454 2.97 2852 1.0084 0.983 1.334

10 13, 14, 17 0.037478 8.09 2852 1.0084 0.983 5.570

1935 7, 8, 10, 18 0.096873 7.70 1481 1.0020 0.996 309.841

1936 19, 20 0.107078 -19.17 48 1.0001 1.000 4.765

1937 7, 9, 12, 14 0.107810 9.94 1993 1.0045 0.991 356.051

1938 20 0.649880 -27.41 48 1.0001 1.000 1.899

1939 4, 13 0.740730 21.59 442406 1.0130 0.973 0.552

1940 4, 11, 13 0.740833 18.95 442406 1.0096 0.980 0.552

1941 4, 11 0.740833 12.86 442406 1.0096 0.980 0.552

1942 4, 13, 17 0.740833 24.15 442406 1.0096 0.980 0.552

1943 4, 17 0.740833 20.62 442406 1.0096 0.980 0.554

1944 4, 11, 17 0.740833 18.39 442406 1.0096 0.980 0.552

1945 4, 13, 14 0.740875 23.78 442406 1.0084 0.983 0.552
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(a) Image from first ranked Tx set
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(b) Image from second ranked Tx set
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(c) Image from 1937th ranked Tx set
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(d) Image from 1940th ranked Tx set

Figure 5.6: Images formed through GLRT combination for different highly ranked sets of
emitters using targeted weighting
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6 Conclusion

6.1 Summary

This thesis developed a process for selecting a subset of emitters out of a larger set to

use in forming passive multistatic SAR images. As part of this development, background

was given on SAR, with a focus on bistatic/multistatic SAR. Additionally, multiple

objective optimization was described. The multiple objective optimization approach was

used as the framework for the selection process with four different SAR criteria serving as

the objective functions. Two of the objective functions, the multistatic signal to noise ratio

(SNR) and integrated sidelobes (ISL) of the multistatic ambiguity function (MAF) had

sufficient previous work to require little adaptation for this application. Two other criteria,

effective multistatic resolution area (EMRA) and contrast ratio, required more

development before they could be approximated in the selection process. To decrease the

number of calculations required to form the estimates of EMRA and ISLR, an

approximation for the point spread function (PSF) was developed. A fast approximation

of the ambiguity ratio (AMBR) contributing to the multiplicative noise ratio (MNR) was

also developed. Simulation was performed to check that the fast approximations

corresponded to the values obtained when simulating with backprojection. In addition to

the EMRA and MNR development, a set of criteria was presented for ruling out emitters

separate from their combined effect. A qualitative example of the use of the multiple

objective optimization was presented with the resulting scores of a limited number of the

possible emitter combinations. A demonstration of multistatic SAR images resulting from

some of these emitter sets was performed using simulation of a scene designed to

highlight the effect of SNR, EMRA, and contrast ratio.
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6.2 Research Contributions

The contributions from this thesis to the area of emitter selection for passive

multistatic SAR are:

• Development of PSF Approximation for bistatic and multistatic SAR, reducing

from an O(n3) operation [40] to an O(n2) approximation

• Formulation of effective multistatic resolution area as a criteria for judging

waveforms

– Accounts for grating lobes due to coherent combination of bistatic images into

a multistatic image.

– Use of PSF approximation to find EMRA checked against use of

backprojection, showing the fast approximation is useful for estimating the

EMRA

• Development of bistatic MNR using the definition provided in [7]

– Use of PSF approximation to find approximation of ISLR contributing to

MNR. The approximation was shown to follow same trends for changes in

bandwidth, frequency, and bistatic angle of the system, except for bistatic

angles close to 90◦.

– Development of approximation of AMBR contributing to MNR. The

approximation was shown to be pessimistic, but still follow the same trends for

a example set of changes in bandwidth, frequency, and bistatic angle of the

system.

• Bistatic MNR used to formulate bistatic distributed target contrast ratio (DTCR) and

point target contrast ratio (PTCR) using the definition provided in [7]
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• Extension from bistatic to multistatic MNR, DTCR, and PTCR

• Emitter selection procedure making use of multiple objective optimization using

multistatic SNR, EMRA, DTCR/PTCR, and ISL of the MAF

– Showed multiple objective optimization could quantitatively rank sets of

emitters and have images in general be qualitatively better or worse

– Discovered that weighting is not a simple problem of trying to maximize a few

desired criteria

6.3 Future Research

Though several advances are made in this work, there is much that could be done to

improve selection process effectiveness. Possible topics of future work are:

• Inclusion of more transmitter types

• Inclusion of the effect of more realistic signal processing of the received signals

– Correlation of the FM radio signal to improve resolution. Using more of the

signal would allow for some pulse compression such that the bandwidth of the

signal might no longer cause FM radio to have substantially worse down range

resolution from the other communications standards.

– Reconstruction of digital signals as suggested in [15] so that more of the signal

than just the synchronization symbol or preamble could be used for for image

reconstruction. This could stand to improve various aspects of SAR image

formation, including all the criteria used for the selection process in this thesis.

• Inclusion of backscatter frequency and aspect dependence for contrast ratio

estimates
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• Investigation of the weighting used in the utility function to rank the emitter

combinations.

• Investigation the use of genetic algorithms or other search approaches to speed up

the selection process over the exhaustive search used in Chapter 5.

• Investigation of effect of antenna patterns and ambiguous clutter on the DTCR

approximation and simulation

• Experimentation to validate the results of simulation in a more realistic and complex

signal environment.
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Appendix A: Results of Emitter Set Ranking Used in Qualitative Demonstration

This appendix contains the results of the quantitative analysis of the emitter set used

in the qualitative demonstration in Chapter 5. Plots of the utility function score versus

rank are shown for the four weight sets in Figures A.1 and A.2. These weight sets are the

uniform coherent, wC1, uniform GLRT wG1, non-uniform coherent wC2, and non-uniform

GLRT wG2 weights from Section 5.2.1. The plots of score versus rank are split into two

parts due to the large difference in the first and second half of the ranked sets’ scores. The

signal to noise ratio (SNR) versus rank is shown in Figures A.3 - A.6 for the different

weight sets used in the multi-objective optimization for emitter group selection.

Figures A.7 - A.10 show the effective multistatic resolution in meters squared versus rank.

Note that in these plots, the resolution is found for a coherent or GLRT combination based

on whether a coherent or GLRT weighting is used. Additionally, these plots use a log

scale for the y axis due to the large difference in resolution area between transmitter sets.

Figures A.11-A.14 show the multistatic distributed target contrast ratio (DTCR) versus

rank. Again, the DTCR is calculated for a coherent or GLRT combination based on

whether a coherent or GLRT weighting is used. Figures A.15-A.18 show the multistatic

point target contrast ratio (PTCR) versus rank. PTCR is calculated for a coherent or GLRT

combination based on whether a coherent or GLRT weighting is used. Finally, Figures

A.19 - A.22 show the integrated sidelobes (ISL) of the ambiguity function versus rank.

Note that these plots use a log scale for the y axis due to the large difference between ISL

values for different ranks. The different transmitter sets are shown with their rank for all

weightings in Table A.1.
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Figure A.1: Emitter set score vs. rank for different weightings, first 1340 ranked
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Figure A.2: Emitter set score vs. rank for different weightings, last 1340 ranked
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Figure A.3: Emitter set SNR in dB vs. rank for uniform coherent weighting, corresponding
to Table 5.2 and Figure 5.3
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Figure A.4: Emitter set SNR in dB vs. rank for uniform GLRT weighting, corresponding
to Table 5.3 and Figure 5.4
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Figure A.5: Emitter set SNR in dB vs. rank for non-uniform coherent weighting,
corresponding to Table 5.4 and Figure 5.5
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Figure A.6: Emitter set SNR in dB vs. rank for non-uniform GLRT weighting,
corresponding to Table 5.5 and Figure 5.6
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Figure A.7: Emitter set effective multistatic resolution vs. rank for uniform coherent
weighting, corresponding to Table 5.2 and Figure 5.3
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Figure A.8: Emitter set effective multistatic resolution vs. rank for uniform GLRT
weighting, corresponding to Table 5.3 and Figure 5.4
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Figure A.9: Emitter set effective multistatic resolution vs. rank for non-uniform coherent
weighting, corresponding to Table 5.4 and Figure 5.5
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Figure A.10: Emitter set effective multistatic resolution vs. rank for non-uniform GLRT
weighting, corresponding to Table 5.5 and Figure 5.6
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Figure A.11: Emitter set DTCR vs. rank for uniform coherent weighting, corresponding to
Table 5.2 and Figure 5.3
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Figure A.12: Emitter set DTCR vs. rank for uniform GLRT weighting, corresponding to
Table 5.3 and Figure 5.4
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Figure A.13: Emitter set DTCR vs. rank for non-uniform coherent weighting,
corresponding to Table 5.4 and Figure 5.5
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Figure A.14: Emitter set DTCR vs. rank for non-uniform GLRT weighting, corresponding
to Table 5.5 and Figure 5.6

159



500 1000 1500 2000 2500

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

Rank

P
T

C
R

Figure A.15: Emitter set PTCR vs. rank for uniform coherent weighting, corresponding to
Table 5.2 and Figure 5.3
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Figure A.16: Emitter set PTCR vs. rank for uniform GLRT weighting, corresponding to
Table 5.3 and Figure 5.4
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Figure A.17: Emitter set PTCR vs. rank for non-uniform coherent weighting,
corresponding to Table 5.4 and Figure 5.5
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Figure A.18: Emitter set DTCR vs. rank for non-uniform GLRT weighting, corresponding
to Table 5.5 and Figure 5.6
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Figure A.19: Emitter set ISL vs. rank for uniform coherent weighting, corresponding to
Table 5.2 and Figure 5.3
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Figure A.20: Emitter set ISL vs. rank for uniform GLRT weighting, corresponding to Table
5.3 and Figure 5.4
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Figure A.21: Emitter set ISL vs. rank fornon-uniform coherent weighting, corresponding
to Table 5.4 and Figure 5.5
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Figure A.22: Emitter set ISL vs. rank for non-uniform GLRT weighting, corresponding to
Table 5.5 and Figure 5.6
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Table A.1: Table of emitter combinations by rank and weighting, where wC1 is the uniform
coherent weighting, wG1 is the uniform GLRT weighting, wC2 is the non-uniform coherent
weighting, and wG1 is the non-uniform GLRT weighting

Rank wC1 wG1 wC2 wG2 Rank wC1 wG1 wC2 wG2
Tx’s Tx’s Tx’s Tx’s Tx’s Tx’s Tx’s Tx’s

1 12,13 11,13 13 13 58 14,15 7,17 1,10,11 14,18
2 11,13 11,14,17 11,13 11,13 59 9,13,17 7,13,18 7,11,14,17 13,15,18
3 12,14,17 14,17 13,17 13,17 60 12,13,17 7,9,17 13,14,15,18 13,14,18
4 11,14,17 13,14 1,11,12 11 61 12,13,15,16 7,9,14,17 7,11,12,13 13,17,18
5 13,15 13,17 11,13,14 17 62 13,17,18 7,9,13,18 13,14,15,17 13,18
6 14,17 11 13,14 11,14,17 63 7,12,13,18 7,14 9,13,15,17 13,14,15,18
7 12,13,15 12,13 13,14,17 11,13,14 64 9,14,17,18 9,12,13,15 12,14,17,18 13,15,17,18
8 11,13,18 17 11,14,17 14,17 65 7,17 7,13,15 9,12,13,14 14,15,18
9 9,11,13 12,14,17 11,12,13 13,14 66 14,16,17 7,11,13 11,13,16 13,14,15,17
10 12,17 12,17 12,13,17 13,14,17 67 10,12,13 9,12,14,17 7,12,13,17 12,18
11 1,9,11 12,13,15 11 14 68 9,13,15,18 7,9,13,15 14,17,18 11,15,18
12 11,12,13 11,12,13 4,11,12 11,12,13 69 10,12,14,17 7,15 7,13,17 12,15
13 11,13,15 14 11,13,15 11,12 70 7,9,11,13 7,14,17,18 11,12,13,14 9,11,13
14 14,15,17 12,13,14 12,13 12,14,17 71 7,13,17 7,12,13 14,15 9,11,13,18
15 7,11,13 14,15,17 17 12,13,14 72 14,18 7,17,18 7,11,13,15 9,11,14,17
16 12,13,18 13,15 12,13,14 12,13 73 13,15,16 7,9,14 11,14,16,17 9,11,13,15
17 13,14 11,13,15 13,15,17 12,17 74 7,9,14,17 13,17,18 12,13,15,18 9,11
18 12,13,14 15,17 14,17 12,13,17 75 9,14 7,9,12,13 11,12,13,16 9,14,17,18
19 13,18 12,14 1,9,11 12,14 76 7,9,12,13 9,14,18 13,15,18 9,14,17
20 11,13,16 14,15 13,15 11,13,15 77 13,14,16 15,17,18 7,13,15,17 9,13,15
21 15,17 12,14,15,17 13,14,15 11,14,15,17 78 12,13,16,18 7,13,15,18 9,13,14,15 9,13,18
22 9,13 12,13,18 11,14,15,17 11,15 79 10,12,13,15 7,14,15,17 12,13,16,17 9,13,15,18
23 1,11,12 13,14,15 11,13,18 12,13,15 80 14 9,13,17 13,14,16,17 9,14,15,17
24 9,13,14 11,13,18 11,12,13,15 12,14,15,17 81 13,16 9,15,17 7,12,13,14 9,17,18
25 9,14,17 13 12,13,15,17 12,13,14,15 82 7,9,13,15 9,13,16 11,13,15,16 9,13,14
26 1,7,11 12,13,17 12,14,17 14,15,17 83 9,11,13,18 7,12,13,18 7,13,14 9,13,17
27 9,12,13 14,17,18 1,7,11 11,12,13,15 84 12,14 7,9,11,13 14,15,17,18 9,13,14,18
28 11 17,18 12,13,14,15 15,17 85 14,15,16,17 7,13,14 9,11,13,18 9,15,17
29 14,17,18 13,18 13,17,18 12,13,15,17 86 9,11,13,16 7,9,13,16 13,16,17 9,14,18
30 9,13,15 12 11,12 11,12,14,17 87 10,14,17 7,13,16 9,13 9,13,14,15
31 7,14,17 12,14,17,18 12,17 14,15 88 10,13,14 9,18 9,14,17 9,13,17,18
32 13,15,18 13,15,18 12,13,15 13,14,15 89 7,9,13 9,14,16,17 12,13,14,16 9,13
33 7,13 14,18 11,14,17,18 13,15 90 10,13 9,16,17 9,12,13 12,14,18
34 1,10,11 12,13,15,18 12,13,14,17 13,15,17 91 14,16,17,18 9,13,16,18 9,12,14,17 9,17
35 10,11,13 14,15,17,18 11,12,13,18 11,14 92 9,17,18 7,12,14,17 12,17,18 9,14
36 7,12,13 9,13 11,12,14,17 12 93 13,16,17 7,14,16,17 10,13,14,17 9,13,15,17
37 12,14,17,18 9,14,17 14,15,17 12,13,14,17 94 11,14,16,17 7,16,17 7,11,13,18 9,15
38 7,13,15 9,17 12,13,17,18 11,12,15 95 7,11,14,17 7,12,13,15 11,18 9,14,15
39 13,17 15 11,13,15,18 11,13,18 96 9,12,13,16 9,13,14,18 13,14,17,18 9,18
40 13,14,18 9,13,18 13,14,18 11,14,17,18 97 10,13,17 7,18 13,15,16,17 9,11,12,13
41 9,12,14,17 9,13,15 9,11,13 11,13,15,18 98 7,9,13,14 7,13,16,18 10,11,14,17 9,12,13
42 17 9,14 11,15 15 99 10,12,13,18 9,11,13,18 9,13,15 9,12,13,18
43 13,14,15 9,11,13 12,14,15,17 11,13,17 100 7,14,17,18 11,13,16 10,11,12,13 9,12,13,15
44 12,13,15,18 9,14,17,18 12,13,14,18 11,12,13,18 101 10,11,14,17 9,13,15,16 9,12,13,15 9,12,14,17
45 9,12,13,15 13,14,18 15,17 15,18 102 7,11,13,16 7,13,15,16 10,11,13 9,12,13,14
46 17,18 9,15 13,15,17,18 12,13,18 103 9,10,11,13 7,9,13,14 7,13,14,15 9,12,17
47 12,13,16 13,15,17 14 12,14,17,18 104 9,11,14,17 12,13,16 9,14,15,17 9,12,13,17
48 7,13,14 9,17,18 12,14 12,13,15,18 105 11,13,16,18 9,14,16 17,18 9,12
49 9,14,15,17 9,12,13 13,18 12,13,14,18 106 7,14 7,14,16 9,13,17,18 9,11,15
50 7,12,14,17 9,13,15,18 9,11,14,17 12,17,18 107 7,11,13,18 11,14,17,18 10,12,13,17 9,15,17,18
51 9,13,18 9,14,15,17 9,11,12,13 12,13,17,18 108 13,15,17 7,12,13,16 9,13,14,18 12,15,17
52 9,17 9,13,14 7,11,13 11,18 109 7,13,18 9,12,13,16 7,12,14,17 9,11,18
53 7,12,13,15 9,12,13,18 9,13,17 14,17,18 110 9,13,14,18 7,14,18 9,13,14,17 7,11,13
54 14,15,17,18 7,9,13 9,13,14 14,15,17,18 111 9,12,13,14 7,9,16,17 7,14,17 7,9,11,13
55 12,14,15,17 7,13 9,12,13,17 15,17,18 112 9,14,16,17 7,15,17 13,14,16 7,11,13,18
56 9,12,13,18 7,14,17 12,13,18 17,18 113 7,9,13,18 16,18 10,11,13,14 7,11,14,17
57 12,14,16,17 15,18 9,11,13,15 11,12,13,14 114 9,10,14,17 9,11 10,11,13,15 7,11,13,15

Continued on next page
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Table A.1 – continued from previous page
Rank wC1 wG1 wC2 wG2 Rank wC1 wG1 wC2 wG2

Tx’s Tx’s Tx’s Tx’s Tx’s Tx’s Tx’s Tx’s

115 9,13,16 15,16 11,13,16,18 7,11 177 10,14,17,18 7,9,13,17 14,16,17,18 9,13,15,16
116 7,17,18 7,9,17,18 7,12,13 7,9,11 178 10,11,13,15 10,14,15,17 12,16,17 9,13,16
117 10,11,13,18 7,11,13,16 7,13 11,12,13,17 179 14,16 13,14,16 9,10,13,17 9,16,17
118 7,12,13,16 12,13,16,18 15,17,18 9,11,12 180 7,9,14 7,10,12,13 7,11 9,13,14,16
119 10,13,15 7,13,17 13,14,15,16 7,9,14,17 181 13,14,15,16 9,10,12,13 7,17 9,14,16
120 7,10,11,13 9,11,13,16 7,12,13,15 7,9,13,18 182 10,14 9,12,17 7,9,14,17 9,16,17,18
121 7,12,13,14 7,11 11,14 7,9,13,15 183 7,13,14,16 10,12,13,16 7,9,12,13 9,13,16,17
122 9,15,17 14,16,17 10,13,17 7,9,13 184 10,12,17 9,10,11,13 7,13,15,18 9,15,16,17
123 9,10,12,13 12,14,16,17 11,12,15 7,9,17 185 7,15 7,10,11,13 9,14 7,9,13,16
124 13,16,18 16,17 7,13,15 7,9,14 186 7,14,18 7,13,14,15 12 7,9,16,17
125 13,15,16,18 12,13,15,16 10,12,13,14 7,9,13,14 187 9,10,13,17 10,11,13,16 7,11,15 7,9,14,16
126 7,13,15,18 7,13,14,18 12,14,16,17 7,9,17,18 188 7,12,17 7,12,17 7,14,15 9,15,16
127 7,10,14,17 13,16 11,12,13,17 7,9,13,17 189 12,16,17 10,12,13,18 10,14,17 9,14,16,18
128 12,13,14,16 7,11,13,18 10,13,15,17 7,14,17,18 190 7,9,10,13 15,16,17 9,17,18 7,14,16,17
129 9,10,13,15 12,13,14,18 7,9,11,13 7,14,17 191 9,10,17 7,12,13,14 13,15,16,18 7,13,16,18
130 10,12,13,14 14,16,17,18 12,13,15,16 7,13,18 192 13 11,14,16,17 7,13,16,17 7,13,15,16
131 7,15,17 9,13,14,15 12,13,16 7,13,15 193 10,13,14,16 10,12,14,17 7,9,13,15 7,13,16
132 7,13,16 14,16 7,9,13,17 7,13,15,18 194 10,13,15,16 14,16,18 10,14,15,17 12,15,17,18
133 10,14,15,17 13,16,18 9,12,13,18 7,14,15,17 195 11,13,15,16 10,14,18 9,11,13,14 7,16,17
134 9,13,16,18 9,11,14,17 9,12,17 7,17,18 196 11,12,13,16 10,12,13,15 7,13,18 7,14,16
135 9,13,15,16 9,13,14,16 13,16,17,18 7,13,14 197 9,14,16 10,16,17,18 7,10,11,13 7,13,14,16
136 10,11,13,16 13,15,16 10,13,14,15 7,13,17 198 7,10,13,17 10,15,17 7,10,13,17 7,16,17,18
137 10,13,15,18 16,17,18 14,18 7,15,17 199 7,13,16,18 9,13,17,18 9,10,13,14 11,16
138 9,13,14,15 7,13,14,16 10,11,13,18 7,14,18 200 7,14,15,17 9,10,13,14 10,12,13,18 7,13,16,17
139 7,10,12,13 7,16,17,18 7,13,14,18 7,13,14,18 201 9,10,13,16 12,16,17 12,14,18 9,16,18
140 9,13,14,16 9,10,13 9,13,18 7,13 202 9,12,17 7,10,17,18 7,14,15,17 7,15,16,17
141 9,10,13,14 9,16,17,18 9,11,13,16 7,13,14,15 203 7,10,17 9,10,17,18 9,12,13,16 7,15,16
142 16,17 9,10,13,16 9,15,17 7,17 204 7,14,16 7,10,13,14 15,16,17 7,14,16,18
143 7,10,13,15 9,12,13,14 14,15,16,17 7,13,17,18 205 10,14,18 10,11 7,13,14,16 7,11,16
144 7,9,17 10,14,17 9,14,17,18 7,9,15,17 206 7,11,13,15 7,13,16,17 10,11,13,16 11,12,13,16
145 11,14,17,18 9,10,17 10,13,14 7,14 207 7,10,13,16 11,13,14 10,13,15 9,11,16
146 7,13,15,16 7,9,10,13 9,13,15,18 7,15 208 9,11,13,15 9,13,16,17 9,14,16,17 7,16,18
147 9,10,13 9,10,14,17 7,9,13,14 7,13,15,17 209 10,13,16 13,16,17 7,17,18 13,14,17,18
148 7,10,13,14 10,17 9,11 7,14,15 210 12 10,11,13,18 10,13 15,16
149 10,17 14,15,16,17 7,12,13,18 7,18 211 10,13,16,17 7,10,14,16 7,9,13 7,12,13,16
150 9,10,13,18 7,10,13 14,16,17 7,11,12,13 212 10,13,16,18 12,13,14,15 7,10,13,14 9,12,13,16
151 10,13,18 9,10,13,18 9,17 7,15,17,18 213 9,10,14 12,13,14,16 13,16,18 12,13,16
152 10,12,13,16 10,14 13,14,16,18 7,9,12,13 214 10,16,17 18 9,14,18 12,13,16,18
153 10,15,17 7,10,13,16 14,15,18 7,12,13 215 10,11 9,10,14,16 9,15,17,18 12,14,16,17
154 10,11,12,13 10,14,16,17 10,12,14,17 7,12,13,18 216 7,9,17,18 13,14,16,18 10,13,16,17 12,13,15,16
155 10,17,18 7,10,17 7,12,17 7,12,14,17 217 13,14,15,18 7,9,14,16 15,18 12,16,17
156 9,16,17 10,16,17 13,15,16 7,12,13,15 218 9,13,16,17 9,11,13,15 11,16 12,13,14,16
157 10,13,14,18 10,11,13 7,11,13,16 7,12,13,14 219 7,9,16,17 10,12,17 7,14 7,9,11,15
158 7,9,13,16 10,15 9,11,12 7,12,17 220 7,11,12,13 10,11,14,17 7,12,13,16 12,13,16,17
159 10,13,14,15 7,10,14,17 10,13,17,18 11,13,14,17 221 9,16,17,18 7,9,10,14 10,13,15,18 7,9,11,16
160 15,17,18 9,10,13,15 10,12,13,15 7,12,13,17 222 7,16,17,18 10,15,16 11,15,16 16,18
161 7,11 7,10,13,18 7,13,17,18 7,12 223 7,10,14 7,13,17,18 10,12,17 18
162 9,15 11,13,16,18 7,15,17 7,11,15 224 9,10,17,18 7,10,15 9,13,15,16 12,16
163 7,10,13,18 9,10,14 11,15,18 7,9,14,18 225 14,16,18 9,12 10,11,12 9,15,18
164 7,13,14,18 10,14,17,18 12,13,16,18 7,9,12 226 7,9,10,17 12,17,18 7,9,13,18 9,12,17,18
165 7,10,13 13,15,16,18 9,11,15 7,11,12 227 7,10,17,18 9,10,13,17 9,11,18 14,16,17,18
166 16,17,18 7,10,13,15 9,13,16,17 11,13,16 228 7,13,16,17 7,11,13,15 10,15,17 14,16,17
167 7,14,16,17 7,10,14 9,14,15 7,11,13,16 229 15,16 7,10,13,17 14,15,16 14,15,16,17
168 15,16,17 7,11,14,17 9,13,14,16 9,11,13,16 230 10,16,17,18 10,12,13,14 15,16,17,18 16,17,18
169 13,14,16,18 10,18 13,16 11,13,16,18 231 9,10,16,17 13,14,15,16 9,10,14,17 15,16,17
170 7,9,13,17 10,14,16 7,13,14,17 11,14,16,17 232 10,14,16 11,13,15,16 7,9,15,17 16,17
171 9,14,18 10,17,18 7,14,17,18 11,13,15,16 233 9,13,17,18 7,12 11,12,16 9,13,14,17
172 10,14,16,17 13,14,15,18 11,13,17 7,11,18 234 10,13,17,18 9,11,12,13 9,13,16 15,16,17,18
173 7,13,14,15 9,10,16,17 7,11,12 7,9 235 9,11,12,13 10,15,16,17 9,10,12,13 11,15,16
174 7,16,17 7,10,16,17 10,13,14,18 9,14,15,18 236 10,15 11,12,13,16 7,14,18 14,16,18
175 9,11 7,9,10,17 10,12,13 9,14,16,17 237 15,18 10,12 7,15,17,18 14,15,16
176 12,13,14,18 10,12,13 9,10,11,13 9,13,16,18 238 4,11,12 7,11,12,13 16,17 14,16

Continued on next page
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Table A.1 – continued from previous page
Rank wC1 wG1 wC2 wG2 Rank wC1 wG1 wC2 wG2

Tx’s Tx’s Tx’s Tx’s Tx’s Tx’s Tx’s Tx’s

239 7,10,16,17 10,11,13,15 9,10,13,15 13,16,18 301 8,13,15 8,9,14 9,14,16 7,9,10,14
240 15 10,11,12,13 7,13,15,16 13,15,16 302 8,13,14,15 8,10,14 10,11,18 10,15,16
241 13,16,17,18 9,10,15 12,16,17,18 13,15,16,18 303 8,13,14 7,8,10,13 10,15,16,17 10,15,16,17
242 7,18 7,15,16,17 9,13,16,18 13,14,16 304 9,12 8,18 7,15 10,14,16,18
243 16,18 10,16 10,13,14,16 13,16,17 305 8,13,15,16 7,8,17 10,12,16,17 10,14,15
244 9,18 10,13,16 7,10,14,17 13,14,16,18 306 7,12,13,17 7,8,13,16 9,10,17,18 10,16,18
245 8,12,14,17 10,13 10,11,15 13,14,15,16 307 8,10,13,18 7,8,14,17 9,11,12,15 10,17
246 10,14,15 10,13,18 10,14,17,18 13,16,17,18 308 7,10,11 8,9,13,15 7,11,16 7,10,13,16
247 10,18 10,13,15 7,11,18 13,16 309 8,9,13,16 8,10,15 7,14,16,18 7,10,14,17
248 8,11,14,17 10,13,16,18 7,10,12,13 13,15,16,17 310 8,13,14,18 9,15,16 10,12,17,18 7,10,13,18
249 8,12,13,15 7,10,15,17 11,17,18 7,14,15,18 311 7,12 7,8,10,17 7,9,14,18 7,10,13,15
250 10,12,13,17 10,14,15 10,14,15 15,16,18 312 8,9,17,18 7,8,14 12,14,16,18 7,10,13
251 8,9,11,13 10,13,15,16 7,13,16 11,14,15 313 8,14,16,17 7,8,13,18 9,11,15,16 7,10,16,17
252 7,10,14,16 7,15,16 12,18 7,9,11,18 314 7,8,13,16 8,10,16,17 10,14 7,10,17
253 8,11,13 7,10,11 16,17,18 11,16,18 315 7,8,17,18 7,8,9,17 11,14,15 7,10,14
254 10,15,16,17 13,16,17,18 7,14,16,17 12,16,17,18 316 11,13,15,18 8,9,16,17 7,11,15,18 7,10,17,18
255 9,10,14,16 10,14,16,18 10,15,17,18 7,15,18 317 8,13,17 8,16,18 9,10,11 7,10,13,14
256 8,11,13,18 10,16,18 7,10,13,15 7,12,17,18 318 8,13,18 8,10,11,13 9,10,11,15 7,10,14,16
257 8,12,13,18 10,13,15,18 10,13,18 13,14,16,17 319 8,14,17 8,16 7,14,16 10,14
258 7,9,10,14 7,9,11 7,9,11 9,12,16 320 8,9,10,13 7,8,13,15 9,10,17 7,10,13,17
259 7,8,11,13 11,13,15,18 7,15,16,17 7,11,15,16 321 7,8,9,17 7,8,16,17 7,9,10,13 10,15,17,18
260 10,13,15,17 10,13,14 7,9,17 9,11,15,16 322 8,10,13,17 7,8,11,13 7,10,17,18 7,10,15
261 8,9,14,17 9,15,16,17 9,15,16,17 10,11,13 323 9,10,15 8,9,11,13 11,16,17,18 7,10,15,17
262 8,11,12,13 9,10,15,17 7,9,17,18 7,10,11,13 324 8,13,14,16 8,9,10,14 7,9,16,17 10,15
263 12,13,16,17 10,13,14,16 9,12 9,10,11,13 325 8,13,16,18 7,8,10,14 9,10,14,18 10,11,16
264 7,10,15,17 9,10,11 9,12,17,18 10,11,13,16 326 8,9,13 8,11,13,16 7,11,12,15 7,10,14,18
265 8,14,15,17 10,13,17 12,15,17,18 10,11,13,18 327 8,10,13,14 8,10,17,18 7,11,15,16 9,11,15,18
266 8,9,12,13 14,15,16 10,12,13,16 10,11,14,17 328 9,10,11 7,8,15 10,13,16,18 10,18
267 8,11,13,15 9,13,15,17 7,12,17,18 10,11,13,15 329 7,8,13,17 8,10,14,16 10,16,17,18 10,11,12,13
268 7,8,14,17 10,13,14,18 11,13,14,17 7,10,11 330 7,8,10,13 8,12,13 12,15 14,15,16,18
269 7,13,17,18 9 15 9,10,11 331 8,9,16,17 8,9,15 10,14,15,18 10,16
270 8,11,13,16 7,13,15,17 9,14,15,18 10,11 332 9,12,13,17 8,10,12,13 7,10,11,15 9,10
271 8,9,13,15 7,10,14,18 10,17,18 7,12,16 333 8,10,17,18 8,9,12,13 9,10,13,16 11,12,15,18
272 8,12,13,14 13,14,17 9,15 11,12,16 334 7,8,13 7,8,12,13 7,10,11 7,11,15,18
273 8,9,13,14 10,13,16,17 9,10,13,18 7,9,10,11 335 8,10,13,16 8,10,18 9,11,15,18 7,10
274 7,8,12,13 10,13,14,15 9,10,15,17 9,10,13,16 336 8,12,17 8,9,17,18 10,13,16 7,10,11,16
275 8,14,17,18 12,13,16,17 9,10,13 9,10,14,17 337 8,15,17 8,12,13,16 7,10,14,18 7,15,16,18
276 7,8,13,15 7,14,15 10,11 9,10,13,18 338 9,15,16,17 7,8,17,18 7,10,17 7,10,12,13
277 12,13,14,15 7,14,16,18 9,16,17,18 9,10,13,15 339 7,8,16,17 8,15 7,9,14,16 9,10,12,13
278 8,10,11,13 7,12,13,17 10,17 9,10,13 340 8,9,10,17 8,12,13,18 9,10,14 10,12,13,16
279 12,17,18 10,12,13,17 14,16 9,10,16,17 341 10,14,16,18 9,14,15 9,18 10,12,13
280 9,10,15,17 9,12,13,17 9,16,17 9,10,17 342 8,13,17,18 7,8,14,16 12,16 10,12,13,18
281 8,9,13,18 13,15,16,17 14,16,18 9,10,14 343 8,9,17 8,9,14,16 11,13,14,15 10,12,14,17
282 7,8,13,14 10,13,17,18 7,9,14 9,10,13,14 344 8,13,16,17 7,8,9,14 15,16 10,12,13,15
283 8,13,15,18 7,9,15,17 10,14,16,17 9,10,17,18 345 8,17,18 8,12,14,17 7,9,12 10,12,17
284 8,12,13,16 7 11,16,18 9,10,14,16 346 7,8,10,17 8,11 7,9,11,16 10,12,13,14
285 7,13,15,17 11,14,15,17 12,15,17 9,10,13,17 347 7,8,17 8,12,13,15 7,10,13,16 9,10,11,16
286 8,12,13 9,10,14,18 14,15,16,18 9,10,15 348 7,8,9,14 8,9,13,14 11,12,15,18 10,12,13,17
287 7,9,14,16 11,12 7,9,11,15 9,10,15,17 349 8,10,16,17 8,11,13,18 10,16,17 10,11,15
288 7,10,15 10,15,17,18 7,14,15,18 10,14,16,17 350 7,8,15,17 13,15,17,18 10,11,15,18 10,11,12
289 8,10,14,17 8,9,13 9,11,16 10,14,17,18 351 8,9,15,17 7,8,13,14 7,9,11,18 10,12
290 7,8,13,18 8,9,10,13 7,16,17,18 10,14,17 352 8,16,17,18 8,12,17 9,15,16 10,12,16,17
291 10,15,16 8,9,13,16 7,10,13,18 7,9,10,13 353 8,10,15,17 8,10,14,18 7,9,10,11 7,10,12
292 7,15,16,17 8,9,17 7,10,15,17 10,14,15,17 354 8,9,14 8,15,16 7,9,10,17 9,10,12
293 13,15,16,17 8,9,14,17 7,9,13,16 10,16,17 355 8,10,13 7,8 8,11,13,14 11,17,18
294 10,12 8,10,17 7,13,16,18 10,17,18 356 8,9,14,16 8,11,14,17 7,10,14 10,11,18
295 8,10,12,13 7,8,9,13 10,14,18 7,9,10,17 357 7,9,11 9,14,16,18 15,16,18 12,14,16,18
296 9,13,15,17 8,11,13 10,13,15,16 10,14,16 358 8,12,13,17 8,9 11,15,16,18 9,15,16,18
297 8,10,13,15 8,9,13,18 9,14,16,18 10,16,17,18 359 8,13,16 7,16,18 10,11,16 7,10,16,18
298 14,15,16 8,10,14,17 7,12 10,15,17 360 8,9,10,14 10,13,15,17 9,10,16,17 7,13,14,17
299 8,9,13,17 8,9,10,17 7,16,17 9,10,14,18 361 7,8,14,16 8,10,15,17 11,13,14,16 7,14,15,16
300 7,8,9,13 7,8,13 7,10,13 10,14,18 362 7,8,10,14 15,16,17,18 10,11,15,16 12,14,15,18
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363 11,13,14 8,10,11 7,11,13,14 9,11,12,15 425 8,9,10,11 10,17,22 11,15,17,18 9,10,15,16
364 7,8,14 8,12 7,18 7,10,11,15 426 9,15,16 8,11,13,22 11,13,14,18 11,17
365 8,14,18 8,11,13,15 7,9,10,14 10,15,18 427 9,14,16,18 7,8,9,11 7,8,11,13 7,10,11,12
366 7,10,14,18 7,10 12,14,16 9,10,11,15 428 7,8,10,15 9,10,17,22 8,9,13,14 10,12,18
367 8,10,14,16 8,9,13,17 7,15,16 7,11,16,18 429 11,12 10,14,17,22 10,15,16,18 10,12,14,18
368 8,10,14,18 7,8,14,18 10,14,16 12,14,15 430 7 9,13,18,22 10,16,18 11,15,16,17
369 8,10,17 7,8,13,17 10,14,16,18 9,11,16,18 431 7,8,12 10,14,22 8,14,15,17 7,12,18
370 8,15,16,17 7,8,15,17 10,11,12,15 10,11,13,14 432 12,13,17,18 9,14,22 8,11,13 9,10,14,15
371 7,8,14,18 8,9,14,18 7,10,16,17 9,14,15,16 433 7,16,18 8,9,14,22 8,12,13,18 11,14,15,18
372 8,9,14,18 8,9,15,17 8,11,14,17 10,12,16 434 8,14,15,16 7,8,13,22 7,9 12,16,18
373 8,16,17 8,11,12,13 9,10,14,16 10,11,15,16 435 8,10 8,10,14,22 8,11,13,16 10,11,12,16
374 8,13,15,17 8,12,13,14 8,11,12,13 7,10,11,18 436 8,9,12 7,10,13,22 10,12,16 11,13,17,18
375 7,14,15 16 10,12 10,14,15,18 437 8,10,16,18 7,13,22 8,13,14,18 7,11,13,14
376 7,15,16 8,10,12,17 7,14,15,16 9,10,16,18 438 7,10 10,15,22 7,8,13,14 11,13,14,18
377 8,10,14 7,8,11 9,10,11,18 10,15,16,18 439 8,9,18 7,8,17,22 9,11,13,17 11,12,18
378 10,16,18 7,8,18 9,10,11,16 9,10,11,18 440 11,12,13,18 7,17,22 7,8,13,17 7,9,15,18
379 18 8,9,11 7,10,11,18 10,11,16,18 441 7,8,9,11 7,13,16,22 8,9,14,17 12,15,16,18
380 8,14,16 8,10 10,15,18 10,14,15,16 442 9,10 9,13,15,22 8,14,17,18 7,12,14,18
381 8,10,12,17 8,10,15,16 10,15 11,15,16,18 443 16 7,14,17,22 8,9,12,13 11,13,14,16
382 8,14,16,18 9,10 8,11,13,15 7,11,12,15 444 9,16,18 8,10,15,22 7,10,16,18 9,12,14,18
383 8,14,15 8,10,12 9,15,18 7,12,16,17 445 7,9,10,11 10,16,17,22 8,10,11,13 9,12,18
384 8,9,15 8,12,16,17 8,12,13,17 10,12,17,18 446 10,12,16,17 7,10,17,22 8,13,15,18 16
385 7,8,15 8,10,13 9,10,15 9,11,13,14 447 8,9,10,15 10,11,13,22 8,9,13,15 8,10,11,13
386 8,13 8,10,13,16 7,15,18 11,15,17 448 7,14,17,22 7,14,22 7,8,14,17 7,8,11,13
387 8,15,17,18 8,10,13,18 9,14,15,16 10,11,15,18 449 9,14,17,22 9,16,17,22 8,10,13,17 8,9,11,13
388 10,15,17,18 8,10,13,15 9,10,12 11,13,14,15 450 7,9,13,22 7,8,14,22 8,13,17 8,11,13
389 8,10,15 8,10,13,14 7,10,14,16 12,14,16 451 9,13,15,22 7,13,18,22 8,12,17,18 8,11,13,16
390 8,12,16,17 8,15,18 9,16,18 11,16,17,18 452 9,13,18,22 7,9,17,22 8,13,16,17 8,11,13,18
391 8,15,16 12,13,17,18 7,10,11,16 10,13,16,18 453 7,13,15,22 8,16,18,22 7,8,12,13 8,11,14,17
392 8,17 9,16,18 9,12,16 10,13,15,16 454 9,12,13,22 7,13,15,22 8,15,17,18 8,11,13,15
393 10,16 7,8,10,11 9,11,16,18 10,13,15 455 7,13,16,22 10,18,22 7,8,13,15 8,10,11
394 8,14 8,12,13,17 7,12,16,17 10,13,18 456 9,13,16,22 7,11,13,22 12,14,15 7,8,11
395 8,16,18 7,8,12,17 12,14,15,18 10,13,16 457 9,10,13,22 7,16,17,22 9,10 8,9,11
396 8,11 7,8,10,15 8,12,13,14 10,13,15,18 458 7,10,13,22 9,10,14,22 8,13,14 7,8,10,11
397 8,10,11 8,10,13,17 11,12,15,16 10,13,14 459 7,12,13,22 9,11,13,22 8,12,13,16 8,9,10,11
398 7,14,16,18 8,9,10,11 12,15,16,17 10,13,14,16 460 10,11,13,22 7,15,22 8,9,15,17 8,16,18
399 8,10,18 8,12,14 7,10,15 10,13,17 461 7,11,13,22 7,10,14,22 8,9,13,18 7,8,9,11
400 9,10,14,18 11,12,13,18 7,10,12 10,13,14,18 462 12,13,16,22 11,13,16,22 8,13,14,16 8,11
401 8,15 8,10,14,15 8,13,14,17 10,13,16,17 463 9,11,13,22 10,14,16,22 9,10,16,18 8,9,10,13
402 7,8,11 10 11,15,17 10,13,14,15 464 10,12,13,22 9,15,22 8,9,12,17 8,11,13,14
403 7,9,15,17 7,8,12 16,18 10,13 465 12,13,18,22 10,17,18,22 10,12,14,18 8,9,10,17
404 8,9,11 8,9,12,17 11,13,17,18 10,13,17,18 466 12,14,17,22 7,8,15,22 8,12,13 8,9,14,17
405 7,8,12,17 7,9,10,11 7,16,18 9 467 11,13,16,22 9,17,18,22 7,8,15,17 8,9,13,16
406 8,18 8,10,16,18 8,11,13,18 10,13,15,17 468 9,10,17,22 12,13,22 7,8,13,18 8,9,13,18
407 15,16,17,18 8,9,18 7,11,16,18 9,12,16,17 469 10,16,17,22 8,12,13,22 8,10,14,17 8,9,13,15
408 13,15,17,18 8,9,12 10,14,15,16 9,16 470 7,16,17,22 10,12,13,22 18 8,9,10,14
409 8,10,15,16 10,12,16,17 8,13,15,17 7,16 471 7,9,17,22 8,9,15,22 7,8,12,17 8,9,16,17
410 8,12 8,14 10,11,16,18 10,13,14,17 472 7,10,17,22 8,15,22 7,10 8,9,13
411 7,8,18 8,14,16 10,15,16 7,10,15,18 473 12,13,15,22 7,12,13,22 8,10,12,13 8,9,17,18
412 8,12,14 8,14,18 9,12,16,17 11,15,17,18 474 9,16,17,22 7,17,18,22 8,10,13,14 8,9,14,16
413 9,14,15 8,18,22 7,12,16 9,10,15,18 475 10,17,18,22 9,12,13,22 8,10,13,15 8,9,17
414 8,16 8,16,22 8,13,14,15 11,12,15,16 476 7,17,18,22 12,13,16,22 8,13,15,16 8,9,13,14
415 8,15,18 8,9,13,22 8,12,14,17 7,10,15,16 477 9,17,18,22 8,10,18,22 8,9,14,15 8,9,14
416 8,9,12,17 9,10,13,22 7,15,16,18 12,15,16,17 478 7,10,14,22 7,9,14,22 8,9,17,18 8,9,13,17
417 11,14,15,17 9,13,22 8,12,13,15 10,11,12,15 479 10,14,16,22 9,14,16,22 8,13,15 8,9,15
418 8,10,12 8,9,17,22 11,15,16,17 7 480 8,11,13,22 7,14,16,22 8,12,16,17 8,9,15,17
419 13,14,17 9,13,16,22 8,9,11,13 7,9,10,12 481 9,10,14,22 12,13,18,22 7,10,15,18 8,9,14,18
420 8,10,14,15 9,17,22 9,15,16,18 7,9,14,15 482 8,9,13,22 12,14,17,22 10,16 8,10,14,17
421 7,8,10,11 9,14,17,22 10,18 9,10,12,16 483 8,10,13,22 16,18,22 7,8,14,15 8,10,16,17
422 9 11,13,22 11,13,15,17 7,10,12,16 484 9,13,14,22 8,11,22 7,8,17,18 8,10,17,18
423 8,9 8,10,17,22 8,13,17,18 7,10,14,15 485 7,8,13,22 9,13,14,22 8,14,16,17 7,8,9,13
424 7,8 7,9,13,22 8,9,13,17 11,13,15,17 486 8,9,17,22 11,22 8,9,14,18 8,10,14,16
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487 8,12,13,22 12,13,15,22 7,8,9,13 8,11,16 549 8,13,14,22 11,13,20,22 7,8,10,11 8,12,16,17
488 8,10,17,22 11,13,18,22 8,11,12 7,8,9,17 550 7,15,22 11,13,20 7,8,10,17 8,10
489 11,13,18,22 7,22 8,15,16,17 8,10,17 551 10,12,17,22 8,17,18 8,14,18 8,11,15
490 7,9,14,22 15,16,22 7,10,11,12 8,10,14 552 10,18,22 10,17,20,22 8,9,10,14 8,12,13,17
491 10,14,17,22 7,13,14,22 8,12,17 7,8,9,14 553 9,15,22 8,10,17,20 11,14,15,18 7,8,12,17
492 7,14,16,22 12,17,22 8,10,13,18 8,10,14,18 554 13,14,16,22 10,17,20 8,10,16,17 8,15,16
493 8,10,14,22 8,14,16,18 8,10,15,17 8,10,15,17 555 10,15,17,22 7,9,13,20 12,14,15,16 8,10,12
494 7,8,17,22 7,8,22 8,9,13,16 8,10,15 556 7,13,17,22 9,13,17,22 7,8,11 8,12,14
495 8,9,14,22 9,22 8,14,17 8,10,18 557 8,15,22 8,11,13,20 10,11,12,16 8,9,12,17
496 9,14,16,22 10,14,18,22 8,10,12,17 8,9,18 558 8,18,22 9,10,17,20 7,8,17 7,8,12
497 7,8,14,22 8,14,15 8,9,11,15 8,10,15,16 559 13,14,18,22 10,14,17,20 8,9,14 8,15,18
498 14,15,17,22 10,15,17,22 7,8,14,18 8,9,10,15 560 15,16,17,22 9,13,18,20 7,8,10,14 8,9,12
499 11,14,17,22 14,17,22 9,10,15,18 7,8,10,13 561 8,16,22 9,14,20,22 11,13,16,17 8,10,11,15
500 10,13,15,22 11,14,17,22 8,13,16,18 7,8,14,17 562 10 10,14,20,22 8,13,16 8,11,18
501 14,16,17,22 7,18,22 7,10,14,15 7,8,13,16 563 13,15,22 9,15,17,22 8,10,14,16 8,12,17,18
502 10,13,16,22 14,16,17,22 8,13,18 7,8,13,18 564 12,17,22 8,18,19,20 8,10,11,18 8,12
503 10,13,18,22 16,17,22 7,8,11,12 7,8,10,17 565 17,18,22 10,14,20 10,12,18 8,15
504 8,13,18,22 8,9,22 8,15,17 7,8,13,15 566 16,17,22 8,18,19,22 8,10,13 7,8,10,12
505 13,15,16,22 8,12,17,22 8,12,14 7,8,16,17 567 16,18,22 9,14,20 8,10,11,16 8,9,10,12
506 13,15,18,22 14,17,18,22 7,8,13,16 7,8,10,14 568 8,14,22 8,9,14,20 7,8,15,16 8,12,16
507 14,17,18,22 8,15,16,22 8,14,15,18 7,8,13 569 10,13,17,22 8,10,14,20 8,11,12,16 8,10,11,12
508 8,10,15,22 17,18,22 8,10,14,15 7,8,17,18 570 8,13,22 7,8,13,20 8,15,18 8,9,15,16
509 8,13,15,22 13,16,22 8,14,15,16 8,10,14,15 571 8,17,22 7,13,20,22 7,8,14 7,8,11,15
510 13,16,18,22 10,11,22 7,8,11,15 7,8,14,16 572 13,18,22 10,15,20,22 8,11,16,18 8,9,11,15
511 8,17,18,22 13,18,22 7,8,9,17 7,8,17 573 15,17,22 7,10,13,20 8,11,16 8,10,11,18
512 10,14,18,22 14,16,22 7,8,9,11 7,8,13,14 574 14,16,18,22 7,13,20 7,8,9,12 7,8,11,18
513 7,8,15,22 8,9,10,15 8,11,15 7,8,14 575 8,10,11,22 8,16,19,20 8,9,10,15 7,8,9,12
514 8,14,18,22 14,15,17,22 8,9,11,12 7,8,15 576 7,8,15,16 10,15,20 7,10,15,16 8,11,15,16
515 8,16,17,22 13,15,22 8,10,17,18 7,8,13,17 577 8,13,17,22 8,16,19,22 8,9,16,18 8,9,11,18
516 7,13,18,22 13,16,18,22 8,9,10,13 7,8,14,18 578 13,14,15,22 7,17,20,22 8,12,14,18 11,14,15,16
517 8,9,15,22 8,22 8,9,16,17 7,8,15,17 579 13,16,22 7,8,17,20 8,9,10,12 7,8,11,12
518 8,14,16,22 13,15,16,22 8,14,15 8,18 580 10,15,16,22 7,17,20 7,8,10,15 8,11,16,18
519 16,17,18,22 8,14,17 8,14,16,18 8,10,16,18 581 9,13,17,22 7,13,16,20 8,16,17 8,9,11,12
520 8,13,16,22 8,10,11,22 8,9,13 7,8,18 582 14,17,22 8,18,19 7,12,14,18 8,10,12,16
521 11,12,13,22 16,17,18,22 8,10,11,12 8,10,11,16 583 15,16,22 9,13,15,20 7,8,16,18 8,15,16,18
522 11,13,15,22 11,13,15,22 7,8,9,14 7,8,10,15 584 14,16,22 7,14,17,20 8,10,17 7,12,15,17
523 8,10,18,22 8,18,20,22 8,10,11,15 8,11,12,13 585 8,13,14,17 7,13,17,22 8,9,15 9,11,13,17
524 8,11,13,14 10,22 8,16,17,18 7,8,11,16 586 8,14,15,22 8,10,15,20 8,10,15,16 8,10,15,18
525 8,15,17,22 12,22 8,10,14,18 8,9,11,16 587 13,16,17,22 8,16,19 8,10,11 8,11,15,18
526 11,13,22 8,16,20,22 8,11,15,16 8,9,16,18 588 7,10,15,22 11,12,13,22 7,8,10,12 8,11,12,16
527 10,13,14,22 8,18,20 7,8,10,13 8,16 589 14,18,22 7,10,17,20 8,9,12 7,8,12,16
528 7,13,14,22 8,16,17 8,9,14,16 7,8,15,16 590 12,16,17,22 10,16,17,20 8,9,15,16 10
529 7,13,22 8,14,16,17 11,14,15,16 7,8,14,15 591 7,18,22 10,11,13,20 8,14,16 8,10,13,16
530 9,13,22 9,14,18,22 7,8,16,17 7,8,16,18 592 7,8,14,15 13,14,22 8,15,16,18 8,10,13,18
531 8,16,18,22 15,17,22 8,9,11,16 8,9,14,15 593 8,11,22 7,14,20,22 9,10,12,16 8,10,13,15
532 10,13,22 7,14,18,22 7,8,13 8,9 594 13,14,22 7,14,20 7,8,15 8,10,13
533 7,17,22 8,16,20 8,17,18 8,9,10 595 10,11,22 8,9,13,19 8,10,14 8,10,13,14
534 9,17,22 8,17 8,9,11,18 7,8,10 596 7,12,17,22 9,10,13,19 11,12,18 8,10,13,17
535 7,15,17,22 14,18,22 8,10,13,16 12,14,15,16 597 7,8,22 9,16,17,20 7,8,12 7,8,15,18
536 10,17,22 8,12,22 8,11,15,18 8,11,12 598 15,17,18,22 9,13,19,22 8,10,16,18 8,12,18
537 8,12,17,22 13,15,18,22 9,10,14,15 7,8 599 13,17,18,22 9,13,19,20 7,10,12,16 8,9,12,16
538 8,15,16,22 8,9,13,20 7,8,11,18 8,10,12,13 600 8,9,22 7,8,14,20 8,13 10,12,15,17
539 12,13,22 9,10,13,20 8,11,12,15 7,8,12,13 601 8,12,17,18 7,9,17,20 8,15,16 8,11,12,15
540 9,14,22 9,13,20,22 8,9,10,17 8,9,12,13 602 7,8,11,22 7,13,18,20 12,15,16,18 8,9,15,18
541 12,13,14,22 9,13,20 8,9,10,11 8,12,13,16 603 14,15,22 9,13,19 8,9,18 8,12,14,18
542 7,14,18,22 8,14,17,18 7,9,14,15 8,12,13,18 604 8,12,22 8,14,15,17 7,11,13,17 7,9,11,12
543 8,14,17,22 7,15,17,22 7,8,14,16 8,12,14,17 605 13,17,22 7,11,22 9,16 9,12,15,17
544 10,14,22 9,17,20,22 7,8,11,16 8,12,13 606 7,11,22 8,9,17,19 7,12,15,17 10,12,14,16
545 7,14,22 8,9,17,20 7,9,10,12 8,12,13,15 607 9,18,22 9,17,19,20 9,12,14,18 11,13,16,17
546 9,14,18,22 9,13,16,20 8,11,18 8,12,17 608 7,8,18,22 9,17,19,22 10,12,15,17 10,12,14,15
547 10,15,22 9,17,20 8,9,11 8,12,13,14 609 12,13,17,22 9,13,16,19 7,8,18 7,11,13,17
548 9,15,17,22 9,14,17,20 8,9,17 8,10,12,17 610 8,9,11,22 8,16,18,20 8,11 9,10,11,12
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Rank wC1 wG1 wC2 wG2 Rank wC1 wG1 wC2 wG2

Tx’s Tx’s Tx’s Tx’s Tx’s Tx’s Tx’s Tx’s

611 9,12,17,22 9,17,19 8,10,15 8,12,14,16 673 12,13,16,20 9,16,17,19 10,11,13,22 8,10,17,22
612 10,14,15,22 9,14,17,19 8,10,12 7,9,15,16 674 8,18,20,22 7,14,19 12,13,17,22 8,10,14,22
613 9,10,15,22 11,13,19,22 12,16,18 8,14,16 675 7,13,20,22 7,8,14,19 7,14,17,22 10,16,17,22
614 11,22 11,13,19,20 8,12,16 8,14,18 676 7,17,20,22 7,9,17,19 9,13,15,22 8,10,15,22
615 11,16 10,18,20,22 7,16 8,14,16,18 677 9,10,14,20 7,13,18,19 12,13,14,22 10,17,18,22
616 8,10,12,22 11,13,19 7,12,18 8,14,15 678 8,15,20,22 8,20,22 9,14,17,22 7,9,13,22
617 7,22 15,22 8,16,18 8,14,15,16 679 8,16,20,22 8,16,17,18 12,14,17,22 10,14,16,22
618 9,11,22 10,17,19,20 9,10,15,16 8,14 680 10,17,20,22 8,15,17 7,13,15,22 7,9,17,22
619 9,22 10,17,19,22 8,17 8,12,15 681 9,13,20,22 8,16,18,19 12,13,15,22 8,10,18,22
620 13,15,17,22 10,18,20 8,10,12,16 8,12,15,17 682 10,13,20,22 8,19,20 7,8,12,18 7,9,14,22
621 7,10,11,22 8,10,17,19 8,10,18 8,10,12,18 683 7,11,13,20 7,8,15,20 7,15,17,22 10,15,17,22
622 10,16,18,22 7,13,15,20 8,10,15,18 8,11,13,22 684 11,13,16,20 17,22 9,13,18,22 10,14,18,22
623 12,14,22 7,9,13,19 9 10,11,13,22 685 9,11,13,20 10,18,19,20 12,13,18,22 10,17,22
624 10,12,22 8,11,13,19 7,8,12,16 7,11,13,22 686 12,13,18,20 9,17,18,20 9,15,17,22 11,16,22
625 12,22 10,17,19 7,8,15,18 9,11,13,22 687 10,14,20,22 10,18,19,22 9,12,13,22 8,9,18,22
626 15,18,22 9,10,17,19 8,14 11,13,16,22 688 8,13,18,20 7,13,15,19 7,9,13,22 10,14,22
627 8,15,18,22 10,14,17,19 8,9,15,18 11,13,18,22 689 7,8,15,20 10,18,19 9,17,18,22 10,15,16,22
628 13,22 7,11,13,20 8,15 11,13,22 690 7,17,18,20 7,11,13,19 9,14,18,22 10,15,22
629 17,22 9,13,18,19 8,9,12,16 11,14,17,22 691 9,17,20,22 12,13,14,22 7,17,18,22 10,18,22
630 10,22 9,14,19,20 8,9,10 11,13,15,22 692 8,13,16,20 12,13,20,22 7,13,16,22 10,14,15,22
631 15,22 9,14,19,22 8,12 8,10,11,22 693 18,22 12,13,20 9,14,15,22 10,16,18,22
632 8,22 10,14,19,20 8,12,18 10,11,22 694 9,17,18,20 7,16,17,19 9,13,16,22 9,15,16,22
633 14,22 7,16,17,20 7,8,10 7,8,11,22 695 9,14,20,22 9,20,22 10,17,18,22 7,10,13,22
634 8,10,13,20 10,14,19,22 10,11,13,17 8,11,22 696 7,13,20 8,12,13,20 7,14,15,22 7,14,17,22
635 7,9,13,20 9,18,22 8,18 7,11,22 697 8,14,20,22 8,15,20,22 10,14,15,22 7,8,13,22
636 7,13,16,20 9,10,14,20 9,12,18 8,9,11,22 698 8,18,20 9,10,14,19 7,12,13,22 7,13,16,22
637 9,10,13,20 9,11,13,20 7,9,15,18 7,10,11,22 699 10,15,20,22 9,11,13,19 10,14,18,22 7,10,17,22
638 8,10,17,20 8,9,14,19 8,9 9,11,22 700 12,14,17,20 7,15,19,20 7,14,18,22 7,13,18,22
639 8,10,22 10,14,19 7 9,10,11,22 701 8,17,20,22 8,9,15,20 9,10,13,22 7,8,17,22
640 7,14,17,20 8,10,14,19 7,8 7,9,11,22 702 11,13,20,22 10,12,13,20 7,16,17,22 7,13,15,22
641 7,10,12 7,8,13,19 8,12,15,17 8,16,18,22 703 8,13,15,20 7,15,19,22 7,9,11,22 7,8,14,22
642 9,13,18,20 7,15,20,22 8,16 8,18,22 704 7,14,20,22 8,15,20 12,13,16,22 7,16,17,22
643 7,10,13,20 7,13,19,20 9,12,15,17 11,13,14,22 705 10,17,20 7,20,22 7,10,13,22 7,10,14,22
644 9,13,16,20 10,15,19,20 8,12,14,16 8,16,22 706 9,13,20 7,15,19 9,12,17,22 7,17,18,22
645 9,14,17,20 7,13,19,22 8,10 8,14,15,18 707 8,15,20 7,12,13,20 9,10,11,22 7,8,15,22
646 8,9,13,20 9,14,19 10,12,14,15 9,10,13,22 708 10,13,20 7,17,18,20 9,14,16,22 7,14,16,22
647 8,10,14,20 10,15,19,22 11,17 9,10,17,22 709 8,16,20 7,10,14,19 7,9,14,22 7,13,14,22
648 7,8,13,20 7,10,13,19 7,9,11,12 8,9,13,22 710 8,16,17,20 9,12,13,20 9,16,17,22 11,22
649 7,8,17,20 13,22 8,12,15 9,14,17,22 711 7,17,20 11,13,16,19 10,16,17,22 7,13,22
650 8,9,17,20 7,15,20 10,12,14,16 9,13,16,22 712 7,14,16,20 9,15,19,20 8,11,15,17 7,17,22
651 10,16,17,20 7,13,19 9,10,11,12 9,10,14,22 713 10,14,20 8,19,20,22 10,12,13,22 9,14,15,22
652 7,10,17,20 7,17,19,20 10,11,15,17 9,13,18,22 714 8,10,18,20 10,15,16,22 7,9,17,22 7,14,18,22
653 9,10,11,22 7,17,19,22 8,11,17,18 8,9,17,22 715 12,13,15,20 9,15,19,22 9,10,17,22 7,15,17,22
654 9,10,17,20 10,15,19 16 9,13,15,22 716 7,8,16,18 12,13,16,20 7,10,11,22 7,13,17,22
655 9,13,15,20 7,8,17,19 8,10,12,18 8,9,14,22 717 8,9,15,20 8,10,18,20 7,12,17,22 7,14,22
656 7,13,15,20 7,13,16,19 10,11,14,15 9,16,17,22 718 9,17,20 10,14,16,19 12,17,18,22 10,16,22
657 8,9,14,20 7,17,19 8,11,13,17 9,17,18,22 719 7,9,14,20 13,14,16,22 7,14,16,22 7,15,22
658 7,16,17,20 7,10,14,20 8,11,14 8,9,15,22 720 9,14,16,20 9,15,19 8,12,16,18 8,10,22
659 7,8,14,20 11,13,16,20 9,11,14,15 9,13,14,22 721 9,14,20 10,17,18,19 10,14,16,22 7,10,15,22
660 8,11,13,20 9,13,15,19 7,11,14,15 9,14,16,22 722 8,14,16,20 9,14,16,20 7,13,17,22 7,8,18,22
661 8,10,15,20 7,14,17,19 10 9,13,22 723 11,13,20 7,9,14,20 9,10,14,22 7,18,22
662 9,12,13,20 9,15,20,22 11,16,17 9,13,17,22 724 10,15,20 8,20 12,16,17,22 9,16,18,22
663 7,9,17,20 10,12,17,22 7,8,9 9,14,18,22 725 10,18,20,22 7,14,16,20 7,10,17,22 10,11,16,22
664 9,16,17,20 9,15,20 11,14,17,22 9,15,17,22 726 8,17,18,20 11,20,22 8,11,13,22 9,10,22
665 7,12,13,20 10,14,16,20 11,13,15,22 9,17,22 727 7,14,20 7,20 7,10,14,22 7,8,22
666 10,14,16,20 8,10,15,19 11,13,14,22 9,14,22 728 12,13,20,22 9,19,20,22 10,15,16,22 7,15,16,22
667 10,12,13,20 10,17,18,20 11,13,18,22 9,10,15,22 729 7,15,20,22 7,8,15,19 10,12,17,22 11,12,13,22
668 10,11,13,20 7,10,17,19 11,12,13,22 9,15,22 730 8,10,13,19 9,17,18,19 9,15,16,22 7,14,15,22
669 10,16,22 10,16,17,19 11,13,16,22 8,9,22 731 8,12,14,22 12,13,19,20 15,17,18,22 7,11,16,22
670 8,12,13,20 10,11,13,19 9,11,13,22 9,18,22 732 9,10,12 12,13,19,22 8,11,12,18 9,11,16,22
671 10,17,18,20 7,14,19,20 9,13,14,22 8,11,16,22 733 10,13,16,20 7,19,20,22 9,10,15,22 7,16,18,22
672 7,10,14,20 7,14,19,22 7,11,13,22 10,14,17,22 734 8,10,17,19 12,13,19 7,15,16,22 7,10,22
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735 10,14,17,20 9,19,20 9,16,18,22 8,9,10,22 797 10,12,13,19 9,13,14,19 8,13,15,22 9,11,15,22
736 9,10,13,19 15,19,20,22 7,10,15,22 15,16,22 798 10,11,13,19 12,13,15,19 8,10,18,22 8,17
737 7,13,16,19 8,12,13,19 10,16,18,22 11,12,22 799 10,17,18,19 11,13,18,19 8,9,18,22 12,16,22
738 7,9,13,19 8,15,19,20 14,15,17,22 15,18,22 800 13,15,18,20 16,18,19 8,10,15,22 8,12,16,22
739 8,9,13,19 7,19,20 9,11,16,22 8,11,12,22 801 7,14,19,22 15,16,19,22 7,8,18,22 7,9,12,22
740 7,15,16,22 8,19,22 7,16,18,22 11,15,22 802 8,15,17,20 11,14,17,20 8,14,15,22 14,16,17,22
741 7,14,17,19 8,15,19,22 7,11,16,22 7,8,10,22 803 7,10,14,19 10,20 8,17,18,22 14,17,18,22
742 9,13,14,20 7,10,15,22 13,15,17,22 10,12,13,22 804 8,13,20 14,17,20,22 7,11,12,22 14,15,17,22
743 8,10,14,19 12,13,18,20 7,13,14,22 7,12,13,22 805 11,13,19,22 15,16,19,20 14,16,18,22 16,17,18,22
744 9,15,20,22 8,9,15,19 10,11,16,22 8,12,13,22 806 14,15,17,20 10,20,22 10,15,17,22 7,11,12,22
745 7,10,13,19 10,12,13,19 10,11,12,22 9,12,13,22 807 14,17,18,20 8,9,20 9,11,15,22 15,16,17,22
746 7,8,17,19 7,12,13,19 13,15,18,22 12,13,16,22 808 8,18,19 10,15,17,20 7,9,12,22 8,22
747 12,13,20 8,15,19 13,14,15,22 12,13,18,22 809 7,13,19 7,18,20 13,14,16,22 15,17,18,22
748 7,8,13,19 7,17,18,19 8,12,14,15 12,14,17,22 810 12,13,16,19 7,18,20,22 8,9,12,22 14,17,22
749 8,16,18,20 9,12,13,19 10,13,14,22 12,13,15,22 811 14,16,17,20 7,19 10,11,18,22 15,17,22
750 9,13,18,19 9,20 8,9,13,22 12,13,22 812 8,17,20 10,19,20 8,10,12,22 17,18,22
751 9,13,16,19 9,19,22 7,9,15,16 8,12,17,22 813 10,17,19 14,17,20 7,8,12,22 7,9,22
752 8,9,17,19 7,19,22 8,9,11,22 12,17,22 814 16,17,20,22 14,16,17,20 7,13,18,22 16,17,22
753 10,18,20 8,10,18,19 15,16,17,22 10,12,17,22 815 8,12,17,20 11,19 8,14,16,22 7,11,18,22
754 9,14,17,19 12,13,16,19 8,12,13,22 12,13,14,22 816 8,15,19 16,17,20,22 8,16,17,22 11,15,16,22
755 7,15,20 16,18,20,22 8,9,17,22 12,16,17,22 817 8,16,19 7,8,19,20 8,11,15,22 9,11,18,22
756 10,16,17,19 11,20 8,10,13,22 7,12,17,22 818 9,10,14,19 8,9,20,22 11,13,22 14,16,18,22
757 8,18,19,22 12,14,17,20 7,8,13,22 8,10,12,22 819 10,13,19 18,20,22 8,16,18,22 14,18,22
758 8,13,20,22 14,22 7,8,11,22 8,15,16,22 820 9,13,19 15,16,19 9,11,12,22 14,15,22
759 9,10,17,19 11,19,20,22 13,15,16,22 9,12,17,22 821 8,13,18,19 7,13,14,19 8,13,14,22 14,15,16,22
760 8,9,14,19 13,17,22 8,9,14,22 8,12,22 822 7,8,15,19 15,19,22 8,13,17,22 14,16,22
761 7,8,14,19 8,11,20 10,14,17,22 12,13,17,22 823 17,18,20,22 7,8,19 8,11,18,22 13,16,18,22
762 9,13,15,19 15,20,22 8,10,17,22 8,11,15,22 824 7,11,13,19 8,12,17,20 11,15,16,22 13,15,16,22
763 7,13,15,19 8,11,20,22 9,13,17,22 12,14,22 825 7,17,19 16,20,22 8,13,16,22 13,15,18,22
764 8,15,19,22 7,9,14,19 8,14,18,22 10,12,22 826 10,14,19 12,17,19,20 14,15,18,22 13,14,16,22
765 7,10,17,19 9,14,16,19 7,10,12,22 8,12,14,22 827 11,14,17,20 12,17,19 8,9,10,22 13,14,18,22
766 7,13,19,22 7,14,16,19 13,17,18,22 7,8,12,22 828 11,13,16,19 12,17,19,22 9,11,18,22 13,16,17,22
767 8,16,19,22 11,19,20 10,11,15,22 10,11,15,22 829 9,11,13,19 7,8,19,22 7,8,10,22 13,14,15,22
768 9,15,20 9,13,14,20 10,13,15,22 7,12,22 830 10,18,19,22 16,17,20 7,11,18,22 13,17,18,22
769 7,16,17,19 16,18,20 8,10,11,22 8,15,22 831 12,13,18,19 7,8,18,22 7,12,14,15 13,14,22
770 8,10,15,19 11,19,22 10,13,17,22 8,15,18,22 832 14,15,16,22 12,16,17,22 7,13,22 13,15,22
771 8,11,13,19 12,13,15,20 14,17,18,22 9,12,22 833 9,17,19 14,17,18,20 9,13,22 13,17,22
772 10,17,19,22 11,13,18,20 7,8,14,22 8,9,12,22 834 12,13,19,22 8,13,16 9,11,22 13,18,22
773 11,13,18,20 15,16,20,22 14,15,16,22 12,17,18,22 835 7,13,18,20 10,14,18,19 7,11,22 13,16,22
774 8,15,16,20 15,16,17,22 8,9,15,22 7,22 836 7,17,18,19 8,15,16,20 9,17,22 13,15,17,22
775 9,13,19,22 12,13,18,19 13,14,18,22 8,11,18,22 837 9,14,19 17,18,20,22 7,17,22 9,11,12,22
776 13,15,16,20 15,16,20 8,10,14,22 11,18,22 838 7,15,19,22 10,19,20,22 9,14,22 15,16,18,22
777 8,14,18,20 16,19,20,22 8,11,14,15 10,22 839 10,15,19 8,13,18 10,13,22 13,14,17,22
778 7,17,19,22 7,8,20 9,10,12,22 16,18,22 840 8,18,19,20 8,13 10,11,22 8,11,13,20
779 13,16,18,20 7,13,14,20 7,8,17,22 9,22 841 14,17,20,22 8,9,19,20 8,14,17,22 10,11,13,20
780 10,14,18,20 12,14,17,19 8,11,12,22 10,11,12,22 842 11,13,19 11,14,17,19 11,12,22 7,11,13,20
781 10,13,19,22 16,18,19,22 14,16,17,22 7,10,12,22 843 9,17,18,19 7,18,19,20 12,13,22 9,11,13,20
782 10,14,19,22 8,11,19,20 10,13,18,22 9,10,12,22 844 16,17,18,20 14,17,19,22 10,17,22 11,13,16,20
783 10,13,18,20 13,14,18,22 16,17,18,22 12,22 845 13,15,20,22 8,9,11,22 8,12,16,22 11,13,20,22
784 9,17,19,22 14,15,22 8,15,18,22 7,11,15,22 846 7,14,19 10,15,17,19 7,14,22 11,13,18,20
785 9,12,13,19 18,22 8,15,17,22 10,11,18,22 847 8,13,15,19 17,18,20 10,14,22 11,14,17,20
786 9,16,17,19 16,18,19,20 7,8,15,22 7,8,9 848 12,17,20,22 7,18,19,22 9,15,22 8,11,20,22
787 7,9,17,19 12,17,20 13,16,18,22 8,14,16,17 849 16,22 8,13,15 11,16,18,22 11,13,20
788 16,18,20,22 12,17,20,22 13,16,17,22 8,14,17,18 850 8,15,19,20 7,18,19 12,17,22 8,10,11,20
789 10,13,15,20 8,11,19 13,14,17,22 8,14,15,17 851 8,16,19,20 14,17,19,20 9,18,22 10,11,20,22
790 8,14,20 7,8,20,22 10,13,16,22 8,14,17 852 12,14,17,19 8,9,19 7,15,22 11,13,15,20
791 10,14,16,19 8,11,19,22 8,12,14,22 8,16,17,18 853 8,10,18,19 10,11,20 15,16,18,22 7,11,20,22
792 8,12,13,19 14,16,18,22 8,15,16,22 8,17,18 854 8,13,19,22 14,17,19 11,16,22 10,11,20
793 7,12,13,19 18,19,20,22 8,13,18,22 8,16,17 855 7,13,19,20 14,16,17,19 12,14,22 8,11,20
794 10,15,19,22 7,8,11,22 8,11,16,22 8,15,17 856 8,16,17,19 13,16,20,22 10,15,22 7,11,20
795 9,14,19,22 9,11,22 8,12,17,22 8,15,16,17 857 8,17,19,22 10,19,22 10,15,18,22 7,8,11,20
796 10,15,17,20 10,14,18,20 7,11,15,22 8,15,17,18 858 15,16,20,22 10,11,20,22 10,18,22 8,9,11,20
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859 8,13,16,19 8,9,19,22 7,18,22 9,11,20,22 921 11,13,15,20 14,16,19 11,14,17,20 7,11,19,22
860 10,17,19,20 16,17,19,22 15,18,22 9,11,20 922 11,12,13,20 13,16,18,19 11,13,16,20 7,8,11,19
861 7,14,16,19 8,13,16,18 10,11,17,18 7,10,11,20 923 9,14,18,20 16,22 11,13,18,20 10,11,19
862 8,9,15,19 14,16,20,22 15,17,22 11,16,18,22 924 8,15,16,19 13,15,18,20 11,13,15,20 9,11,19,20
863 9,13,19,20 8,10,22 11,15,22 9,10,11,20 925 15,16,20 13,15,19 10,11,13,20 8,9,11,19
864 8,14,19,22 9,19 11,14,16,18 7,9,11,20 926 7,18,20 10,19 9,11,13,20 7,11,19
865 9,15,19,22 16,17,19,20 10,16,22 11,20,22 927 8,17,19 14,20,22 9,13,14,20 8,11,19
866 10,13,19,20 12,20,22 10,12,16,22 8,16,18,20 928 9,15,19,20 13,19,20,22 14,22 9,11,19,22
867 7,9,14,19 13,18,20,22 15,16,22 8,18,20,22 929 14,16,20 14,18,20 8,11,13,20 9,18,20
868 10,14,19,20 8,12,17,19 9,12,22 8,16,20,22 930 8,14,18,19 8,19 7,11,13,20 11,19,20,22
869 8,14,16,19 13,16,20 8,11,22 8,18,20 931 13,15,16,19 16,19,22 11,12,13,20 7,10,11,19
870 15,17,20,22 16,17,19 7,12,22 8,16,20 932 11,13,18,19 8,15,16,17 9,13,18,20 8,11,16,20
871 8,14,17,20 14,15,17,20 9,10,22 11,13,14,20 933 8,9,20,22 7,15,17,20 10,14,18,20 9,11,19
872 7,17,19,20 13,18,20 10,12,22 10,15,18,22 934 10,14,18,19 12,14,22 10,14,16,20 11,20
873 12,13,15,19 13,15,20,22 8,15,22 9,10,13,20 935 17,18,20 13,15,16,19 10,16,17,20 11,16,20,22
874 8,20,22 14,17,18,19 8,18,22 9,10,17,20 936 10,13,18,19 15,19,20 10,15,17,20 10,14,17,20
875 9,14,16,19 14,16,20 17,18,22 8,9,13,20 937 7,12,22 8,10,11,19 10,17,18,20 8,10,17,20
876 8,17,18,19 8,13,15,16 7,10,22 9,10,14,20 938 17,18,19,22 7,12,17,22 7,13,16,20 8,10,14,20
877 13,18,20,22 12,20 13,15,22 8,9,17,20 939 10,13,15,19 15,18,22 9,10,11,20 10,16,17,20
878 8,11,20,22 13,16,18,20 11,12,16,22 9,14,17,20 940 8,14,19,20 11,13,15,19 7,14,17,20 8,10,15,20
879 12,17,20 13,15,20 14,15,22 9,13,16,20 941 14,17,20 9,15,17,20 11,13,14,20 9,10,11,19
880 12,13,19 8,15,16,19 16,18,22 9,13,18,20 942 8,15,17,19 9,13,17,20 9,13,15,20 7,9,13,20
881 9,17,19,20 17,18,19,22 11,18,22 8,9,14,20 943 12,17,19,22 16,17,18,19 7,16,17,20 10,17,18,20
882 10,18,19 13,16,17,22 8,16,22 9,13,15,20 944 10,15,17,19 8,13,14 9,14,16,20 10,17,20,22
883 13,16,20,22 17,19,20,22 16,17,22 9,16,17,20 945 18,20,22 12,19 7,13,15,20 10,14,16,20
884 9,14,19,20 17,18,19,20 9,12,16,22 8,20,22 946 8,10,11,20 8,12,19,20 7,9,13,20 10,14,20,22
885 7,15,19 17,20,22 8,9,22 9,13,20,22 947 15,19,20,22 15,17,19,22 8,10,17,20 7,9,17,20
886 10,15,19,20 17,18,19 13,18,22 9,17,18,20 948 13,15,19,22 17,19,22 9,10,13,20 10,15,20,22
887 14,16,20,22 13,15,16,20 8,14,22 8,9,15,20 949 8,9,20 7,14,18,19 9,14,17,20 8,10,18,20
888 14,18,20,22 8,10,11,20 7,8,22 9,17,20,22 950 15,17,20 9,14,18,19 8,10,13,20 10,18,20,22
889 13,15,20 13,14,15,22 14,18,22 9,14,16,20 951 8,13,19,20 15,17,19,20 10,14,15,20 7,9,14,20
890 7,14,19,20 10,11,19,20 8,13,22 9,13,14,20 952 13,15,18,19 8,12,19 8,9,11,20 10,14,18,20
891 11,13,19,20 10,11,19 7,12,16,22 9,14,20,22 953 8,19,20,22 8,12,19,22 9,14,18,20 10,15,17,20
892 16,18,20 11,13,15,20 8,10,22 9,15,20,22 954 15,16,19,22 14,18,19,22 7,10,11,20 8,9,18,20
893 9,20,22 13,16,19,22 8,17,22 9,13,20 955 8,12,17,19 11,12,13,20 9,17,18,20 10,17,20
894 8,13,14,20 10,11,19,22 13,17,22 9,13,17,20 956 8,20 15,17,19 9,13,16,20 11,16,20
895 10,13,16,19 12,19,20,22 13,14,22 8,9,20,22 957 7,20 7,13,17,20 7,8,11,20 10,14,20
896 7,20,22 16,17,18,20 8,12,22 8,11,13,19 958 9,15,17,20 14,18,19,20 8,10,14,20 10,15,20
897 7,8,20,22 12,19,20 13,16,22 9,14,18,20 959 14,16,17,19 9,18,20 7,15,17,20 7,9,11,19
898 10,14,17,19 13,16,19,20 14,16,22 10,11,13,19 960 13,16,18,19 13,15,18,19 7,17,18,20 10,18,20
899 8,11,20 14,16,19,22 14,17,22 9,15,17,20 961 8,17,19,20 13,14,20,22 7,9,11,20 10,15,16,20
900 8,16,18,19 18,19,22 9,11,15,17 7,11,13,19 962 14,15,17,19 7,11,20 7,10,13,20 10,11,13,17
901 9,15,19 8,13,15,18 12,16,22 9,11,13,19 963 14,17,18,19 14,18,19 9,10,17,20 8,10,20,22
902 7,18,20,22 13,18,19,22 11,15,18,22 9,17,20 964 7,13,18,19 13,14,20 8,10,11,20 8,16,18,19
903 16,17,20 13,16,19 7,9,22 11,13,16,19 965 8,19,22 13,19,22 10,15,16,20 9,20,22
904 9,13,14,19 15,17,20,22 7,15,18,22 11,13,19,22 966 7,8,12,22 7,15,17,19 9,16,17,20 10,14,15,20
905 16,18,19,22 14,16,19,20 7,11,15,17 11,13,19,20 967 16,20,22 7,11,20,22 8,9,14,20 8,18,19,20
906 15,20,22 13,18,19,20 11,22 9,14,20 968 10,12,17,20 9,18,20,22 9,15,17,20 9,15,16,20
907 7,14,18,20 7,14,18,20 12,14,18,22 11,13,18,19 969 8,19,20 9,15,17,19 7,9,14,20 10,16,18,20
908 10,18,19,20 9,14,18,20 11,12,15,22 11,14,17,19 970 8,11,19,22 9,13,17,19 7,8,17,20 8,16,19,20
909 11,20,22 8,12,20 8,9,12,18 8,11,19,20 971 16,19,20,22 8,10,12,22 7,10,17,20 8,18,19,22
910 7,8,20 12,19,22 9,15,18,22 9,18,20,22 972 9,19,22 8,10,13,22 7,14,18,20 10,16,20,22
911 13,16,20 10,12,22 7,22 9,15,20 973 13,16,19,22 10,13,22 8,9,17,20 8,10,20
912 12,13,19,20 14,15,17,19 12,18,22 8,11,19,22 974 13,18,19,22 9,10,15,22 7,14,16,20 8,16,19,22
913 7,15,19,20 13,18,19 12,22 11,13,19 975 7,19,22 10,13,16,22 8,10,18,20 7,10,13,20
914 8,14,19 8,12,20,22 9,22 10,11,19,20 976 15,17,19,22 14,19,22 8,9,15,20 7,8,13,20
915 7,13,14,20 14,18,20,22 10,22 11,13,15,19 977 10,11,20,22 9,18,19,20 8,9,13,20 7,10,17,20
916 10,13,14,20 14,19,20,22 8,12,18,22 8,10,11,19 978 11,14,17,19 10,12,17,20 9,10,14,20 7,14,17,20
917 13,18,20 13,15,19,22 8,22 8,9,20 979 9,19,20,22 11,12,13,19 7,8,13,20 7,8,17,20
918 8,13,19 13,20,22 13,22 9,10,15,20 980 12,13,14,20 7,13,17,19 10,16,18,20 7,13,16,20
919 7,15,17,20 15,17,20 17,22 10,11,19,22 981 18,19,20,22 10,13,18,22 7,10,14,20 7,13,18,20
920 16,17,19,22 13,15,19,20 15,22 7,11,19,20 982 9,20 10,16,22 7,14,15,20 7,13,15,20
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983 14,18,20 13,14,19,22 7,8,14,20 7,8,14,20 1045 8,9,19 13,20 8,14,16,20 7,11,16,20
984 12,17,19 9,18,19 8,10,15,20 7,10,14,20 1046 13,14,18,20 8,9,11,20 9,18,20,22 9,14,19,22
985 11,20 7,11,19,20 9,14,15,20 7,13,20,22 1047 7,10,15,20 8,15,18,22 8,16,18,20 9,15,19,20
986 7,19,20,22 13,14,19,20 7,9,17,20 7,16,17,20 1048 15,16,19,20 7,8,18,19 8,14,15,20 9,15,19,22
987 7,8,19,22 7,11,19 9,10,15,20 11,19,20 1049 7,15,17,19 8,10,19,20 7,14,20,22 9,13,17,19
988 16,17,18,19 13,14,19 9,15,16,20 7,17,20,22 1050 15,17,19 8,10,20,22 9,17,20,22 8,9,19,20
989 8,12,20,22 10,13,15,22 7,8,15,20 7,8,15,20 1051 9,14,18,19 8,10,19 8,17,18,20 9,14,18,19
990 17,20,22 7,11,19,22 7,8,18,20 7,17,18,20 1052 13,18,19,20 12,16,17,19 8,9,10,20 9,15,17,19
991 14,16,19,22 7,10,12 7,15,16,20 7,14,20,22 1053 14,17,19 9,10,12 10,18,20,22 7,10,20,22
992 7,9,11,22 9,18,19,22 8,9,18,20 7,14,16,20 1054 9,18,20,22 8,13,16,17 8,13,16,20 9,13,19
993 11,19,22 12,13,14,20 12,13,17,20 7,15,20,22 1055 11,13,15,19 8,9,11,19 10,15,20,22 8,9,19,22
994 10,11,20 10,15,16,20 7,10,15,20 7,13,20 1056 11,12,13,19 13,16,17,20 8,15,17,20 9,11,16,20
995 16,18,19 13,17,18,22 9,12,13,20 10,16,20 1057 7,18,19,20 13,14,15,20 9,11,20 7,10,20
996 10,20,22 18,19,20 8,15,16,20 7,13,14,20 1058 18,19,22 8,10,19,22 7,10,12,20 9,17,19
997 9,12,22 8,13,14,16 9,16,18,20 11,19,22 1059 14,16,19,20 10,12,20 8,14,18,20 7,16,18,20
998 8,11,19 10,14,15,22 8,15,18,20 7,17,20 1060 9,18,20 10,12,20,22 7,15,20,22 9,18,19,20
999 7,18,19,22 10,12,17,19 12,13,18,20 9,14,15,20 1061 10,11,19,22 8,13,14,15 10,11,12,20 9,14,19
1000 8,14,17,19 15,17,18,22 12,13,15,20 7,14,20 1062 17,18,19,20 7,8,15,16 10,11,20 9,10,15,19
1001 13,15,19 13,19,20 7,16,18,20 9,10,20 1063 10,19,22 7,12,17,20 10,16,20,22 9,18,19,22
1002 14,20,22 13,14,16,20 7,12,13,20 7,8,20,22 1064 7,11,20,22 13,19 7,11,20 8,19,20
1003 11,19,20,22 17,19,20 12,14,17,20 7,14,18,20 1065 8,10,11,19 12,14,20 8,16,17,20 9,19,20,22
1004 13,14,20,22 7,10,15,20 12,13,14,20 7,15,17,20 1066 8,9,19,20 9,10,11,22 7,13,20 9,15,19
1005 15,16,17,20 11,16 8,11,16,20 7,18,20,22 1067 8,12,19,22 13,16,17,19 9,10,12,20 8,9,19
1006 8,13,17,20 12,13,14,19 9,12,17,20 7,13,17,20 1068 14,15,20,22 12,14,20,22 8,14,20,22 15,22
1007 8,12,20 16,19,20 12,13,16,20 7,15,20 1069 7,19 15,18,20 8,18,20 8,11,16,19
1008 14,17,19,22 10,15,16,19 10,12,13,20 10,20,22 1070 17,19,22 15,18,20,22 8,11,20 10,14,17,19
1009 13,14,16,20 7,10,11,22 7,12,17,20 8,19,20,22 1071 10,19,20,22 13,14,15,19 7,18,20,22 11,16,19,20
1010 16,17,19 8,13,17 8,12,13,20 7,10,15,20 1072 15,17,19,20 10,12,19,20 8,17,20,22 8,10,17,19
1011 7,19,20 14,19,20 8,11,12,20 9,10,20,22 1073 14,17,19,20 10,12,19 10,17,20 11,16,19,22
1012 16,18,19,20 13,14,16,19 11,13,20,22 10,12,16,22 1074 11,19 8,15,17,18 8,9,20,22 8,10,14,19
1013 9,19,20 13,17,20,22 12,14,16,22 11,13,14,19 1075 14,18,19 10,12,19,22 9,13,20 10,16,17,19
1014 7,8,19 10,16,18,22 10,12,17,20 7,8,20 1076 16,19,22 17,20 8,16,20 9,18,19
1015 10,13,17,20 13,17,20 10,11,16,20 7,18,20 1077 7,11,20 7,12,17,19 9,14,20 8,10,15,19
1016 13,16,19 7,10,15,19 12,16,17,20 7,8,18,20 1078 9,15,17,19 10,13,17,22 8,15,20 7,9,13,19
1017 15,19,22 9,12,17,22 8,12,14,20 9,16,18,20 1079 10,19,20 12,14,19,20 8,10,20,22 10,17,18,19
1018 12,17,19,20 15,16,17,20 8,10,12,20 8,18,19 1080 10,12,17,19 12,14,19 10,14,20 10,14,16,19
1019 8,13,14,19 12,13,17,22 7,11,16,20 10,11,16,20 1081 10,11,19 15,18,19,20 7,17,20 10,17,19,20
1020 10,15,16,20 14,15,20,22 9,11,16,20 8,16,19 1082 13,19,20,22 13,15,17,22 10,13,20 7,9,17,19
1021 13,15,19,20 7,8,11,20 12,17,18,20 7,20,22 1083 13,14,19,22 12,14,19,22 11,16,20,22 10,17,19,22
1022 14,18,19,22 13,17,19,22 8,18,20,22 7,15,16,20 1084 12,20 10,16,20 7,8,20,22 10,14,19,20
1023 13,18,19 13,14,18,20 8,9,12,20 11,12,13,20 1085 14,19,22 9,10,15,20 9,15,20 10,14,19,22
1024 8,9,19,22 9,11,20 7,17,20,22 9,10,13,19 1086 15,16,17,19 8,10,12,20 9,17,20 10,15,19,20
1025 8,14,15,20 13,17,19,20 10,11,20,22 9,10,17,19 1087 8,12,19 15,18,19,22 10,13,17,20 8,10,18,19
1026 15,16,19 14,16,18,20 9,11,20,22 8,9,13,19 1088 12,17,18,22 15,18,19 7,14,20 10,15,19,22
1027 8,11,19,20 13,17,19 8,16,20,22 9,10,14,19 1089 12,13,14,19 15,20 11,12,20,22 7,9,14,19
1028 7,18,19 14,15,20 8,12,17,20 9,14,17,19 1090 13,17,20,22 8,10,13,20 10,15,20 10,18,19,20
1029 13,14,20 8,13,14,18 7,11,20,22 8,9,17,19 1091 14,18,19,20 10,13,20,22 9,18,20 10,15,17,19
1030 7,13,14,19 9,11,20,22 8,11,20,22 9,13,16,19 1092 7,13,17,20 10,13,20 15,16,17,20 10,14,18,19
1031 16,17,19,20 10,13,14,22 8,13,18,20 9,13,18,19 1093 14,15,20 10,13,16,20 10,18,20 10,18,19,22
1032 13,20,22 15,16,17,19 7,13,20,22 9,13,15,19 1094 12,16,17,20 10,16,19,20 7,15,20 8,9,18,19
1033 11,19,20 7,8,18,20 10,17,20,22 8,9,14,19 1095 12,19,22 10,16,20,22 11,13,16,19 10,17,19
1034 17,19,20,22 8,10,20 8,15,20,22 7,14,15,20 1096 13,19,22 10,13,18,20 11,14,17,19 10,14,19
1035 10,13,14,19 14,15,19,22 11,13,20 9,16,17,19 1097 9,13,17,20 10,16,19 11,13,18,19 10,15,16,19
1036 10,20 7,8,11,19 7,8,12,20 9,17,18,19 1098 9,19 7,12,22 7,9,12,16 11,16,19
1037 17,18,19 13,14,18,19 9,13,20,22 9,13,19,22 1099 10,11,19,20 10,13,15,20 12,13,20,22 10,15,19
1038 7,14,18,19 9,11,19,20 10,14,20,22 9,13,19,20 1100 7,8,18,20 9,10,15,19 8,11,15,20 14,15,18,22
1039 7,8,19,20 14,15,19,20 9,14,20,22 8,9,15,19 1101 8,13,17,19 8,10,12,19 10,11,15,20 8,10,19,20
1040 14,16,19 12,16,17,20 10,13,20,22 9,13,14,19 1102 8,12,19,20 14,20 11,13,15,19 10,19,20,22
1041 12,20,22 14,16,18,19 8,13,15,20 9,14,16,19 1103 12,19,20,22 13,17,18,20 8,11,13,19 10,18,19
1042 14,16,18,20 9,11,19 18,22 9,17,19,20 1104 13,14,16,19 8,10,13,19 10,11,13,19 15,16,20,22
1043 13,16,19,20 14,15,19 7,8,10,20 9,17,19,22 1105 13,16,17,20 10,13,19,20 7,18,20 10,14,15,19
1044 14,19,20,22 9,11,19,22 9,15,20,22 9,14,19,20 1106 8,9,12,22 10,13,19,22 9,10,20,22 8,19,22
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1107 7,8,11,20 10,13,19 10,16,20 8,10,19,22 1169 8,9,11,19 7,8,12,20 10,15,16,19 7,15,16,19
1108 13,17,20 10,14,15,20 7,11,13,19 9,15,16,19 1170 13,20 12,17,18,22 7,9,11,19 15,16,20
1109 10,15,16,19 10,13,16,19 9,13,14,19 10,16,18,19 1171 9,11,19 7,8,12,19 7,15,17,19 10,19,22
1110 9,18,19,22 10,16,19,22 9,11,13,19 10,16,19,20 1172 8,10,19 7,9,11,20 8,9,15,19 7,19,20
1111 8,14,15,19 15,17,18,20 8,9,20 13,22 1173 12,13,17,20 14,15,16,20 9,10,17,19 7,8,10,20
1112 13,14,19 8,12,14,22 15,16,20,22 8,9,10,20 1174 8,10,19,22 8,12,17,18 7,10,13,19 9,20
1113 15,19,20 10,13,18,19 7,10,20,22 10,16,19,22 1175 15,18,20 7,9,11,19 7,14,16,19 11,12,13,19
1114 7,11,19,22 10,13,15,19 8,10,20 7,10,13,19 1176 9,11,19,20 8,11,13,14 10,12,20,22 7,14,15,19
1115 12,19,20 7,10,11,20 10,13,16,20 7,8,13,19 1177 10,12,19,22 14,15,16,19 9,16,17,19 7,19,22
1116 13,14,15,20 8,13,17,18 11,16,20 7,14,17,19 1178 10,16,20,22 8,14,22 16,18,20,22 7,11,16,19
1117 13,14,19,20 13,17,18,19 14,15,16,20 7,10,17,19 1179 8,10,12,19 8,14,16,22 7,9,14,19 8,20
1118 9,18,19 7,15,16,22 10,14,18,19 7,13,16,19 1180 10,16,20 8,9,18,20 7,8,13,19 11,15,20,22
1119 14,15,19,22 9,12,17,20 10,14,16,19 7,13,18,19 1181 10,16,18,20 7,14,15,22 7,14,18,19 7,10,19,20
1120 10,19 10,14,15,19 10,16,17,19 7,8,17,19 1182 8,10,19,20 8,9,12,20 9,15,17,19 8,11,12,20
1121 7,10,15,19 17,19 13,15,18,20 10,20 1183 12,14,19,22 8,9,18,19 10,16,18,19 7,10,19,22
1122 14,16,18,19 15,17,18,19 10,14,17,20 7,13,15,19 1184 10,12,19 8,14,18,22 7,8,14,19 9,11,16,19
1123 8,19 10,16,18,20 9,13,18,19 7,8,14,19 1185 7,10,11,20 8,9,12,19 8,10,15,19 11,15,20
1124 7,12,17,20 9,12,22 11,12,20 7,10,14,19 1186 13,17,18,19 16,19 9,10,14,19 15,18,20
1125 13,14,18,19 7,10,11,19 12,17,20,22 7,16,17,19 1187 15,18,19,22 12,17,18,20 7,10,14,19 7,16,18,19
1126 10,13,17,19 9,12,17,19 10,15,17,19 7,13,19,20 1188 8,15,18,20 12,17,18,19 11,13,19,22 11,19
1127 7,11,19 12,13,17,20 15,18,20,22 7,13,19,22 1189 17,20 7,10,22 8,12,20,22 7,10,19
1128 8,9,11,20 10,16,18,19 11,12,13,19 9,10,19,20 1190 12,14,19 8,14,20,22 7,8,15,19 17,22
1129 9,18,19,20 10,13,14,20 8,10,17,19 7,20 1191 15,17,18,19 8,14,20 13,16,18,20 10,12,13,20
1130 12,19 12,13,17,19 7,13,14,20 7,17,19,20 1192 10,12,19,20 8,14,15,22 7,12,20,22 7,12,13,20
1131 13,17,19,22 18,20 14,15,17,20 7,17,18,19 1193 9,10,15,19 8,14,16,20 11,20,22 8,12,13,20
1132 9,11,20,22 10,13,14,19 10,17,18,19 7,17,19,22 1194 13,19 7,14,15,20 7,9,12,20 9,12,13,20
1133 14,15,19 14,19 9,10,11,19 7,8,15,19 1195 12,14,19,20 9,15,16,22 7,10,17,19 12,13,16,20
1134 7,11,19,20 8,15,18,20 8,10,13,19 7,14,19,20 1196 10,14,15,19 8,14,19,20 14,16,18,20 12,13,20,22
1135 9,11,20 15,19 7,13,16,19 7,14,16,19 1197 9,12,17,19 8,14,19,22 7,14,15,19 12,13,18,20
1136 17,19,20 7,8,12,22 13,15,16,20 7,14,19,22 1198 10,16,19,22 8,14,19 15,17,20,22 12,14,17,20
1137 8,9,18,22 8,15,18,19 7,8,20 7,13,14,19 1199 10,16,19 7,14,15,19 7,10,20 12,13,15,20
1138 18,19,20 9,10,11,20 12,14,20,22 7,15,19,20 1200 15,18,19 8,14,16,19 7,8,18,19 12,13,20
1139 8,10,20 9,10,11,19 8,10,14,19 7,15,19,22 1201 12,13,17,19 8,14,18,20 9,10,15,19 8,12,17,20
1140 7,13,17,19 10,13,17,20 7,16,17,19 7,13,19 1202 15,20 8,14,17,22 12,17,20 12,17,20,22
1141 8,10,12,20 14,15,16,22 8,9,11,19 9,14,15,19 1203 13,15,17,20 8,17,22 7,9,17,19 12,17,20
1142 13,17,19 7,8,14,15 7,14,17,19 7,8,19,20 1204 15,18,19,20 8,16,17,22 10,13,14,20 8,13,16,18
1143 13,19,20 13,15,17,20 7,8,11,19 7,14,18,19 1205 10,16,19,20 8,14,18,19 9,15,16,19 8,13,15,16
1144 14,15,19,20 7,9,11,22 8,11,18,20 7,15,17,19 1206 10,16,18,19 8,17,18,22 9,14,15,19 8,13,15,18
1145 12,16,17,19 7,12,20 7,13,15,19 7,17,19 1207 14,20 7,16,18,22 7,10,15,19 8,12,20,22
1146 7,8,18,19 10,13,17,19 16,17,18,20 7,13,17,19 1208 7,10,11,19 8,15,17,22 8,9,18,19 10,12,17,20
1147 9,13,17,19 7,12,20,22 7,9,13,19 7,18,19,20 1209 8,15,18,19 7,10,20 10,13,15,20 12,13,14,20
1148 13,17,18,20 13,15,17,19 9,13,15,19 9,19,20 1210 9,10,11,20 9,15,16,20 8,18,19,22 8,13,15
1149 8,10,20,22 16,20 9,14,16,19 7,8,19,22 1211 8,12,14,20 7,10,19,20 8,13,14,20 8,13,18
1150 16,19,20 8,12,14,20 9,10,13,19 7,18,19,22 1212 17,19 7,10,19 8,13,20,22 8,13,16
1151 7,8,11,19 8,13,15,17 15,17,18,20 7,14,19 1213 13,15,17,19 7,10,20,22 8,13,17,20 8,13,14
1152 10,12,20,22 7,15,17,18 10,14,15,19 8,10,19 1214 7,15,16,20 9,15,16,19 7,15,16,19 8,13,14,16
1153 15,17,18,20 7,12,19,20 8,10,11,19 7,10,15,19 1215 9,15,16,22 8,14,15,20 8,15,16,19 8,12,20
1154 13,16,17,19 7,12,19 11,13,14,19 7,19,20,22 1216 18,20 7,10,19,22 13,15,17,20 12,16,17,20
1155 12,14,20,22 7,12,19,22 7,10,11,19 9,10,19,22 1217 7,12,20,22 8,13,16,22 10,13,18,20 8,13,14,18
1156 13,17,19,20 7,15,16,20 8,9,14,19 10,16,19 1218 7,12,20 8,13,22 8,15,18,19 8,13,17
1157 10,12,20 8,12,14,19 9,14,18,19 7,15,19 1219 9,10,11,19 8,14,15,19 11,15,20,22 7,12,17,20
1158 9,10,15,20 9,12,20 9,14,17,19 9,10,19 1220 14,19 8,13,18,22 12,14,20 10,12,20,22
1159 7,15,17,18 9,12,20,22 9,13,16,19 7,8,18,19 1221 8,11,12 8,13,15,22 8,16,19,22 8,13,16,17
1160 12,14,20 7,15,16,19 7,8,17,19 10,19,20 1222 8,12,14,19 11,13,14,22 8,11,19,22 8,13,14,15
1161 13,14,15,19 8,9,12,22 9,17,18,19 11,12,20,22 1223 9,12,20,22 8,17,20,22 7,11,15,20 8,10,12,20
1162 15,18,20,22 9,12,19,20 9,10,20 11,12,20 1224 15,19 8,14,17,20 9,12,20 12,14,20,22
1163 9,11,19,22 9,12,19 12,13,20 9,16,18,19 1225 9,12,20 8,17,20 9,16,18,19 8,15,20,22
1164 14,19,20 9,12,19,22 8,10,18,19 10,11,16,19 1226 7,12,19,22 8,16,17,20 9,11,19,22 8,15,16,20
1165 7,12,17,19 8,9,18,22 8,9,13,19 7,18,19 1227 7,8,12,20 8,17,18,20 10,11,19,22 10,12,20
1166 7,14,15,22 8,14,15,16 8,9,17,19 9,19,22 1228 14,15,16,20 8,17,19,20 8,15,19,22 9,12,17,20
1167 9,12,17,20 18,19 9,12,20,22 15,18,20,22 1229 7,15,16,19 8,17,19,22 9,12,13,19 8,11,15,20
1168 10,14,15,20 7,8,16,18 7,17,18,19 7,8,19 1230 7,12,19 8,14,17,19 12,13,17,19 15,16,19,22
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1231 16,20 8,17,19 7,13,19,22 12,14,20 1293 11,12,20,22 7,10,12,20 8,13,20 9,10,12,20
1232 7,16,18,22 8,13,14,22 10,12,20 12,13,17,20 1294 8,10,11,16 10,11,12 9,11,19 12,19,20,22
1233 7,12,19,20 8,16,17,19 7,11,19,22 8,13,17,18 1295 13,14,17,19 7,10,12,19 8,9,12,19 12,16,17,19
1234 9,12,19,22 9,14,15,22 14,17,18,20 12,20,22 1296 9,10,12,22 11,16,22 12,16,17,19 7,12,17,19
1235 9,12,19 8,17,18,19 10,17,19,22 8,9,10,19 1297 11,12,19,22 8,11,16,22 10,11,19 10,12,19,20
1236 9,12,19,20 7,16,18,20 8,11,16,19 8,12,14,20 1298 11,12,19 9,10,12,20 14,15,20,22 10,12,19,22
1237 7,8,12,19 8,15,17,20 10,11,18,20 7,12,20,22 1299 11,12,19,20 9,10,12,19 8,11,19 12,14,19,20
1238 7,9,11,20 7,16,18,19 7,16,18,19 8,13,15,17 1300 8,11,16,22 12,16 8,18,19 12,14,19,22
1239 7,10,22 8,15,17,19 7,11,12,20 7,12,20 1301 11,16,22 8,11,12,22 7,8,19,22 8,10,12,19
1240 14,15,16,19 9,10,20 8,20,22 9,12,20,22 1302 8,11,12,22 8,10,11,16 9,11,16,19 9,12,17,19
1241 11,13,14,22 8,13,17,22 9,13,19,22 8,15,20 1303 10,13,14,17 11,16,20 7,13,19 15,19,20,22
1242 8,9,16,18 9,10,22 10,14,19,22 15,16,19,20 1304 12,16 11,16,20,22 7,11,16,19 8,15,16,19
1243 8,9,12,20 9,10,19,20 12,13,18,19 7,8,12,20 1305 7,10,12,20 11,16,19,20 7,20,22 8,15,19,20
1244 8,11,16 9,10,19 8,12,16,20 9,12,20 1306 7,10,12,19 11,16,19 11,18,20,22 8,11,15,19
1245 8,9,18,20 8,13,20,22 7,17,19,22 10,11,15,20 1307 9,10,12,20 11,16,19,22 11,16,19,22 12,13,17,19
1246 18,19 8,13,20 9,14,19,22 8,15,18,20 1308 7,8,11,16 8,11,16,20 8,12,17,19 8,12,19
1247 7,9,11,19 8,13,16,20 7,12,13,19 8,9,12,20 1309 9,10,12,19 8,11,16,19 8,17,20 8,15,19,22
1248 9,14,15,22 11,13,14,20 7,12,20 11,12,19,20 1310 8,9,11,16 8,11,12,20 12,17,18,19 12,14,19
1249 12,17,18,20 8,13,18,20 9,17,19,22 11,12,19,22 1311 11,16,20,22 8,11,12,19 7,11,19 10,12,19
1250 8,9,12,19 8,13,15,20 12,13,15,19 12,17,18,20 1312 11,16,20 7,8,10,20 10,17,19 7,12,19,20
1251 8,9,18,19 8,13,19,20 7,9,10 8,13 1313 8,11,16,20 7,8,10,19 8,13,18,19 12,19,20
1252 12,17,18,19 8,13,19,22 12,14,17,19 11,12,19 1314 11,16,19,22 7,8,11,16 8,16,19 8,12,14,19
1253 7,14,15,20 8,13,16,19 9,15,19,22 15,18,19,22 1315 11,16,19 7,8,10,22 15,18,20 7,12,19,22
1254 16,19 8,13,19 10,13,19,22 16,18,20,22 1316 8,11,12,20 8,9,10,22 7,13,18,20 9,12,19,20
1255 7,8,10,12 11,13,14,19 8,12,20 7,8,10,19 1317 11,16,19,20 8,9,11,16 13,14,15,20 9,12,19,22
1256 7,14,15,19 9,14,15,20 7,13,17,20 15,18,19,20 1318 8,11,16,19 10,13,14,17 7,8,12,19 7,8,12,19
1257 9,16,18,22 8,13,18,19 9,18,19,22 15,16,19 1319 8,11,12,19 8,9,10,20 8,15,19 10,11,15,19
1258 9,15,16,20 8,13,15,19 9,13,17,20 11,18,20,22 1320 7,8,10,20 11,15 7,8,10,19 7,12,19
1259 9,10,22 19,20,22 9,12,17,19 8,11,18,20 1321 7,8,10,19 8,9,10,19 11,12,19,22 12,19,22
1260 7,10,20 9,14,15,19 7,14,19,22 12,20 1322 7,8,10,22 10,11,16,22 9,14,19 9,12,19
1261 7,10,20,22 8,9,16,18 10,15,19,22 7,12,16,22 1323 8,9,10,22 10,11,16,20 10,14,19 8,15,18,19
1262 8,9,14,15 8,13,14,20 12,13,16,19 11,18,20 1324 10,11,16,22 10,11,16,19 9,13,19 8,9,12,19
1263 9,15,16,19 8,11,16 13,17,18,20 9,12,16,22 1325 11,15 7,9,12 10,13,19 12,17,18,19
1264 13,14,17,22 8,13,14,19 12,13,14,19 11,12,16,22 1326 8,9,10,20 8,12,16 7,17,19 8,15,19
1265 7,10,19 9,16,18,22 10,12,13,19 11,15,19,20 1327 8,9,10,19 7,11,16,22 13,14,16,20 7,11,15,20
1266 7,10,19,22 8,13,17,20 13,14,18,20 11,15,19,22 1328 8,12,16 9,11,16,22 8,13,15,19 14,22
1267 7,16,18,20 9,10,20,22 10,18,19,22 8,11,12,19 1329 10,11,16,20 7,11,16,20 13,15,20,22 10,11,12,19
1268 7,10,19,20 8,11,12 9,11,15,20 11,15,19 1330 10,11,16,19 7,11,16,19 10,11,12,19 10,11,15,17
1269 10,11,16 8,13,17,19 11,13,19 15,18,19 1331 7,11,16,22 7,10,11,16 8,16,18,19 16,18,19,22
1270 7,8,10 9,10,19,22 8,12,13,19 8,13,14,17 1332 7,9,12 9,11,16,20 8,14,16,19 10,11,18,20
1271 7,16,18,19 10,11,16 17,18,20,22 16,18,20 1333 9,11,16,22 9,11,16,19 8,9,10,19 11,18,19,20
1272 9,10,20 9,16,18,20 8,11,12,19 10,12,13,19 1334 7,10,11,16 10,11,12,19 9,15,19 11,18,19,22
1273 11,13,14,20 9,16,18,19 8,14,20 7,12,13,19 1335 7,11,16,20 12,16,22 8,14,15,19 8,11,18,19
1274 9,14,15,20 13,14,17,22 14,16,17,20 8,12,13,19 1336 7,11,16,19 12,16,20 8,17,18,19 7,19
1275 9,10,19 7,8,10,12 7,12,17,19 9,12,13,19 1337 9,11,16,20 12,16,20,22 9,17,19 15,20,22
1276 9,10,19,20 11,12,22 10,12,17,19 12,13,16,19 1338 12,16,22 12,16,19,20 7,14,19 16,18,19,20
1277 11,13,14,19 7,8,10 13,16,17,20 12,13,18,19 1339 13,14,16,17 12,16,19 10,15,19 11,18,19
1278 11,12,22 13,14,17,20 10,11,14 12,13,19,20 1340 9,11,16,19 12,16,19,22 12,13,19,22 12,18,22
1279 9,14,15,19 11,12,20 7,15,19,22 12,13,19,22 1341 10,11,12,19 8 15,16,17,19 9,11,15,20
1280 9,10,20,22 13,14,17,19 10,16,19,22 12,14,17,19 1342 8,12,16,22 8,12,16,22 8,15,17,19 10,19
1281 19,20,22 11,12,20,22 10,11,16,19 12,13,15,19 1343 12,16,20 13,14,16,17 11,13,19,20 7,10,12,19
1282 9,10,19,22 11,12,19 9,20,22 8,12,17,19 1344 12,16,20,22 8,12,16,20 9,10,19,22 16,18,19
1283 9,16,18,20 11,12,19,20 11,15,20 12,13,19 1345 12,16,19,22 8,12,16,19 16,22 9,10,12,19
1284 8,9,10,12 11,12,19,22 14,18,20,22 12,17,19,20 1346 12,16,19 12,13,15,17 10,18,19 12,16,20,22
1285 9,16,18,19 7,11,16 8,9,19,22 10,11,12,20 1347 12,16,19,20 10,11,12,22 9,18,19 12,16,20
1286 10,11,12 8,9,14,15 8,10,12,19 12,17,19,22 1348 10,11,12,22 9,10,11,16 7,15,19 12,19
1287 7,11,16 8,13,14,17 7,18,19,22 7,10,12,20 1349 8 10,11,12,20 14,17,20,22 8,12,16,20
1288 7,10,12,22 9,11,16 15,16,20 8,12,19,20 1350 9,10,11,16 14,15,18 7,10,12,19 16,19,20,22
1289 8,9,10 7,10,12,22 10,20,22 10,12,17,19 1351 10,11,15 11,18 8,16,17,19 7,11,15,19
1290 13,14,17,20 8,9,10 16,17,20,22 12,17,19 1352 12,13,15,17 10,11,15 7,10,19,22 18,22
1291 9,11,16 8,9,10,12 8,12,14,19 12,13,14,19 1353 8,12,16,20 7,9,12,22 8,14,18,19 10,11,18,19
1292 11,12,20 9,10,12,22 8,10,19,22 8,12,19,22 1354 8,12,16,19 11,15,22 15,16,19,22 9,19
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1355 14,15,18 8,11,15 11,18,20 18,19,20,22 1417 10,15,18 9,11,15,19 13,16,20,22 17,18,19,20
1356 11,18 7,9,12,20 8,18,19,20 7,9,12,20 1418 7,9,20 15,16,18,20 8,19,20,22 13,14,16,20
1357 10,11,12,20 7,9,12,19 9,12,14,15 11,15,18,22 1419 7,9,19 15,16,18,19 14,15,18,20 13,14,18,20
1358 8,11,15 11,15,20 11,20 9,11,14,15 1420 7,9,19,20 12,16,17,18 7,15,19,20 16,17,19,20
1359 7,9,12,22 11,15,20,22 12,17,19,22 9,11,15,19 1421 7,9,20,22 7,8,11,12 8,9,19,20 14,17,19
1360 11,15,22 11,15,19,20 16,18,20 7,11,12,20 1422 7,9,19,22 15,16,18,22 7,13,14,19 13,15,20,22
1361 7,8,9,12 11,15,19 7,18,19 14,16,17,20 1423 7,8,11,12 7,11,18 10,11,15,19 13,14,15,20
1362 1,9,12 11,15,19,22 9,10,12,19 14,17,18,20 1424 9,11,15,20 10,12,16 10,16,19,20 13,16,17,20
1363 7,9,12,20 7,9,11,16 8,16,19,20 14,15,17,20 1425 9,11,15,19 19,22 8,10,19,20 13,14,20,22
1364 7,9,12,19 11,12,13,15 10,16,19 16,17,18,20 1426 12,16,17,18 9,11,18 15,17,19,22 13,18,20,22
1365 11,15,20,22 7,8,9,12 10,15,18,20 15,16,17,20 1427 7,8,11,15 7,8,11,15 7,10,19 13,16,20,22
1366 11,15,20 20,22 8,11,19,20 7,9,20 1428 15,16,18,22 11,15,16 10,13,16,19 13,17,18,20
1367 8,11,18 8,11,18 9,11,19,20 14,17,20,22 1429 8,9,11,15 8,9,11,15 7,18,19,20 13,17,20,22
1368 11,15,19,22 8,10,11,15 8,15,19,20 7,9,20,22 1430 15,16,18,20 14,15,16,18 12,20,22 15,17,19
1369 11,15,19 8,11,15,22 8,9,19 17,18,20,22 1431 7,11,18 8,10,11,18 11,15,19,22 13,15,17,20
1370 8,10,11,15 9,15,17,18 15,18,19,22 15,17,20,22 1432 15,16,18,19 10,15,18,20 8,19,22 17,18,19
1371 11,15,19,20 7,11,12 10,11,19,20 16,17,20,22 1433 11,15,16 10,15,18,19 12,17,19 13,14,20
1372 7,9,11,16 8,11,15,20 8,10,19 15,17,18,20 1434 9,11,18 9,11,12,22 14,15,16,19 13,17,20
1373 11,12,13,15 8,11,15,19 11,19,22 12,16,19,20 1435 10,12,16 9,11,12,20 10,14,17,19 13,15,20
1374 8,11,15,22 10,11,15,22 13,14,17,20 12,16,19,22 1436 14,15,16,18 9,11,12,19 7,8,19,20 16,17,19
1375 7,11,12 10,11,15,20 9,11,12,20 10,11,14,15 1437 8,10,11,18 7,8,11,18 8,11,18,19 13,18,20
1376 9,15,17,18 10,11,15,19 12,14,19,22 12,16,19 1438 19,22 7,10,11,15 13,15,18,19 13,16,20
1377 20,22 7,11,15 8,13,16,19 14,17,20 1439 8,14,15,18 9,10,11,15 11,16,19,20 7,11,18,19
1378 8,10,11,12 8,10,11,12 7,11,19,20 15,17,20 1440 9,11,12,22 10,12,16,22 16,17,20 11,15,16,19
1379 10,11,15,22 7,10,16,18 7,13,19,20 8,12,16,19 1441 7,8,11,18 10,12,16,20 12,16,20 9,11,18,19
1380 8,11,15,20 11,18,22 14,16,20,22 17,18,20 1442 1,7,12 10,12,16,19 12,14,19 15,16,18,20
1381 7,11,15 8,11,18,22 8,13,19,22 16,17,20 1443 10,15,18,20 7,11,18,22 9,12,19 9,11,12,20
1382 8,11,15,19 14,15,18,22 11,16,19 18,20,22 1444 10,15,18,19 8,14,15,18 14,15,17,19 14,16,18,19
1383 10,11,15,20 14,15,18,20 8,17,19,22 15,19,22 1445 7,10,11,15 7,11,18,20 13,15,16,19 14,18,19,22
1384 14,15,18,22 7,9,14,18 15,17,20 7,11,18,20 1446 9,11,12,20 11,15,16,22 10,19,22 14,16,19,22
1385 10,11,15,19 14,15,18,19 10,17,19,20 16,20,22 1447 9,11,12,19 7,11,18,19 7,20 7,15,18,22
1386 11,18,22 11,18,20 11,15,16,20 11,15,16,20 1448 9,10,11,15 9,11,18,22 16,17,18,19 14,15,19,22
1387 8,11,18,22 11,18,20,22 11,12,19 9,11,18,20 1449 10,12,16,22 11,15,16,20 10,12,19 14,18,19,20
1388 7,10,16,18 11,18,19,20 7,8,19 14,16,18,20 1450 7,11,18,22 11,15,16,19 11,12,19,20 14,16,19,20
1389 10,11,18 11,18,19 9,13,19,20 14,18,20,22 1451 8,11,15,16 9,11,18,20 9,19,22 14,15,19,20
1390 7,9,14,18 11,18,19,22 9,12,19,22 14,16,20,22 1452 11,15,16,22 9,11,18,19 10,20 14,15,16,19
1391 14,15,18,20 10,11,18 14,15,20 14,15,20,22 1453 9,11,18,22 9,12,16 15,17,18,19 13,14,17,20
1392 14,15,18,19 8,11,18,20 9,14,19,20 7,9,12,19 1454 10,12,16,20 8,11,15,16 9,19,20,22 8,19
1393 11,18,20 8,11,18,19 10,14,19,20 14,15,16,20 1455 10,12,16,19 8,10,12,16 9,10,19,20 17,19,20,22
1394 11,18,20,22 7,9 8,14,19,22 7,11,12,19 1456 7,11,18,20 8,9,11,18 7,12,19 10,15,18,19
1395 11,18,19 9,11,15 10,12,19,22 14,17,18,19 1457 7,11,18,19 11,16,18 10,19,20,22 14,15,19
1396 11,18,19,22 7,11,12,22 8,14,17,20 14,16,17,19 1458 8,10,12,16 8,15,16,18 8,12,19 14,18,19
1397 8,11,18,20 15,16,18 9,11,18,20 14,15,17,19 1459 9,12,16 10,15,18,22 17,18,20 17,20,22
1398 11,18,19,20 7,11,12,20 13,18,20,22 16,17,18,19 1460 11,15,16,20 9,12,16,20 14,16,20 14,16,19
1399 8,11,18,19 7,11,12,19 7,11,18,20 7,9,19,20 1461 9,11,18,20 7,12,16 10,13,14,19 13,15,16,19
1400 9,11,15 7,11,15,22 7,17,19,20 15,16,17,19 1462 11,15,16,19 9,12,16,19 7,19,22 13,16,18,19
1401 7,9 8,9,15,16 10,13,19,20 14,15,20 1463 8,9,11,18 8,9,11,12 13,14,20,22 13,15,18,19
1402 4,9,11 7,11,15,20 9,15,19,20 14,18,20 1464 9,11,18,19 11,16,18,22 13,17,20,22 13,14,16,19
1403 7,11,12,22 7,11,15,19 12,16,20,22 10,15,18,20 1465 1,11,13 11,16,18,20 11,19,20 8,11,14
1404 8,9,15,16 10,11,18,22 11,19,20,22 14,17,19,22 1466 1,8,11 11,16,18,19 12,13,19,20 13,14,18,19
1405 15,16,18 10,11,18,20 13,15,20 15,17,18,19 1467 8,15,16,18 7,9,11,15 15,20,22 13,14,15,19
1406 7,11,15,22 10,11,18,19 8,12,19,22 7,9,19,22 1468 11,16,18 10,14,15,18 13,18,20 13,16,17,19
1407 7,11,12,20 7,9,22 16,18,19,22 7,9,19 1469 4,7,11 10,11,13,14 17,18,19,22 13,15,19,22
1408 7,11,12,19 7,9,20 9,10,19 14,16,20 1470 10,15,18,22 12,18 13,16,20 13,14,19,22
1409 10,11,18,22 9,11,12 7,12,19,22 15,17,19,22 1471 8,9,11,12 7,12,16,22 14,18,20 13,18,19,22
1410 7,11,15,20 7,9,19 10,15,19,20 17,18,19,22 1472 7,12,16 9,12,16,22 9,20 13,17,18,19
1411 7,11,15,19 7,9,19,20 7,14,19,20 16,17,19,22 1473 9,12,16,20 7,12,16,20 7,9,12,19 13,17,19,22
1412 10,11,18,20 7,9,20,22 12,13,19 14,17,19,20 1474 9,12,16,19 7,12,16,19 14,16,18,19 13,16,19,22
1413 10,11,18,19 7,9,19,22 9,17,19,20 13,15,16,20 1475 11,16,18,22 10,11,15,16 16,17,19,22 11,16,18,20
1414 9,11,12 10,15,18 9,18,19,20 13,16,18,20 1476 10,11,13,14 9,10,16,18 7,9,20,22 13,14,19,20
1415 7,9,22 9,11,15,22 8,11,15,19 13,15,18,20 1477 10,14,15,18 7,10,11,18 10,13,17,19 13,15,19,20
1416 9,11,15,22 9,11,15,20 10,18,19,20 15,17,19,20 1478 7,9,11,15 11,12,16 8,14,19 13,18,19,20
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1479 11,16,18,20 10,15,16,18 8,13,14,19 13,15,17,19 1541 12,14,18,19 11,12,15,19 12,16,19,22 13,19
1480 11,16,18,19 8,11,16,18 7,10,19,20 13,17,19,20 1542 10,11,15,18 7,11,15,18 14,16,19,22 7,15,18,19
1481 7,12,16,22 12,18,22 15,16,18,20 13,16,19,20 1543 7,8,15,18 9,14,15,16 12,19,22 17,20
1482 9,12,16,22 12,18,20 7,19,20,22 13,14,19 1544 9,15,18 8,9,15,18 15,17,19 7,12,14,15
1483 10,11,15,16 12,18,19 10,13,15,19 13,17,19 1545 11,12,15 12,13,14,17 9,12,16,20 7,8,12,18
1484 12,18 12,18,19,20 8,20 13,15,19 1546 9,13,14,17 7,12,16,17 13,14,15,19 15,20
1485 7,12,16,20 12,18,20,22 14,15,19,22 13,18,19 1547 8,12,14,18 7,13,14,17 14,15,19 8,12,16,18
1486 7,12,16,19 12,18,19,22 11,15,19 13,16,19 1548 8,11,12,15 7,10,15,18 13,16,19,22 8,10,13,20
1487 9,10,16,18 7,11,15,16 8,13,17,19 18,19,22 1549 9,15,18,22 11,15,16,18 13,14,16,19 10,13,16,20
1488 11,12,16 9,11,15,16 8,13,19 15,16,18,19 1550 9,15,18,20 9,11,15,18 16,19,20,22 10,13,18,20
1489 1,11,17 11,12,16,22 10,13,18,19 9,11,12,19 1551 7,11,16,18 13,14,17,18 18,19,20,22 10,13,15,20
1490 7,10,11,18 11,12,16,20 11,18,19,22 14,19,20,22 1552 9,15,18,19 12,14,16 16,18,19,20 10,13,20,22
1491 8,11,16,18 11,12,16,19 15,16,19 13,20,22 1553 9,11,16,18 12,14,16,22 12,19,20,22 10,13,14,20
1492 10,15,16,18 10,12,17,18 12,17,19,20 16,22 1554 11,12,15,22 12,14,16,20 13,15,19 10,13,20
1493 12,18,22 9,10,11,18 13,15,17,19 14,20,22 1555 11,12,15,20 12,14,16,19 10,15,18,19 10,13,17,20
1494 7,11,15,16 10,14,15,16 11,16,18,20 13,14,17,19 1556 11,12,15,19 9,10,15,18 17,20,22 9,15,18,20
1495 12,18,20 7,14,15,18 8,12,16,19 13,19,20,22 1557 7,11,15,18 13,14,15,17 11,18,19,20 8,12,18,20
1496 9,11,15,16 7,8,12,16 7,11,15,19 16,19,22 1558 9,14,15,16 7,9,10,12 9,11,12,19 14,20
1497 12,18,20,22 9,14,15,18 8,19,20 15,19,20 1559 8,9,15,18 9,12,16,17 15,17,19,20 8,10,13,19
1498 12,18,19 7,15,16,18 9,12,19,20 11,16,18,19 1560 12,13,14,17 7,10,15,16 13,14,17,19 10,13,16,19
1499 12,18,19,20 10,11,16,18 10,11,18,19 8,11,17,18 1561 7,12,16,17 10,11,12,15 8,14,17,19 10,13,18,19
1500 12,18,19,22 8,10,15,18 12,14,19,20 17,19,22 1562 7,13,14,17 7,11,12,15 11,15,16,19 10,13,15,19
1501 11,12,16,22 7,12,17,18 14,17,18,19 10,12,16,20 1563 7,10,15,18 12,15,17,18 12,16,19 10,13,19,20
1502 10,12,17,18 8,11,12,16 8,17,19 13,19,22 1564 1,11,18 9,11,12,15 7,11,18,19 10,13,19,22
1503 11,12,16,20 11,12,14,17 10,12,19,20 8,10,13,22 1565 1,11,16 11,16,17,18 14,15,19,20 10,13,14,19
1504 11,12,16,19 12,14,16,18 7,11,12,19 10,13,16,22 1566 11,15,16,18 9,16 9,11,18,19 12,14,18,20
1505 1,10,12 11,15,18 13,15,19,22 10,13,18,22 1567 13,14,17,18 7,16 16,17,19 10,13,19
1506 9,10,11,18 7,9,11,18 7,9,20 10,13,15,22 1568 9,11,15,18 7,16,22 14,20,22 10,13,17,19
1507 7,8,12,16 7,15,18 13,16,18,19 10,13,14,22 1569 12,14,16 9,16,22 14,17,19,22 9,15,18,19
1508 10,14,15,16 8,11,15,18 10,12,16,20 10,13,22 1570 12,14,16,22 9,16,20 13,14,19,22 11,12,15,20
1509 7,14,15,18 11,15,18,22 8,12,19,20 10,13,17,22 1571 12,14,16,20 9,16,19 13,15,19,20 8,12,18,19
1510 1,11,14 11,15,18,20 15,18,19 14,15,18,20 1572 12,14,16,19 9,16,19,20 7,9,19,22 12,14,18,19
1511 10,11,16,18 11,15,18,19 13,14,20 14,19,22 1573 9,10,15,18 7,16,20 13,17,19,22 17,19
1512 9,14,15,18 7,15,18,22 7,12,19,20 9,15,18,22 1574 13,14,15,17 7,16,19 17,18,19 12,14,16,22
1513 7,15,16,18 7,15,18,20 7,13,17,19 7,9,10 1575 7,9,10,12 7,16,19,20 13,16,19 11,12,15,19
1514 8,10,15,18 7,15,18,19 9,11,15,19 10,12,16,19 1576 9,12,16,17 7,16,20,22 13,18,19 11,16,17
1515 8,11,12,16 9,12,17,18 9,13,17,19 9,12,16,20 1577 7,10,15,16 9,16,20,22 14,15,18,19 9,16,22
1516 7,12,17,18 12,14,18 7,13,18,19 8,12,18,22 1578 10,11,12,15 7,16,19,22 14,18,19 18,20
1517 11,12,14,17 9,15,16,18 13,17,18,19 12,14,18,22 1579 7,11,12,15 9,16,19,22 15,19,22 14,19
1518 12,14,16,18 7,14,15,16 13,14,18,19 14,15,18,19 1580 9,11,12,15 9,10,12,16 12,19,20 7,16,22
1519 11,15,18 8,12,18 8,14,19,20 18,19,20 1581 12,15,17,18 7,10,12,16 7,12,16,20 15,19
1520 7,9,11,18 8,9,12,16 13,17,20 13,19,20 1582 11,16,17,18 12,15 14,16,19 11,14,16,18
1521 8,11,15,18 8,12,18,22 14,17,20 9,12,16,19 1583 9,16 19,20 7,19 16,20
1522 7,15,18 8,12,18,20 14,16,17,19 17,19,20 1584 7,16 7,10,14,15 11,12,16,20 12,14,16,20
1523 4,10,11 8,12,18,19 9,19,20 7,12,16,20 1585 7,16,22 12,15,22 16,17,19,20 12,14,16,19
1524 11,15,18,22 12,14,18,22 10,19,20 11,12,16,20 1586 9,16,22 12,15,20 12,16,19,20 12,15,22
1525 11,15,18,20 12,14,18,20 15,16,19,20 11,12,15,22 1587 9,16,20 12,15,19 10,19 18,19
1526 11,15,18,19 12,14,18,19 13,16,17,19 16,19,20 1588 9,16,19 12,15,19,20 7,9,19 9,16,20,22
1527 7,15,18,22 9,15,18 18,20,22 14,19,20 1589 9,16,19,20 12,15,20,22 13,20,22 9,16,20
1528 7,15,18,20 10,11,15,18 12,20 7,12,16,19 1590 7,16,20 12,15,19,22 14,16,19,20 8,11,13,17
1529 7,15,18,19 7,8,15,18 15,19,20,22 11,12,16,19 1591 7,16,20,22 11,12,13,14 17,19,20,22 7,16,20,22
1530 9,12,17,18 11,12,15 14,18,19,22 12,18,20,22 1592 9,16,20,22 12,15,16,17 17,18,19,20 7,16,20
1531 12,14,18 9,13,14,17 7,19,20 12,18,20 1593 7,16,19 10,12,18 14,18,19,20 9,11,15,17
1532 9,15,16,18 9,15,18,22 8,13,19,20 7,11,14,15 1594 7,16,19,22 11,12,15,16 13,16,19,20 9,16,19,20
1533 8,12,18 9,15,18,20 11,15,19,20 12,18,19,20 1595 9,16,19,22 10,12,14,18 13,18,19,20 9,16,19,22
1534 7,14,15,16 9,15,18,19 11,19 12,18,19,22 1596 7,16,19,20 7,10,11,12 12,19 9,16,19
1535 8,9,12,16 8,12,14,18 11,18,19 12,18,19 1597 1,11,15 9,10,15,16 13,17,19 7,16,19,20
1536 8,12,18,22 7,11,16,18 16,18,19 11,15,18,20 1598 9,10,12,16 10,12,18,22 15,16,18,19 7,16,19,22
1537 8,12,18,20 8,11,12,15 8,17,19,20 7,9,12,16 1599 7,10,12,16 10,12,18,20 14,19,20,22 7,16,19
1538 8,12,18,19 9,11,16,18 15,18,19,20 13,20 1600 12,15 10,12,18,19 14,17,19 8,11,12,18
1539 12,14,18,22 11,12,15,22 16,20,22 11,15,18,19 1601 19,20 8,12,14,16 9,19 10,12,18,22
1540 12,14,18,20 11,12,15,20 13,18,19,22 7,15,18,20 1602 7,10,14,15 9,11,13,14 11,16,18,19 10,11,17,18
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1603 12,15,22 8,12,15 18,19,22 8,14,16,22 1665 7,12,18,19 9,12,18,22 12,14,16,19 8,16,17,20
1604 12,15,20 8,12,15,22 8,9,16 8,14,18,22 1666 11,13,14,16 12,14,15,22 16,20 8,17,18,20
1605 12,15,19 8,12,15,20 10,12,16,19 8,14,15,22 1667 4,11,13 12,14,15,20 7,8,9,22 8,15,17,20
1606 12,15,19,20 8,12,15,19 7,9,19,20 8,14,22 1668 12,14,15,16 12,14,15,19 7,9,16,18 8,17,20,22
1607 12,15,20,22 9,10,14,15 13,14,19 8,12,14,15 1669 7,12,14,18 7,8,12,18 9,16,20,22 8,17,20
1608 12,15,19,22 11,12,15,18 13,14,19,20 8,12,15,22 1670 11,14,15 8,12,16,18 7,16,20,22 11,14,15,22
1609 11,12,13,14 10,11,12,16 17,19,22 7,9,16,18 1671 7,11,13,14 7,12,15,17 9,16,20 7,8,9,19
1610 12,15,16,17 12,15,17 14,17,19,20 8,9,16 1672 11,14,15,22 8,11,14,22 7,12,18,22 8,14,17,19
1611 11,12,15,16 8,12,15,17 13,17,19,20 8,9,12,18 1673 11,14,15,20 10,12,14,16 7,16,20 8,16,17,19
1612 10,12,18 12,14,15,18 16,19,22 12,15,20 1674 11,14,15,19 11,15,17 9,16,19,22 8,17,18,19
1613 10,12,14,18 8,10,12,18 13,19,20,22 12,15,20,22 1675 7,9,15,18 11,13,14,15 7,16,19,22 8,15,17,19
1614 1,11 12,15,17,22 9,12,16,19 7,11,15,17 1676 5,11,12 11,15,17,22 11,14,15,22 8,17,19,20
1615 1,11,22 12,15,17,20 14,19,22 16,19 1677 8,11,14 11,15,17,20 9,16,19 8,17,19,22
1616 1,11,20 12,15,17,19 9,16,22 8,11,15,17 1678 8,11,14,20 11,15,17,19 7,16,19 8,17,19
1617 7,10,11,12 11,17,18 13,19,22 11,17,18,22 1679 8,11,14,19 11,14,15,18 18,19 12,16,18,20
1618 1,11,19 11,17,18,22 7,16,22 12,15,19,20 1680 8,11,17,18 9,11,13,17 9,16,19,20 12,16,18,19
1619 10,12,18,22 11,17,18,20 11,15,18,20 12,15,19,22 1681 10,12,15,17 11,12,18 7,16,19,20 10,11,14
1620 9,10,15,16 11,17,18,19 8,19 12,15,19 1682 11,15,17,18 11,13,17 12,15,20,22 7,8,9,10
1621 10,12,18,20 11,14 12,18,20,22 9,12,14,15 1683 11,14,15,16 8,11,12,18 10,12,18,20 7,12,18,20
1622 10,12,18,19 7,9,14,15 7,12,16,19 8,11,14,15 1684 4,8,11 11,13,17,18 12,15,20 8,13,18,20
1623 8,12,14,16 11,14,22 11,12,16,19 12,15,17,22 1685 9,12,14,18 10,12,14,15 12,15,19,22 8,13,16,20
1624 9,11,13,14 11,14,20 10,12,18,22 10,12,18,20 1686 9,12,18 8,11,13,17 12,15,16 8,13,15,20
1625 8,12,15 11,14,19 15,19,20 11,14,22 1687 12,14,15 11,12,18,20 12,15,19 8,13,20,22
1626 8,12,15,22 11,14,19,20 12,18,20 10,12,18,19 1688 9,12,18,22 11,12,18,19 9,11,17,18 8,13,14,20
1627 9,10,14,15 11,14,20,22 7,15,18,20 8,14,16,20 1689 9,12,18,20 11,12,18,22 8,12,15,20 8,13,17,20
1628 8,12,15,20 11,14,19,22 17,19,20 8,14,18,20 1690 12,14,15,22 11,13,14,18 10,12,18,19 8,13,20
1629 8,12,15,19 12,16,18 18,19,20 8,14,20,22 1691 9,12,18,19 11,13,17,22 12,15,19,20 7,12,18,19
1630 11,12,15,18 7,8,9 12,18,19,22 8,14,15,20 1692 12,14,15,20 11,13,17,20 16,19 8,13,15,19
1631 10,11,12,16 11,15,16,17 13,19,20 8,14,20 1693 12,14,15,19 11,13,17,19 12,14,15,22 8,13,18,19
1632 12,15,17 12,16,18,22 16,19,20 8,14,16,19 1694 7,8,12,18 8,12,14,15 9,12,18,22 8,13,16,19
1633 8,12,15,17 12,16,18,20 11,15,18,19 8,14,18,19 1695 8,12,16,18 9,10,11,12 8,12,15,19 8,13,14,19
1634 8,10,12,18 12,16,18,19 12,18,19 8,14,19,20 1696 7,12,15,17 8,9,12,18 7,11,17,18 8,13,19,20
1635 12,14,15,18 7,8,9,19 12,14,18,20 8,14,19,22 1697 8,11,14,22 7,9,11,12 12,15,17,20 8,13,19,22
1636 12,15,17,22 7,8,9,20 8,12,18,20 8,14,15,19 1698 10,12,14,16 11,13,14,17 11,17,18,20 8,13,17,19
1637 12,15,17,20 7,8,9,22 9,15,18,20 8,14,19 1699 11,15,17 8,9,16 12,15,17,19 8,13,19
1638 12,15,17,19 12,15,16,18 12,18,19,20 8,12,15,20 1700 4,7,12 8,9,16,20 11,17,18,19 19,20,22
1639 11,17,18 11,12,13,17 14,19,20 8,12,15,19 1701 11,13,14,15 8,9,16,19 11,14,20,22 11,14,15,20
1640 11,17,18,22 7,12,18 11,12,15,20 8,14,17,22 1702 11,15,17,22 8,9,16,22 11,14,20 11,14,15,19
1641 11,17,18,20 7,12,18,20 12,15,22 8,16,17,22 1703 11,15,17,20 8,11,15,17 8,11,14,22 8,11,14,20
1642 11,17,18,19 7,12,18,19 7,15,18,19 8,17,18,22 1704 11,15,17,19 8,11,14,15 7,8,9,20 9,12,18,22
1643 11,14 7,12,18,22 13,20 8,15,17,22 1705 11,14,15,18 11,13,16,17 11,14,19,22 12,14,15,22
1644 7,9,14,15 11,13,14,16 12,15,17,22 8,17,22 1706 9,11,13,17 9,12,15,17 12,16,18,20 8,11,14,19
1645 11,14,22 12,14,15,16 11,17,18,22 7,8,9,22 1707 11,12,18 7,9,15,16 11,14,19 11,14,18
1646 11,14,20 7,12,14,18 8,12,15,22 11,17,18,20 1708 8,11,12,18 11,13,15,17 11,15,17,22 8,11,14,22
1647 11,14,20,22 11,14,15 17,20 12,16,18,22 1709 11,13,17 10,11,13,17 11,14,19,20 12,15,16
1648 11,14,19 7,11,13,14 8,12,18,19 11,17,18,19 1710 8,11,13,17 7,11,13,17 7,8,9,19 9,12,18,20
1649 11,14,19,20 11,14,15,22 12,14,18,19 12,15,17,20 1711 10,12,14,15 10,11,15,17 12,16,18,19 12,14,15,20
1650 11,14,19,22 11,14,15,20 9,15,18,19 12,15,17,19 1712 11,13,17,18 10,11,14,15 7,12,18,20 12,15,18
1651 12,16,18 11,14,15,19 13,19 11,14,20,22 1713 11,12,18,22 7,8,9,10 11,13,17,22 9,12,18,19
1652 7,8,9 7,9,15,18 11,12,15,19 11,14,20 1714 11,12,18,20 7,9,10 11,12,18,22 12,14,15,19
1653 11,15,16,17 8,11,14 15,20 11,14,19,20 1715 11,12,18,19 7,9,10,19 7,12,18,19 11,15,17,22
1654 12,16,18,22 8,11,14,20 14,20 11,14,19,22 1716 11,13,14,18 7,9,10,20 10,11,16,17 11,13,17,22
1655 12,16,18,20 8,11,14,19 17,19 11,14,19 1717 11,13,17,22 7,9,10,22 11,14,15,20 9,11,17,18
1656 12,16,18,19 8,11,17,18 12,14,16,20 7,12,18,22 1718 11,13,17,20 7,9,12,16 12,15,18 11,12,18,22
1657 7,8,9,20 10,12,15,17 18,20 8,13,18,22 1719 11,13,17,19 9,11,14,15 8,11,14,20 11,15,17,20
1658 7,8,9,19 11,15,17,18 14,19 8,13,15,22 1720 8,12,14,15 7,11,14,15 11,14,15,19 8,11,16,17
1659 7,8,9,22 11,14,15,16 7,8,9,10 8,13,16,22 1721 9,10,11,12 7,12,14,15 19,20,22 11,15,17,19
1660 12,15,16,18 9,12,14,18 12,16,18,22 8,13,14,22 1722 8,9,12,18 11,16,17 8,11,14,19 8,9,16,22
1661 11,12,13,17 9,12,18 8,11,16,17 8,13,17,22 1723 7,9,11,12 8,11,16,17 9,12,18,20 7,11,17,18
1662 7,12,18 12,14,15 15,19 8,13,22 1724 11,13,14,17 10,11,17,18 12,14,15,20 11,13,17,20
1663 7,12,18,22 9,12,18,20 11,14,22 7,8,9,20 1725 8,9,16 11,16,17,22 8,9,16,22 11,13,17,19
1664 7,12,18,20 9,12,18,19 11,14,18 8,14,17,20 1726 8,9,16,20 11,16,17,20 9,12,18,19 11,12,18,20
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1727 8,9,16,22 11,16,17,19 7,12,14,16 11,12,18,19 1789 2,11,12 10,12,15,20 7,11,14,20 9,12,14,16
1728 8,9,16,19 11,14,16,18 12,14,15,19 8,9,16,20 1790 10,11,16,17 10,12,15,19 9,11,14,19 7,12,15,16
1729 8,11,15,17 7,9,16,18 11,15,17,20 8,9,16,19 1791 5,10,11 10,12,15,22 7,11,14,19 10,12,15,22
1730 8,11,14,15 9,11,15,17 11,15,17,19 10,11,16,17 1792 8,10,11,14 7,10,18 4,9,11 9,10,12,18
1731 11,13,16,17 7,11,15,17 11,13,17,20 7,12,14,16 1793 9,11,17,18 7,10,18,22 20,22 10,12,15,20
1732 4,9,12 10,11,14 11,12,18,20 7,9,15 1794 11,17,22 7,10,18,19 9,12,14,16 10,12,15,19
1733 9,12,15,17 10,11,14,22 11,14,16 7,9,10,22 1795 11,17,20 7,10,18,20 9,12,15,16 10,12,15,16
1734 7,9,15,16 10,11,14,20 11,13,17,19 7,9,10,20 1796 11,17,19,20 9,12,15,16 7,10,18 9,11,12,18
1735 11,13,15,17 10,11,14,19 11,12,18,19 7,9,10,19 1797 11,17,20,22 9,12,14,16 7,12,15,16 7,11,12,18
1736 10,11,13,17 9,12,14,15 8,9,16,20 11,16,17,22 1798 11,17,19,22 7,12,15,16 10,12,15,22 11,12,14,15
1737 7,11,13,17 11,17 7,9,10,22 11,14,16 1799 7,11,17,18 9,10,12,18 9,10,12,18 11,12,17
1738 10,11,15,17 11,17,19 7,9,15 11,16,17,20 1800 8,11,14,18 10,12,15,16 10,12,15,16 9,11,12,17
1739 10,11,14,15 12,15,16 8,9,16,19 11,16,17,19 1801 11,14,18 8,11,17 9,11,12,18 9,12,15,18
1740 7,8,9,10 12,15,16,22 8,11,14,18 9,11,14 1802 7,12,14,16 8,11,17,22 7,11,12,18 10,12,16,18
1741 7,9,10 12,15,16,20 8,10,11,14 8,10,11,14 1803 11,14,18,22 8,11,17,20 10,12,15,20 10,11,12,18
1742 7,9,10,20 12,15,16,19 9,11,14 10,11,14,22 1804 8,12,15,18 8,11,17,19 10,12,15,19 7,10,18,22
1743 7,9,10,19 10,11,16,17 7,11,14 7,11,14 1805 11,14,18,20 9,11,12,18 9,11,12,17 7,11,12,17
1744 4,11,17 8,10,11,14 8,12,15,18 8,11,14,18 1806 11,14,18,19 7,11,12,18 7,11,12,17 7,9,11,14
1745 7,9,10,22 9,11,17,18 11,16,17,22 10,11,14,20 1807 12,15,18 8,12,15,16 10,11,12,18 7,12,15,18
1746 4,11,14 11,17,22 7,9,10,20 8,12,15,18 1808 12,15,18,22 10,12,16,18 11,12,17 8,11,17
1747 1,7,9 11,17,20 7,9,10,19 10,11,14,19 1809 12,15,18,20 10,11,12,18 8,11,17 7,10,18,20
1748 4,10,12 11,17,19,20 7,8,9,15 7,8,9,15 1810 12,15,18,19 7,8,16 11,12,14,15 7,10,18,19
1749 7,9,12,16 11,17,20,22 10,11,14,22 11,17,19 1811 7,8,9,15 7,8,16,19 10,11,12,17 11,12,14,16
1750 1,12,13 11,17,19,22 11,16,17,20 9,11,12,16 1812 1,12,15 7,8,16,20 11,12,14,16 10,11,12,17
1751 9,11,14,15 7,11,17,18 11,16,17,19 7,11,12,16 1813 4,8,12 9,12,15,18 9,12,15,18 11,12,15,17
1752 7,11,14,15 8,11,14,18 9,11,12,16 7,9,10,15 1814 1,7,10 9,11,12,17 10,12,16,18 9,10,11,14
1753 7,12,14,15 11,14,18 7,11,12,16 12,15,16,22 1815 7,9,15 7,11,12,17 7,9,11,14 8,12,15,16
1754 11,16,17 7,12,14,16 8,11,14,16 12,15,16,20 1816 7,9,15,22 7,12,15,18 7,12,15,18 11,12,14,18
1755 8,11,16,17 11,14,18,22 7,9,10,15 12,15,16,19 1817 7,9,15,20 7,9,11,14 7,10,18,22 10,12,15,18
1756 10,11,17,18 11,14,18,20 12,15,16,22 8,11,14,16 1818 7,9,15,19 10,11,12,17 8,12,15,16 7,10,11,14
1757 11,16,17,22 11,14,18,19 10,11,14,20 11,17,22 1819 4,12,13 11,12,14,16 9,10,11,14 9,12,15
1758 11,16,17,20 8,12,15,18 10,11,14,19 11,14,18,22 1820 1,12,16 9,10,11,14 7,10,11,14 8,11,17,22
1759 11,16,17,19 12,15,18 11,17,19 11,17,20,22 1821 1,12,18 10,12,15,18 11,12,14,18 7,8,16
1760 1,8,12 12,15,18,22 12,15,16,20 11,17,20 1822 8,11,14,16 11,12,14,15 10,12,15,18 8,11,17,20
1761 11,14,16,18 12,15,18,20 11,14,18,22 11,17,19,20 1823 11,14,16 7,10,11,14 7,10,18,20 8,11,17,19
1762 4,11,18 12,15,18,19 12,15,16,19 11,17,19,22 1824 11,14,16,22 8,11,12,17 11,12,15,17 7,9,11,17
1763 4,11,15 7,8,9,15 11,17,22 12,15,18,22 1825 11,14,16,20 11,12,17 7,10,18,19 11,12,16,17
1764 7,9,16,18 7,9,15 12,15,18,22 8 1826 11,14,16,19 11,12,17,22 9,12,15 11,12,17,18
1765 5,7,11 7,9,15,20 8,10,16 11,14,18,20 1827 4,7,9 11,12,17,20 11,12,16,17 8,11,12,17
1766 3,11,12 7,9,15,19 7,9,15,22 11,14,18,19 1828 4,12,17 11,12,17,19 7,8,16 9,10,11,17
1767 9,11,15,17 7,9,15,22 11,17,20,22 8,10,16 1829 8,10,16,22 9,12,15 8,11,12,17 9,11,14,16
1768 7,11,15,17 8,11,14,16 11,17,20 7,9,15,22 1830 8,10,16 9,12,15,20 8,11,17,22 7,10,16
1769 10,11,14 11,14,16 11,17,19,22 12,15,18,20 1831 8,10,16,20 9,12,15,19 7,9,11,17 7,8,16,20
1770 10,11,14,22 11,14,16,22 11,14,18,20 12,15,18,19 1832 8,10,16,19 8,9,11,14 1,11,13 8,9,11,14
1771 4,11,16 11,14,16,20 1,9,12 7,9,15,20 1833 3,9,11 9,12,15,22 11,12,17,18 7,8,16,19
1772 10,11,14,20 11,14,16,19 11,17,19,20 7,9,15,19 1834 9,11,14 7,8,10,16 8,9,11,14 7,10,11,17
1773 10,11,14,19 8,10,16,22 11,14,18,19 11,14,16,22 1835 9,11,14,22 7,8,11,14 8,11,17,20 7,11,14,16
1774 9,12,14,15 8,10,16 12,15,18,20 11,14,16,20 1836 9,11,14,20 11,12,14,18 9,10,11,17 7,8,10,16
1775 11,17 8,10,16,19 8 11,14,16,19 1837 9,11,14,19 11,12,16,17 8,11,17,19 19,22
1776 11,17,19 8,10,16,20 12,15,18,19 10,12,15 1838 7,9,10,15 7,9,11,17 7,8,11,14 9,11,17
1777 1,9,10 9,11,14 7,9,15,20 8,10,16,22 1839 7,11,14 11,12,15,17 9,11,17 7,8,11,14
1778 5,9,11 9,11,14,22 11,14,16,22 9,11,14,22 1840 7,11,14,22 9,10,11,17 9,11,14,16 9,10,18
1779 4,11,19 9,11,14,20 7,9,15,19 7,11,14,22 1841 7,11,14,20 7,10,16 7,10,11,17 7,11,17
1780 12,15,16 9,11,14,19 10,12,15 8,10,16,20 1842 7,11,14,19 7,10,16,22 7,11,14,16 10,11,14,16
1781 12,15,16,22 7,9,10,15 8,10,16,22 8,10,16,19 1843 4,9,10 7,10,16,19 7,11,17 9,11,14,18
1782 12,15,16,20 7,11,14 9,11,14,22 9,11,14,20 1844 4,7,10 7,10,16,20 1,7,12 11,12,17,22
1783 12,15,16,19 7,11,14,22 7,11,14,22 9,11,14,19 1845 5,9,12 7,10,11,17 7,8,10,16 11,12,17,20
1784 1,12,17 7,11,14,20 11,14,16,20 7,11,14,20 1846 9,11,12,16 9,11,14,16 7,10,16 11,12,17,19
1785 4,11 7,11,14,19 11,14,16,19 7,11,14,19 1847 5,7,12 9,10,18 10,11,14,16 7,11,14,18
1786 4,11,20 9,11,12,16 8,10,16,20 20,22 1848 4,12,15 9,10,18,22 9,10,18 9,12,15,22
1787 1,12,14 7,11,12,16 8,10,16,19 7,10,18 1849 7,11,12,16 9,10,18,19 7,8,16,20 10,11,17
1788 4,11,22 10,12,15 9,11,14,20 9,12,15,16 1850 3,7,11 9,10,18,20 10,11,17 9,11,16,17
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1851 1,12,22 7,11,14,16 9,11,14,18 9,12,15,20 1913 5,12,13 7,9,16,22 1,10,12 8,9,10,16
1852 1,12,20 11,12,17,18 7,8,16,19 9,12,15,19 1914 3,9,12 8,9,10,16 1,11,14 8,9,12,15
1853 4,12,18 8,9,11,17 7,11,14,18 7,11,16,17 1915 7,8,16 8,9,12,15 7,12,14,20 7,12,15
1854 1,12 10,11,14,16 19,22 8,9,11,17 1916 7,8,16,20 7,8,12,15 7,12,14,19 7,8,12,15
1855 1,12,19 9,11,17 8,9,11,17 7,8,11,17 1917 7,8,16,19 7,12,15 10,12,14,22 9,10,16
1856 5,11,17 9,11,17,22 11,12,17,22 10,11,14,18 1918 4,8,9 7,12,15,20 10,12,14,20 8,10,12,15
1857 5,11,13 9,11,17,20 9,11,16,17 7,10,16,22 1919 9,12,15,18 7,12,15,19 9,10,12,15 7,12,15,22
1858 5,8,11 9,11,17,19 7,8,11,17 8,10,11,17 1920 9,11,12,17 7,12,15,22 10,12,14,19 7,12,15,20
1859 6,11,12 7,8,11,17 7,11,16,17 7,10,16,20 1921 7,11,12,17 8,10,12,15 7,10,12,15 7,12,15,19
1860 5,11,14 7,11,17 9,12,15,22 7,10,16,19 1922 4,7,8 9,10,16 7,8,9,16 9,10,16,22
1861 3,10,11 7,11,17,22 10,11,14,18 9,10,18,22 1923 7,12,15,18 9,10,16,20 7,9,16 9,10,16,20
1862 5,10,12 7,11,17,20 11,12,17,20 9,10,18,20 1924 7,9,11,14 9,10,16,19 8,9,12,15 9,10,16,19
1863 2,7,11 7,11,17,19 8,10,11,17 9,10,18,19 1925 4,9,14 9,10,16,22 8,9,10,16 7,9,10,18
1864 4,12,14 8,10,11,17 11,12,17,19 9,11,17,22 1926 3,11,14 20 7,9,16,22 9,11,12,14
1865 5,11,15 10,11,17 9,12,15,20 9,11,17,20 1927 10,11,12,17 7,9,10,18 7,8,12,15 7,11,12,14
1866 4,12,22 10,11,17,22 9,12,15,19 7,11,17,22 1928 11,12,14,16 9,11,12,14 7,9,16,20 7,12,16,18
1867 4,12 10,11,17,20 7,10,16,22 9,11,17,19 1929 9,10,11,14 7,11,12,14 7,12,15 7,8,9,18
1868 4,12,20 10,11,17,19 9,10,18,22 7,11,17,20 1930 10,12,15,18 4,11,13 7,9,16,19 7,9,18
1869 4,12,19 9,11,14,18 4,7,11 7,11,17,19 1931 1,7,8 4,11 4,10,11 7,9,18,22
1870 4,12,16 7,11,14,18 7,10,16,20 10,11,17,22 1932 4,7,13 4,11,17 9,10,16 7,9,18,20
1871 10,12,15 9,11,16,17 7,10,16,19 10,11,17,20 1933 11,12,14,15 4,13,17 8,10,12,15 7,9,18,19
1872 10,12,15,20 7,11,16,17 9,11,17,22 10,11,17,19 1934 7,10,11,14 4,17 7,12,15,22 8,9,10,18
1873 10,12,15,19 10,11,14,18 9,10,18,20 11,12,14 1935 4,9,17 4,14,17 7,12,15,20 7,8,10,18
1874 10,12,15,22 9,12,16,18 9,10,18,19 9,12,16,18 1936 5,7,9 4,13,14 7,12,15,19 19,20
1875 5,11,16 10,11,12,14 7,11,17,22 10,11,12,14 1937 5,9,10 4,14 9,10,16,22 7,9,12,14
1876 5,11,18 8,11,12,14 1,8,11 11,12,16,18 1938 8,11,12,17 4,11,14 9,10,16,20 20
1877 5,11,22 9,10,12,14 10,11,17,22 9,10,12,14 1939 3,10,12 4,12,17 9,10,16,19 4,13
1878 5,11,20 11,12,16,18 9,11,17,20 7,9,12,17 1940 5,12,17 4,12,14 9,11,12,14 4,11,13
1879 5,11 11,12,14 9,11,17,19 7,10,12,14 1941 11,12,17 4,12,13 7,9,10,18 4,11
1880 5,11,19 11,12,14,22 7,11,17,20 7,9,10,16 1942 4,9,15 4,11,12 7,11,12,14 4,13,17
1881 2,10,11 11,12,14,20 7,11,17,19 8,11,12,14 1943 11,12,17,22 4,12 7,12,16,18 4,17
1882 2,9,11 11,12,14,19 10,11,12,14 9,10,12,17 1944 11,12,17,20 4,14,15 1,11,18 4,11,17
1883 1,7,13 7,10,12,14 10,11,17,20 9,12,14 1945 11,12,17,19 4,15,17 1,11,16 4,13,14
1884 7,10,18 7,9,12,17 10,11,17,19 7,10,12,17 1946 9,12,15 4,13,15 7,8,9,18 4,14,17
1885 7,10,18,22 7,9,10,16 11,12,14 7,12,14 1947 8,9,11,14 4,12,15 7,9,18 4,14
1886 7,10,18,20 9,10,12,17 9,12,16,18 7,9,12,18 1948 9,12,15,20 4,15 7,9,18,22 4,11,14
1887 7,10,18,19 7,8,16,22 1,11,17 11,12,14,22 1949 9,12,15,19 4,11,15 7,9,18,20 4,12,13
1888 9,12,15,16 7,10,12,17 11,12,16,18 11,12,14,20 1950 9,12,15,22 4,13 7,9,18,19 4,12,17
1889 9,12,14,16 8,9,12,14 9,10,12,14 11,12,14,19 1951 5,12,18 4,18 8,9,10,18 4,12,14
1890 7,12,15,16 9,12,14 8,11,12,14 8,9,12,14 1952 7,8,10,16 4,15,18 7,8,10,18 4,11,12
1891 9,10,12,18 9,12,14,22 7,9,12,17 7,8,12,14 1953 4,7,17 4,17,18 1,11,15 4,12
1892 1,9,13 9,12,14,20 7,10,12,14 10,12,14 1954 7,8,11,14 4,11,18 19,20 4,13,15
1893 5,8,12 9,12,14,19 9,10,12,17 7,8,16,22 1955 1,9,17 4,12,18 7,9,12,14 4,15,17
1894 4,9,13 7,8,12,14 7,9,10,16 8,10,12,14 1956 11,12,14,18 4,14,18 1,11 4,14,15
1895 10,12,15,16 7,12,14 9,12,14 9,12,14,22 1957 3,11,15 4,13,18 1,11,22 4,15
1896 8,11,17 7,12,14,22 7,10,12,17 9,12,14,20 1958 4,9,18 4,9,18 1,11,20 4,11,15
1897 8,11,17,22 7,12,14,20 7,12,14 9,12,14,19 1959 3,11,18 4,9,13 1,11,19 4,12,15
1898 8,11,17,20 7,12,14,19 8,9,12,14 7,10,12,18 1960 2,9,12 4,9,12 4,11,13 4,17,18
1899 8,11,17,19 7,9,12,18 11,12,14,22 7,9,12,15 1961 11,12,16,17 4,9,14 5,11,12 4,15,18
1900 6,9,11 8,10,12,14 7,9,12,18 7,12,14,22 1962 7,9,11,17 4,9,15 4,8,11 4,14,18
1901 6,7,11 10,12,14 7,8,12,14 7,12,14,20 1963 6,10,11 4,9,17 4,7,12 4,13,18
1902 3,11,13 10,12,14,22 10,12,14 7,12,14,19 1964 11,12,15,17 4,9,11 4,9,12 4,18
1903 9,11,12,18 10,12,14,20 11,12,14,20 10,12,14,22 1965 1,9,14 4,9 4,11,17 4,11,18
1904 3,8,11 10,12,14,19 11,12,14,19 10,12,14,20 1966 4,9,16 4,7,17 4,11,14 4,12,18
1905 7,11,12,18 7,10,12,18 8,10,12,14 10,12,14,19 1967 4,10,13 4,7,12 1,7,9 4,9,13
1906 3,7,12 7,9,12,15 7,8,16,22 9,10,12,15 1968 9,10,11,17 4,7,11 4,10,12 4,9,17
1907 8,12,15,16 7,8,9,16 9,12,14,22 7,10,12,15 1969 7,10,16 4,7,15 1,12,13 4,9,14
1908 10,12,16,18 9,10,12,15 7,10,12,18 7,8,9,16 1970 7,10,16,22 4,7,9 1,8,12 4,9,15
1909 1,8,9 7,10,12,15 7,9,12,15 7,9,16 1971 7,10,16,20 4,7 4,11,18 4,9,18
1910 10,11,12,18 7,9,16 7,12,14,22 7,9,16,22 1972 7,10,16,19 4,7,14 4,11,15 4,9,11
1911 3,11,17 7,9,16,20 9,12,14,20 7,9,16,20 1973 4,7,14 4,7,18 5,7,11 4,9,12
1912 5,12,14 7,9,16,19 9,12,14,19 7,9,16,19 1974 5,12,16 4,7,13 3,11,12 4,9
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1975 5,12,15 4,16 4,11,16 4,7,17 2037 4,9,22 4,14,19 3,7,12 4,11,20
1976 7,10,11,17 4,13,16 1,9,10 4,7,15 2038 4,7,15 4,17,19 1,8,9 4,13,20
1977 3,11,16 4,11,16 5,9,11 4,7,14 2039 1,8,10 4,18,19 3,11,17 4,20,22
1978 9,11,14,16 4,9,16 4,11,19 4,7,11 2040 6,11,13 4,15,19 5,12,13 4,9,20
1979 9,10,18 4,7,16 4,11 4,7,18 2041 6,8,11 4,12,19 5,12,14 4,12,20
1980 9,10,18,22 4,12,16 1,12,17 4,7,12 2042 6,11,17 4,7,19 3,9,12 4,7,20
1981 9,10,18,20 4,16,17 4,11,20 4,7,9 2043 6,11,14 4,9,19 4,8,9 4,10,20
1982 9,10,18,19 4,14,16 1,12,14 4,7 2044 6,9,12 4,19 4,7,8 4,20
1983 7,11,14,16 4,15,16 2,11,12 4,7,13 2045 5,9,13 4,16,19 4,9,14 4,8,20
1984 4,8,10 4,16,18 4,11,22 4,13,16 2046 6,7,12 4,19,22 3,11,14 4,17,19
1985 5,7,10 4,10,18 5,10,11 4,16,17 2047 3,7,9 4,10,19 1,7,8 4,14,19
1986 11,12,17,18 4,10,17 1,12,15 4,14,16 2048 2,11,15 4,11,19 4,7,13 4,15,19
1987 8,9,11,17 4,10,11 4,8,12 4,16 2049 6,10,12 4,13,19 4,9,17 4,18,19
1988 1,9,15 4,10,15 1,7,10 4,15,16 2050 5,8,9 4 5,7,9 4,16,19
1989 2,7,12 4,10,12 4,12,13 4,11,16 2051 2,11,18 1,4 5,9,10 4,19,20
1990 10,11,14,16 4,9,10 1,12,16 4,9,16 2052 4,10,15 5,11,13 3,10,12 4,13,19
1991 9,11,17 4,7,10 1,12,18 4,12,16 2053 4,7,22 5,11 5,12,17 4,11,19
1992 9,11,17,22 4,10,14 4,7,9 4,7,16 2054 5,7,8 5,11,17 4,9,15 4,19,22
1993 7,8,11,17 4,10,13 4,12,17 4,16,18 2055 9,12,16,18 5,13,17 5,12,18 4,12,19
1994 9,11,17,20 4,10 3,9,11 4,10,17 2056 2,11,16 5,17 4,7,17 4,9,19
1995 9,11,17,19 4,10,16 4,9,10 4,10,13 2057 10,11,12,14 5,14,17 1,9,17 4,7,19
1996 3,11,22 4,8,17 4,7,10 4,10,14 2058 4,7,20 5,14 3,11,15 4,10,19
1997 3,11,20 4,8,18 5,9,12 4,10,15 2059 1,9,19 5,11,14 4,9,18 4,8,19
1998 3,11,19 4,8,11 4,12,15 4,10,18 2060 3,9,10 5,13,14 3,11,18 4,19
1999 3,11 4,8,12 5,7,12 4,10,11 2061 4,7 5,12,17 2,9,12 5,13
2000 7,11,17 4,8,9 3,7,11 4,10,16 2062 4,7,19 5,11,12 6,10,11 5,11,13
2001 7,11,17,22 4,8,15 1,12,22 4,10,12 2063 1,9,20 5,12,14 1,9,14 5,11
2002 7,11,17,20 4,8,13 1,12,20 4,9,10 2064 6,11,18 5,12,13 4,9,16 5,13,17
2003 7,11,17,19 4,8,16 4,12,18 4,7,10 2065 1,9 5,12 4,10,13 5,17
2004 1,10,13 4,8,14 1,12 4,10 2066 6,11,15 5,15 4,7,14 5,11,17
2005 8,10,11,17 4,8,10 1,12,19 4 2067 1,7,15 5,15,17 5,12,16 5,14,17
2006 10,11,17 4,8 5,11,17 1,4 2068 6,11,16 5,13,15 5,12,15 5,14
2007 10,11,17,22 4,7,8 5,11,13 4,8,13 2069 5,7,13 5,12,15 3,11,16 5,11,14
2008 2,11,13 4,13,22 5,8,11 4,8,17 2070 4,10,18 5,14,15 4,8,10 5,13,14
2009 10,11,17,20 4,18,22 6,11,12 4,8,14 2071 3,12,14 5,11,15 5,7,10 5,12,13
2010 10,11,17,19 4,17,22 5,11,14 4,8,15 2072 2,11,20 5,13 1,9,15 5,12,17
2011 9,11,14,18 4,11,22 3,10,11 4,8,18 2073 2,11,19 5,17,18 2,7,12 5,12,14
2012 4,7,18 4,12,22 5,10,12 4,8,11 2074 2,11 5,11,18 3,11 5,11,12
2013 7,11,14,18 4,14,22 2,7,11 4,8,16 2075 5,7,17 5,13,18 3,11,22 5,12
2014 9,11,16,17 4,15,22 4,12,14 4,8,9 2076 4,10,16 5,15,18 3,11,20 5,15,17
2015 2,8,11 4,9,22 5,11,15 4,8,12 2077 3,12,15 5,14,18 3,11,19 5,13,15
2016 2,11,17 4,10,22 4,12,22 4,7,8 2078 8,11,12,14 5,12,18 1,10,13 5,15
2017 7,11,16,17 4,7,22 4,12 4,8,10 2079 2,11,22 5,18 2,11,13 5,14,15
2018 1,9,18 4,22 4,12,20 4,8 2080 9,10,12,14 5,9,13 4,7,18 5,12,15
2019 5,12,22 4,16,22 4,12,19 4,13,22 2081 5,9,17 5,9,15 2,11,17 5,11,15
2020 5,12,20 4,8,22 4,12,16 4,17,22 2082 11,12,16,18 5,9,18 2,8,11 5,17,18
2021 5,12 4,15,20 5,11,16 4,14,22 2083 4,8,13 5,9,14 1,9,18 5,13,18
2022 5,12,19 4,11,20 5,11,18 4,15,22 2084 11,12,14 5,9,17 5,12,22 5,15,18
2023 2,11,14 4,14,20 5,11,22 4,18,22 2085 11,12,14,22 5,9,12 5,12,20 5,14,18
2024 10,11,14,18 4,20 5,11 4,16,22 2086 11,12,14,20 5,9,11 5,12 5,11,18
2025 4,10,17 4,18,20 5,11,20 4,11,22 2087 11,12,14,19 5,9 2,11,14 5,12,18
2026 1,7,17 4,9,20 5,11,19 4,12,22 2088 5,9,14 5,7,14 5,12,19 5,18
2027 4,9,19 4,16,20 2,10,11 4,9,22 2089 6,11,22 5,7,15 4,10,17 5,9,13
2028 1,9,16 4,20,22 2,9,11 4,7,22 2090 6,11,20 5,7,13 1,7,17 5,9,17
2029 4,9,20 4,7,20 1,7,13 4,10,22 2091 1,9,22 5,7,9 4,9,19 5,9,14
2030 2,10,12 4,17,20 1,9,13 4,22 2092 6,11 5,7,11 1,9,16 5,9,15
2031 1,7,14 4,12,20 5,8,12 4,8,22 2093 6,11,19 5,7,12 4,9,20 5,9,18
2032 4,7,16 4,13,20 4,9,13 4,14,20 2094 3,7,10 5,7 1,7,14 5,9,11
2033 4,9 4,10,20 6,9,11 4,15,20 2095 7,10,12,14 5,7,18 2,10,12 5,9,12
2034 3,12,13 4,8,20 6,7,11 4,17,20 2096 3,12,18 5,7,17 4,7,16 5,9
2035 3,8,12 4,19,20 3,11,13 4,18,20 2097 5,10,13 5,11,16 4,9 5,7,13
2036 4,10,14 4,8,19 3,8,11 4,16,20 2098 7,9,12,17 5,9,16 3,12,13 5,7,14
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2099 1,7,18 5,7,16 3,8,12 5,7,15 2161 3,7,8 5,7,19 1,10,14 5,11,20
2100 7,9,10,16 5,13,16 4,10,14 5,7,11 2162 2,9,10 5,19,20 3,12 5,20,22
2101 5,9,15 5,16,18 4,7,15 5,7,18 2163 7,10,12,18 5,10,19 4,10 5,12,20
2102 3,12,17 5,16,17 4,9,22 5,7,17 2164 5,7,22 5,11,19 4,10,19 5,9,20
2103 2,12,13 5,12,16 1,8,10 5,7,9 2165 6,12,15 5,9,19 4,10,20 5,7,20
2104 5,8,10 5,16 6,11,13 5,7,12 2166 6,12,14 5,19,22 3,12,19 5,10,20
2105 9,10,12,17 5,14,16 6,8,11 5,7 2167 1,10,15 5,15,19 4,10,22 5,8,20
2106 3,12,16 5,15,16 6,11,17 5,13,16 2168 5,7,16 5,19 6,12,13 5,20
2107 5,7,14 5,10,14 6,11,14 5,16,17 2169 5,10,18 5,12,19 3,12,20 5,13,19
2108 3,12,22 5,10,17 6,9,12 5,16,18 2170 5,9,22 5,8,19 4,13,17 5,17,19
2109 7,8,16,22 5,10,15 5,9,13 5,14,16 2171 5,10,15 5,16,19 4,13,14 5,14,19
2110 1,7,16 5,10,16 6,7,12 5,15,16 2172 6,9,10 7,12,16,18 5,7,18 5,18,19
2111 7,10,12,17 5,10,18 3,7,9 5,16 2173 5,7,20 4,5 5,9,18 5,15,19
2112 8,9,12,14 5,9,10 2,11,15 5,11,16 2174 5,7 5 5,10,17 5,19,20
2113 1,10,14 5,10,12 6,10,12 5,9,16 2175 5,7,19 1,5 6,8,12 5,11,19
2114 3,12 5,7,10 5,8,9 5,12,16 2176 1,7,22 3,11,13 2,8,12 5,19,22
2115 4,10 5,10,11 2,11,18 5,7,16 2177 7,9,12,15 3,11 5,9,16 5,9,19
2116 4,10,19 5,10,13 4,10,15 5,10,17 2178 6,12,18 3,11,17 4,8,17 5,12,19
2117 4,10,20 5,10 4,7,22 5,10,13 2179 4,13,18 3,13,17 1,10,17 5,7,19
2118 3,12,19 5,8,16 5,7,8 5,10,14 2180 1,10,18 3,17 3,9,13 5,10,19
2119 4,10,22 5,8,11 2,11,16 5,10,15 2181 6,7,10 3,14 5,7,15 5,19
2120 9,12,14 5,8,14 4,7,20 5,10,18 2182 3,7,17 3,14,17 2,12,17 5,8,19
2121 9,12,14,22 5,8,17 1,9,19 5,10,16 2183 5,10,16 3,11,14 6,7,9 5,16,19
2122 9,12,14,20 5,8,9 3,9,10 5,10,11 2184 3,9,14 3,13,14 6,12,17 3,13
2123 9,12,14,19 5,8,12 4,7 5,9,10 2185 6,12,16 3,11,12 5,10,14 3,11,13
2124 7,8,12,14 5,8,18 4,7,19 5,10,12 2186 1,7 3,12,17 5,9 3,11
2125 3,12,20 5,8,13 1,9,20 5,7,10 2187 3,9,17 3,12,13 5,9,19 3,13,17
2126 6,12,13 5,8,10 6,11,18 5,10 2188 3,8,9 3,12 4,8,14 3,17
2127 4,13,17 5,8 1,9 4,5 2189 1,7,20 3,12,14 2,12,14 3,11,17
2128 7,12,14 5,7,8 6,11,15 5,8,13 2190 1,7,19 3,11,15 4,13,15 3,14
2129 7,12,14,22 5,8,15 1,7,15 5,8,17 2191 2,12,15 3,13,15 5,9,20 3,14,17
2130 7,12,14,20 5,13,22 6,11,16 5,8,14 2192 3,10,13 3,12,15 2,7,9 3,13,14
2131 7,12,14,19 5,9,22 5,7,13 5,8,18 2193 2,7,10 3,14,15 3,7,13 3,11,14
2132 5,7,18 5,11,22 4,10,18 5,8,11 2194 3,7,14 3,15 3,7,8 3,12,13
2133 4,13,14 5,10,22 3,12,14 5,8,16 2195 7,8,9,16 3,15,17 2,9,10 3,12,17
2134 5,9,18 5,17,22 2,11,20 5,8,15 2196 4,8,15 3,13 6,12,14 3,12,14
2135 5,10,17 5,14,22 2,11,19 5,8,9 2197 9,10,12,15 3,14,18 6,12,15 3,11,12
2136 6,8,12 5,18,22 2,11 5,8,12 2198 4,13,16 3,11,18 5,7,22 3,12
2137 7,9,12,18 5,7,22 5,7,17 5,7,8 2199 4,14,17 3,12,18 1,10,15 3,13,15
2138 2,8,12 5,12,22 4,10,16 5,8,10 2200 2,12,18 3,17,18 5,7,16 3,14,15
2139 5,9,16 5,15,22 3,12,15 5,8 2201 6,12,22 3,13,18 5,10,18 3,15
2140 4,8,17 5,22 2,11,22 5 2202 1,10,16 3,18 5,9,22 3,15,17
2141 8,10,12,14 5,16,22 5,9,17 1,5 2203 6,12 3,15,18 5,10,15 3,11,15
2142 1,10,17 5,8,22 4,8,13 5,13,22 2204 6,12,20 3,9,11 6,9,10 3,12,15
2143 3,9,13 5,11,20 5,9,14 5,17,22 2205 7,10,12,15 3,9,15 5,7,20 3,14,18
2144 5,7,15 5,14,20 6,11 5,14,22 2206 6,12,19 3,9 5,7 3,17,18
2145 10,12,14 5,18,20 6,11,22 5,15,22 2207 5,10,22 3,9,17 5,7,19 3,13,18
2146 10,12,14,22 5,16,20 6,11,20 5,18,22 2208 3,9,15 3,9,14 1,7,22 3,15,18
2147 10,12,14,20 5,7,20 1,9,22 5,16,22 2209 3,9,18 3,9,12 4,13,18 3,18
2148 10,12,14,19 5,20,22 6,11,19 5,11,22 2210 5,10 3,9,18 6,12,18 3,11,18
2149 2,12,17 5,12,20 3,7,10 5,9,22 2211 3,8,10 3,9,13 1,10,18 3,12,18
2150 6,7,9 5,15,20 3,12,18 5,12,22 2212 5,10,20 3,7,14 6,7,10 3,9,17
2151 6,12,17 5,8,20 5,10,13 5,7,22 2213 5,10,19 3,7,11 3,7,17 3,9,14
2152 5,10,14 5,9,20 1,7,18 5,10,22 2214 4,8,18 3,7,18 5,10,16 3,9,15
2153 5,9,19 5,13,20 5,9,15 5,22 2215 2,12,16 3,7,17 3,9,14 3,9,18
2154 5,9 5,17,20 3,12,17 5,8,22 2216 5,8,13 3,7,9 6,12,16 3,9,11
2155 4,8,14 5,20 2,12,13 5,14,20 2217 4,8,16 3,7,12 3,9,17 3,9,13
2156 2,12,14 5,10,20 5,8,10 5,13,20 2218 3,7,15 3,7,13 1,7 3,9,12
2157 4,13,15 5,18,19 3,12,16 5,15,20 2219 3,9,16 3,7,15 3,8,9 3,9
2158 5,9,20 5,14,19 5,7,14 5,18,20 2220 2,12,22 3,7 1,7,20 3,7,13
2159 2,7,9 5,17,19 3,12,22 5,17,20 2221 3,7,18 3,16,18 1,7,19 3,7,17
2160 3,7,13 5,13,19 1,7,16 5,16,20 2222 4,15,17 3,16,17 2,12,15 3,7,14
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2223 7,9,16 3,16 3,10,13 3,7,18 2285 7,12,15 3,11,19 6,9,13 3,12,20
2224 7,9,16,20 3,14,16 2,7,10 3,7,15 2286 7,12,15,20 3,19,22 6,7,17 3,7,20
2225 7,9,16,19 3,7,16 3,7,14 3,7,11 2287 7,12,15,19 3,12,19 3,10,15 3,10,20
2226 7,9,16,22 3,13,16 4,8,15 3,7,9 2288 7,12,15,22 3,9,19 6,9,14 3,11,20
2227 4,14,15 3,15,16 4,13,16 3,7,12 2289 2,7,8 3,19 4,15,18 3,8,20
2228 4,17,18 3,11,16 4,14,17 3,7 2290 5,8,18 3,7,19 3,10,18 3,20
2229 1,8,13 3,12,16 2,12,18 3,16,17 2291 6,8,10 3,19,20 4,14,16 3,14,20
2230 3,10,17 3,9,16 6,12,22 3,14,16 2292 6,9,15 3,10,19 5,8,15 3,13,20
2231 2,12,19 3,10,14 1,10,16 3,16,18 2293 1,13,14 3,8,19 4,8,22 3,13,19
2232 2,12 3,10,13 6,12 3,13,16 2294 4,15,16 3,14,19 6,9,17 3,17,19
2233 2,12,20 3,10,16 6,12,20 3,15,16 2295 8,10,12,15 3,16,19 5,8,14 3,15,19
2234 5,13,17 3,10,15 6,12,19 3,16 2296 4,17,22 7,8,9,18 5,13,18 3,18,19
2235 5,13,14 3,9,10 5,10,22 3,11,16 2297 6,7,15 3,4 4,8,20 3,14,19
2236 3,9,19 3,10,17 3,9,15 3,12,16 2298 6,9,18 3,5 4,8 3,11,19
2237 3,9 3,10,18 3,9,18 3,9,16 2299 1,13,17 3 6,7,14 3,19,20
2238 3,9,20 3,10,12 5,10 3,7,16 2300 2,8,9 1,3 4,8,19 3,19,22
2239 3,9,22 3,7,10 3,8,10 3,10,13 2301 9,10,16 6,11,13 5,14,17 3,12,19
2240 4,13,20 3,10 5,10,20 3,10,17 2302 9,10,16,20 6,11 6,10,13 3,9,19
2241 3,10,14 3,10,11 5,10,19 3,10,14 2303 9,10,16,19 6,17 5,13,16 3,7,19
2242 4,14,18 3,8,15 4,8,18 3,10,15 2304 9,10,16,22 6,13,17 2,9,13 3,16,19
2243 4,13,19 3,8,18 2,12,16 3,10,18 2305 5,15,17 6,11,17 3,10,16 3,10,19
2244 4,13 3,8,14 5,8,13 3,10,16 2306 5,17,18 6,13,14 2,7,8 3,19
2245 6,8,9 3,8,11 4,8,16 3,10,11 2307 5,14,15 6,11,14 5,8,18 3,8,19
2246 3,7,22 3,8,17 3,7,15 3,9,10 2308 20 6,14,17 6,8,10 6,13
2247 8,9,10,16 3,8,9 3,9,16 3,10,12 2309 3,10,22 6,14 1,13,14 6,11,13
2248 6,7,13 3,8,13 2,12,22 3,7,10 2310 2,7,13 6,12,13 6,9,15 6,11
2249 8,9,12,15 3,8,12 3,7,18 3,10 2311 4,16,18 6,11,12 4,15,16 6,13,17
2250 3,7,20 3,8,16 4,15,17 3,4 2312 5,8,16 6,12,17 4,17,22 6,17
2251 5,8,17 3,7,8 4,14,15 3,8,13 2313 4,17,20 6,12,14 6,7,15 6,11,17
2252 4,16,17 3,8,10 4,17,18 3,8,17 2314 4,17,19 6,12 6,9,18 6,13,14
2253 1,10,22 3,8 3,10,17 3,8,14 2315 4,17 6,14,15 1,13,17 6,14,17
2254 4,13,22 3,15,22 1,8,13 3,8,15 2316 6,7,18 6,12,15 2,8,9 6,11,14
2255 1,10,19 3,17,22 2,12 3,8,18 2317 2,9,14 6,15,17 5,15,17 6,14
2256 5,13,15 3,13,22 2,12,19 3,8,11 2318 6,7,16 6,13,15 5,17,18 6,12,13
2257 1,10 3,11,22 5,13,17 3,8,16 2319 3,10 6,15 5,14,15 6,12,17
2258 1,10,20 3,12,22 2,12,20 3,8,9 2320 3,10,19 6,11,15 20 6,12,14
2259 3,7 3,7,22 5,13,14 3,8,12 2321 6,9,16 6,13 2,7,13 6,11,12
2260 3,7,16 3,10,22 3,9 3,7,8 2322 3,10,20 6,18 4,16,18 6,12
2261 7,8,12,15 3,8,22 3,9,19 3,8,10 2323 4,14,22 6,12,18 3,10,22 6,14,15
2262 3,7,19 3,14,22 3,9,20 3,8 2324 4,14,20 6,11,18 5,8,16 6,15,17
2263 6,7,8 3,22 3,9,22 3,5 2325 5,13,22 6,15,18 4,17,20 6,13,15
2264 6,9,13 3,9,22 4,13 3 2326 2,7,17 6,13,18 4,17,19 6,15
2265 6,7,17 3,16,22 4,14,18 1,3 2327 3,8,13 6,17,18 4,17 6,11,15
2266 3,10,15 3,18,22 3,10,14 3,13,22 2328 5,14,18 6,14,18 6,7,18 6,12,15
2267 6,9,14 3,16,20 4,13,20 3,17,22 2329 5,16,17 6,9,14 2,9,14 6,18
2268 4,15,18 3,20,22 4,13,19 3,15,22 2330 5,13,20 6,9,13 6,7,16 6,15,18
2269 3,10,18 3,7,20 6,8,9 3,14,22 2331 6,10,14 6,9,11 3,10 6,11,18
2270 5,8,15 3,20 3,7,22 3,11,22 2332 3,13,17 6,9,17 6,9,16 6,13,18
2271 4,14,16 3,9,20 6,7,13 3,12,22 2333 6,9 6,9,18 3,10,19 6,12,18
2272 4,8,22 3,8,20 3,7,20 3,9,22 2334 5,13,19 6,9 3,10,20 6,17,18
2273 5,8,14 3,10,20 5,8,17 3,16,22 2335 5,13 6,9,12 4,14,22 6,14,18
2274 6,9,17 3,18,20 4,16,17 3,7,22 2336 6,10,17 6,9,15 4,14,20 6,9,13
2275 5,13,18 3,15,20 1,10,22 3,10,22 2337 4,14 6,7,15 5,13,22 6,9,17
2276 4,8,20 3,17,20 4,13,22 3,18,22 2338 4,14,19 6,7,11 2,7,17 6,9,14
2277 4,8 3,12,20 1,10,19 3,22 2339 6,9,20 6,7,18 3,8,13 6,9,18
2278 6,7,14 3,11,20 5,13,15 3,8,22 2340 6,9,19 6,7,14 5,14,18 6,9,15
2279 4,8,19 3,14,20 1,10 3,15,20 2341 6,7,22 6,7,12 5,16,17 6,9,11
2280 5,14,17 3,13,20 1,10,20 3,16,20 2342 2,10,13 6,7,9 5,13,20 6,9,12
2281 6,10,13 3,15,19 3,7 3,18,20 2343 6,9,22 6,7,13 3,13,17 6,9
2282 5,13,16 3,18,19 3,7,16 3,17,20 2344 2,7,14 6,7 6,10,14 6,7,14
2283 2,9,13 3,13,19 3,7,19 3,20,22 2345 1,8,17 6,7,17 5,13 6,7,13
2284 3,10,16 3,17,19 6,7,8 3,9,20 2346 5,8,22 6,14,16 6,9 6,7,15
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2347 2,9,17 6,13,16 4,14 6,7,18 2409 2,10,14 6,14,19 2,10,17 6,16,20
2348 6,7,20 6,16 5,13,19 6,7,11 2410 2,9 6,13,19 5,15,22 6,15,20
2349 5,14,16 6,15,16 6,10,17 6,7,17 2411 3,15,17 6,10,19 3,8,18 6,11,20
2350 6,7 6,9,16 4,14,19 6,7,12 2412 6,13,17 6,18,19 6,8,13 6,12,20
2351 6,7,19 6,16,18 6,9,20 6,7,9 2413 2,9,19 6,19,20 6,10 6,20,22
2352 5,15,18 6,11,16 6,9,19 6,7 2414 5,15,20 6,15,19 6,10,20 6,9,20
2353 4,15,22 6,16,17 6,7,22 6,13,16 2415 2,9,20 6,7,19 6,10,19 6,7,20
2354 3,13,14 6,7,16 2,10,13 6,14,16 2416 3,17,18 6,17,19 4,16 6,10,20
2355 3,8,17 6,12,16 2,7,14 6,15,16 2417 3,8,16 6,19 4,16,19 6,8,20
2356 4,15,20 6,10,13 6,9,22 6,16,17 2418 5,15,19 6,19,22 1,8,14 6,20
2357 5,8,20 6,10,16 1,8,17 6,16,18 2419 5,15 6,12,19 1,8,15 6,13,19
2358 5,8,19 6,10,17 2,9,17 6,16 2420 3,14,15 6,16,19 2,9,22 6,14,19
2359 6,10,15 6,10,11 5,8,22 6,11,16 2421 1,13,16 4,6 2,10,14 6,17,19
2360 5,8 6,10,12 6,7,20 6,9,16 2422 5,18,22 5,6 2,9 6,15,19
2361 6,10,18 6,9,10 5,14,16 6,7,16 2423 6,13,14 3,6 6,13,17 6,18,19
2362 4,15,19 6,10,18 6,7 6,12,16 2424 5,18,20 6 3,15,17 6,11,19
2363 1,13,15 6,10,14 5,15,18 6,10,13 2425 2,7,20 2,6 2,9,19 6,19,20
2364 2,9,15 6,7,10 6,7,19 6,10,17 2426 2,7,19 1,6 5,15,20 6,19,22
2365 4,15 6,10 4,15,22 6,10,14 2427 2,7 7,9,18 3,17,18 6,9,19
2366 2,8,10 6,10,15 3,13,14 6,10,18 2428 2,7,22 7,9,18,22 2,9,20 6,7,19
2367 4,18,22 6,8,15 3,8,17 6,10,15 2429 3,13,22 7,9,18,20 3,8,16 6,10,19
2368 2,7,18 6,8,14 4,15,20 6,10,16 2430 5,18,19 7,9,18,19 5,15,19 6,16,19
2369 5,17,22 6,8,18 5,8,20 6,10,11 2431 5,18 8,9,10,18 5,15 6,19
2370 3,13,15 6,8,9 6,10,15 6,10,12 2432 3,16,17 7,8,10,18 3,14,15 6,8,19
2371 2,9,18 6,7,8 5,8,19 6,9,10 2433 3,13,20 2,3 1,13,16 6,12,19
2372 2,9,16 6,8,10 5,8 6,7,10 2434 3,13,19 2,11 5,18,22 2,3
2373 5,15,16 6,8,16 6,10,18 6,10 2435 3,13 2,11,13 6,13,14 2,13
2374 1,13,18 6,8,12 1,13,15 4,6 2436 6,8,17 2,17 5,18,20 2,11
2375 5,17,20 6,8,11 4,15,19 6,8,14 2437 3,14,18 2,13,17 2,7,20 2,11,13
2376 3,13,18 6,8 2,9,15 6,8,15 2438 6,8,14 2,11,17 2,7,19 2,13,17
2377 2,7,15 6,8,17 4,15 6,8,18 2439 5,16,22 2,14,17 2,7 2,17
2378 5,17,19 6,8,13 2,8,10 6,8,16 2440 2,10,18 2,11,14 2,7,22 2,11,17
2379 5,17 6,18,22 2,7,18 6,8,11 2441 7,9,10,18 2,14 3,13,22 2,14,17
2380 3,8,15 6,9,22 4,18,22 6,8,17 2442 3,8,22 2,13,14 5,18,19 2,14
2381 5,14,22 6,7,22 5,17,22 6,8,9 2443 2,10,15 2,12,13 5,18 2,11,14
2382 3,8,14 6,22 3,13,15 6,8,12 2444 3,14,16 2,12,17 3,13 2,13,14
2383 4,18,20 6,12,22 2,9,18 6,7,8 2445 6,13,15 2,11,12 3,16,17 2,12,13
2384 4,18,19 6,8,22 2,9,16 6,8,10 2446 6,13,18 2,12 3,13,20 2,12,17
2385 5,16,18 6,13,22 5,15,16 6,8 2447 5,16,20 2,12,14 3,13,19 2,11,12
2386 4,18 6,10,22 1,13,18 6,8,13 2448 5,16 2,15,17 6,8,17 2,12,14
2387 3,14,17 6,11,22 3,13,18 5,6 2449 5,16,19 2,14,15 3,14,18 2,12
2388 4,16,22 6,16,22 5,17,20 3,6 2450 3,8,20 2,15 6,8,14 2,15,17
2389 3,13,16 6,17,22 2,7,15 6 2451 3,8 2,11,15 5,16,22 2,14,15
2390 5,14,20 6,14,22 5,17 2,6 2452 3,8,19 2,13,15 2,10,18 2,15
2391 6,10,16 6,15,22 5,17,19 1,6 2453 4,20,22 2,12,15 3,8,22 2,13,15
2392 5,14,19 6,14,20 3,8,15 6,13,22 2454 3,15,18 2,13 2,10,15 2,11,15
2393 6,10,22 6,17,20 5,14,22 6,18,22 2455 9,11,12,14 2,12,18 3,14,16 2,12,15
2394 4,16,20 6,7,20 3,8,14 6,16,22 2456 6,8,15 2,13,18 6,13,15 2,13,18
2395 5,14 6,10,20 4,18,20 6,17,22 2457 4,19,22 2,11,18 6,13,18 2,14,18
2396 2,7,16 6,12,20 4,18,19 6,11,22 2458 1,8,18 2,14,18 5,16,20 2,17,18
2397 2,10,17 6,16,20 5,16,18 6,14,22 2459 4,22 2,17,18 5,16 2,11,18
2398 5,15,22 6,11,20 4,18 6,12,22 2460 6,14,17 2,15,18 5,16,19 2,12,18
2399 3,8,18 6,9,20 3,14,17 6,9,22 2461 7,11,12,14 2,18 3,8,20 2,15,18
2400 6,8,13 6,18,20 4,16,22 6,7,22 2462 3,15,16 2,9,13 3,8 2,18
2401 6,10 6,8,20 3,13,16 6,10,22 2463 2,10,16 2,9,18 3,8,19 2,9,13
2402 6,10,20 6,13,20 5,14,20 6,15,22 2464 3,17,22 2,9,14 4,20,22 2,9,17
2403 6,10,19 6,20,22 6,10,16 6,22 2465 4,19,20 2,9 3,15,18 2,9,14
2404 4,16 6,15,20 5,14,19 6,8,22 2466 4,20 2,9,17 6,8,15 2,9,18
2405 4,16,19 6,20 6,10,22 6,17,20 2467 1,14,17 2,9,11 4,19,22 2,9,11
2406 1,8,14 6,11,19 4,16,20 6,13,20 2468 6,13,16 2,9,12 1,8,18 2,9,15
2407 1,8,15 6,9,19 5,14 6,14,20 2469 6,8,18 2,9,15 4,22 2,9,12
2408 2,9,22 6,8,19 2,7,16 6,18,20 2470 3,17,20 2,7,18 6,14,17 2,9
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2471 3,17,19 2,7,13 3,15,16 2,7,13 2533 2,13,14 2,12,20 6,17,20 2,17,20
2472 4,19 2,7,14 2,10,16 2,7,14 2534 6,16,18 2,9,20 3,16,22 2,16,20
2473 3,17 2,7,15 3,17,22 2,7,15 2535 1,17,18 2,11,20 6,17 2,11,20
2474 6,8,16 2,7,9 4,19,20 2,7,17 2536 1,13,19 2,20 3,16,20 2,20,22
2475 3,16,18 2,7,11 4,20 2,7,18 2537 3,16 2,16,20 6,17,19 2,12,20
2476 6,15,17 2,7,12 1,14,17 2,7,11 2538 6,14,20 2,18,20 3,16,19 2,9,20
2477 3,14,22 2,7,17 6,13,16 2,7,9 2539 1,13 2,18,19 6,14,22 2,7,20
2478 6,14,15 2,7 6,8,18 2,7,12 2540 6,14,19 2,15,19 3,4 2,10,20
2479 1,8,16 2,16,17 3,17,20 2,7 2541 6,14 2,19,22 2,13,14 2,8,20
2480 5,20,22 2,14,16 3,17,19 2,16,17 2542 3,4 2,19 1,13,20 2,20
2481 4 2,12,16 4,19 2,14,16 2543 3,5 2,8,19 6,16,18 2,18,20
2482 3,14,20 2,7,16 3,17 2,15,16 2544 1,14,18 2,14,19 1,17,18 2,13,19
2483 3,14,19 2,15,16 4 2,13,16 2545 6,15,22 2,9,19 1,13,19 2,14,19
2484 6,17,18 2,13,16 6,8,16 2,16,18 2546 2,13,15 2,13,19 3,16 2,15,19
2485 5,19,22 2,16 6,15,17 2,16 2547 2,8,14 2,16,19 1,13 2,17,19
2486 3,14 2,9,16 3,16,18 2,11,16 2548 6,15,20 2,12,19 6,14 2,18,19
2487 5,22 2,16,18 3,14,22 2,12,16 2549 6,15,19 2,17,19 6,14,20 2,16,19
2488 6,16,17 2,11,16 6,14,15 2,9,16 2550 6,15 2,11,19 6,14,19 2,11,19
2489 6,13,22 2,10,18 1,8,16 2,7,16 2551 4,6 2,10,19 3,5 2,19,22
2490 6,13,19 2,9,10 5,20,22 2,10,14 2552 6,18,22 2,7,19 1,14,18 2,12,19
2491 6,13 2,10,12 3,14,20 2,10,15 2553 2,8,17 2,19,20 6,15,22 2,9,19
2492 6,13,20 2,10,11 6,17,18 2,10,18 2554 3,20,22 2,4 2,13,15 2,19,20
2493 5,19,20 2,10,16 3,14,19 2,10,17 2555 3,19,22 2,5 4,6 2,7,19
2494 6,14,18 2,10,15 3,14 2,10,11 2556 3,22 2 2,8,14 2,10,19
2495 5,20 2,10,14 5,19,22 2,10,16 2557 6,18,20 1,2 6,15,20 2,19
2496 4,5 2,10 5,22 2,9,10 2558 1,8,22 7,9,12,14 6,15 2,8,19
2497 5,19 2,10,17 6,16,17 2,10,12 2559 6,18 1,11,13 6,15,19 1,13
2498 2,10,22 2,7,10 4,5 2,7,10 2560 6,18,19 1,11 6,18,22 1,11,13
2499 3,15,22 2,10,13 6,13,22 2,10,13 2561 5,6 1,17 2,8,17 1,11
2500 7,12,16,18 2,8,18 6,13 2,10 2562 3,19,20 1,13,17 3,20,22 1,13,17
2501 6,8,22 2,8,16 6,13,19 2,4 2563 6,16,22 1,11,17 5,6 1,17
2502 2,8,13 2,8,13 6,13,20 2,8,13 2564 3,20 1,11,14 3,19,22 1,11,17
2503 3,15,20 2,8,17 6,14,18 2,8,17 2565 1,16,17 1,13,14 3,22 1,13,14
2504 5 2,7,8 5,19,20 2,8,15 2566 3,19 1,14,17 6,18,20 1,14,17
2505 3,15,19 2,8,12 5,20 2,8,18 2567 2,13,18 1,14 1,8,22 1,11,14
2506 3,15 2,8,9 5,19 2,8,16 2568 7,8,9,18 1,12,17 6,18 1,14
2507 3,18,22 2,8,10 5 2,8,14 2569 6,16,20 1,12,13 6,18,19 1,12,13
2508 2,10 2,8,15 2,10,22 2,8,11 2570 1,14,16 1,12,14 3,19,20 1,12,17
2509 6,8,20 2,8 3,15,22 2,8,9 2571 6,16,19 1,11,12 6,16,22 1,12,14
2510 2,10,19 2,8,11 6,8,22 2,8,12 2572 6,16 1,12 1,16,17 1,11,12
2511 2,10,20 2,8,14 2,8,13 2,7,8 2573 3 1,12,15 3,20 1,12
2512 6,8 2,18,22 3,15,20 2,8,10 2574 2,14,17 1,15,17 3,19 1,15,17
2513 6,8,19 2,14,22 3,15,19 2,8 2575 2,8,15 1,13,15 3 1,13,15
2514 1,15,17 2,13,22 3,15 2,5 2576 2,8,18 1,11,15 2,13,18 1,14,15
2515 6,14,16 2,11,22 3,18,22 2,13,22 2577 2,13,16 1,14,15 6,16,20 1,11,15
2516 6,15,18 2,12,22 2,10 2,17,22 2578 1,8,20 1,15 1,14,16 1,12,15
2517 2,13,17 2,7,22 6,8,20 2,14,22 2579 1,8 1,13 6,16 1,15
2518 1,14,15 2,17,22 2,10,19 2,18,22 2580 1,8,19 1,14,18 6,16,19 1,13,18
2519 3,18,20 2,10,22 2,10,20 2,15,22 2581 1,15,18 1,13,18 2,14,17 1,14,18
2520 3,18 2,22 6,8 2,16,22 2582 6,20,22 1,15,18 2,8,15 1,15,18
2521 3,18,19 2,9,22 6,8,19 2,11,22 2583 6,19,22 1,12,18 2,8,18 1,17,18
2522 6,17,22 2,8,22 1,15,17 2,12,22 2584 2,15,17 1,11,18 2,13,16 1,18
2523 1,13,22 2,16,22 6,14,16 2,9,22 2585 6,22 1,18 1,8,20 1,11,18
2524 6,15,16 2,15,22 6,15,18 2,7,22 2586 3,6 1,17,18 1,8 1,12,18
2525 6,17,20 2,20,22 2,13,17 2,10,22 2587 6,19,20 1,9,14 1,8,19 1,9,14
2526 3,16,22 2,15,20 1,14,15 2,22 2588 2,8,16 1,9,11 1,15,18 1,9,13
2527 3,16,20 2,10,20 3,18,20 2,8,22 2589 2,14,15 1,9,15 3,6 1,9,15
2528 6,17 2,8,20 3,18 2 2590 6,20 1,9,18 6,20,22 1,9,17
2529 6,17,19 2,13,20 3,18,19 1,2 2591 6,19 1,9,12 2,15,17 1,9,18
2530 3,16,19 2,14,20 6,17,22 2,13,20 2592 1,15,16 1,9,13 6,19,22 1,9,11
2531 6,14,22 2,17,20 1,13,22 2,14,20 2593 2,17,18 1,9 6,22 1,9,12
2532 1,13,20 2,7,20 6,15,16 2,15,20 2594 2,13,22 1,9,17 6,19,20 1,9
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2595 6 1,7,14 2,8,16 1,7,13 2657 2,16 1,12,20 2,16,19 1,20,22
2596 1,5 1,7,13 2,14,15 1,7,17 2658 1,18,19 1,20,22 2,16 1,12,20
2597 2,14,18 1,7,15 6,20 1,7,14 2659 1,18 1,8,20 1,18,19 1,9,20
2598 7,9,18 1,7,18 6,19 1,7,15 2660 1,16,22 1,7,20 1,18 1,7,20
2599 7,9,18,22 1,7,11 6 1,7,18 2661 1,16,20 1,20 1,16,22 1,10,20
2600 7,9,18,20 1,7,12 1,15,16 1,7,11 2662 2,20,22 1,15,20 1,16,20 1,8,20
2601 7,9,18,19 1,7,17 2,17,18 1,7,12 2663 2,19,22 1,10,20 2,20,22 1,20
2602 2,13,20 1,7,9 1,5 1,7,9 2664 2,22 1,17,19 2,19,22 1,13,19
2603 2,13,19 1,7 2,13,22 1,7 2665 1,16,19 1,14,19 2,22 1,17,19
2604 2,13 1,16,18 2,14,18 1,16,17 2666 1,16 1,16,19 1,16,19 1,14,19
2605 1,4 1,14,16 1,4 1,14,16 2667 2,19,20 1,19,20 1,16 1,18,19
2606 2,16,17 1,16,17 2,13 1,16,18 2668 2,20 1,18,19 2,19,20 1,16,19
2607 2,8,22 1,16 2,13,20 1,16 2669 2,19 1,13,19 2,20 1,19,20
2608 2,8,20 1,9,16 2,13,19 1,11,16 2670 2 1,11,19 2,19 1,11,19
2609 2,14,16 1,11,16 2,16,17 1,13,16 2671 1,2 1,19,22 2 1,19,22
2610 1,17,22 1,12,16 2,8,22 1,9,16 2672 1,20,22 1,9,19 1,2 1,12,19
2611 1,16,18 1,7,16 2,8,20 1,12,16 2673 1,19,22 1,12,19 1,20,22 1,9,19
2612 2,15,18 1,13,16 2,14,16 1,7,16 2674 1,22 1,8,19 1,19,22 1,15,19
2613 1,14,22 1,15,16 1,17,22 1,15,16 2675 1,19,20 1,19 1,22 1,10,19
2614 2,8,19 1,10,14 2,5 1,10,13 2676 1,20 1,10,19 1,19,20 1,7,19
2615 2,8 1,10,17 1,16,18 1,10,17 2677 1,19 1,7,19 1,20 1,8,19
2616 2,5 1,10,15 2,15,18 1,10,14 2678 7,9,12,14 1,15,19 1,19 1,19
2617 1,3 1,10,11 1,14,22 1,10,15 2679 19 19 1 1
2618 1,17,20 1,10,18 2,8,19 1,10,18 2680 1 1 19 19
2619 1,17 1,10,16 2,8 1,10,11
2620 1,17,19 1,9,10 1,3 1,10,16
2621 8,9,10,18 1,10,12 1,17 1,9,10
2622 2,17,22 1,7,10 1,17,20 1,10,12
2623 1,14,20 1,10,13 1,17,19 1,7,10
2624 2,4 1,10 2,4 1,10
2625 2,15,16 1,8,14 2,17,22 1,8,17
2626 1,14,19 1,8,15 1,14,20 1,8,14
2627 1,14 1,8,17 2,15,16 1,8,15
2628 2,17,19 1,8,11 1,14,19 1,8,11
2629 2,17 1,8,16 1,14 1,8,16
2630 2,17,20 1,8,9 2,17 1,8,18
2631 2,3 1,8,12 2,17,19 1,8,13
2632 1,6 1,8,10 2,17,20 1,8,9
2633 2,16,18 1,7,8 2,3 1,8,12
2634 2,14,22 1,8 1,6 1,7,8
2635 2,14,20 1,8,18 2,16,18 1,8,10
2636 7,8,10,18 1,8,13 2,14,22 1,8
2637 2,6 1,18,22 2,6 1,13,22
2638 2,14,19 1,13,22 2,14,20 1,17,22
2639 2,14 1,11,22 2,14 1,14,22
2640 1,15,22 1,14,22 2,14,19 1,18,22
2641 2,15,22 1,16,22 1,15,22 1,16,22
2642 2,15,20 1,17,22 2,15,22 1,11,22
2643 1,15,20 1,9,22 2,15,20 1,9,22
2644 2,15,19 1,7,22 1,15,20 1,15,22
2645 1,15 1,8,22 2,15,19 1,7,22
2646 2,15 1,10,22 1,15 1,10,22
2647 2,18,22 1,22 2,15 1,8,22
2648 1,15,19 1,15,22 2,18,22 1,22
2649 2,18,20 1,12,22 1,15,19 1,12,22
2650 2,18,19 1,18,20 2,18,20 1,13,20
2651 1,18,22 1,17,20 2,18,19 1,17,20
2652 2,18 1,14,20 1,18,22 1,14,20
2653 2,16,22 1,13,20 2,18 1,18,20
2654 2,16,20 1,16,20 2,16,22 1,16,20
2655 1,18,20 1,9,20 2,16,20 1,15,20
2656 2,16,19 1,11,20 1,18,20 1,11,20
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Appendix B: Flow Chart of Image Generation Used in Qualitative Demonstration

The images used in Chapter 5 to demonstrate the selection process were generated
using Matlab. A general flow chart of the image generation process is shown in Figure
B.1. Phase history generation and backprojection follow the approach detailed in Section
2.2.

Figure B.1: SAR image generation flowchart
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