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1. INTRODUCTION

Radio frequency (RF) observations are an attractive source for characterization of transmitting satellites. For purposes
of orbit determination, relevant RF measurements include time difference of arrival (TDOA) and frequency difference
of arrival (FDOA). TDOA measurements are related to the difference in range from the transmitter to two receivers.
FOA measurements are related to the range rate from the transmitter to each receiver. Extensive work in the literature
has developed signal processing methods to extract these measurements from received RF signals [1,2]. These types
of measurements have been broadly studied for the purposes of geolocation [3—7]. The use of these measurements
for orbit determination has also been considered [8—10]. These studies have fallen into two categories: initial orbit
determination without full characterization of probability density function of the state, or iterative refinement of a
current estimate or initial guess.

This paper addresses initial orbit determination using TDOA and FOA or FDOA measurements with no a priori knowl-
edge of the transmitter’s orbit. An initial set of a TDOA measurement and frequency measurements leaves a manifold
in the six-dimensional state space of the transmitter’s orbit over which the probability distribution is assumed to be
uniform. In the position space, the uniform distribution is supported on the hyperboloid defined by the TDOA mea-
surement with the receivers at the foci. For a given position, the frequency measurements leave a uniform distribution
over certain components of the transmitter’s velocity. This distribution is approximated via Gaussian mixture (GM)
using Cartesian coordinates of the transmitter’s position and velocity. The use of GM approximation is similar to
Reference [6], but that work focused on tracking of terrestrial emitters. The use of GM for probabilistic initial orbit
determination using angles-only observations was introduced by DeMars & Jah [11].

The remainder of the paper is organized as follows. Section 2 describes the TDOA, FOA, and FDOA measurements
and their Jacobians. Section 3 describes how the probability density resulting from an underdetermined set of measure-
ments can be modeled as a uniform-Gaussian distribution. Sections 4-7 develop GM approximations for the uniform
distributions in the position and velocity space separately. These distributions are combined to create the GM approx-
imation of the uniform-Gaussian distribution of the orbital state in Section 8. Section 9 describes the incorporation
of subsequent measurements via a GM extended Kalman filter. A numerical e xample and c oncluding remarks are
provided in Sections 10 and 11, respectively.
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2. MEASUREMENT MODEL

A time difference of arrival (TDOA) measurement relates the arrival times of a transmitted signal at two different
receivers. This TDOA is related by the speed of light to the difference in range from the transmitter to each receiver.

Ar=rip—r, = ViIr—r)T(r—r)—/(r—r)T(r—r) (1

Here, r is the unknown position of the transmitter, and r; and r, are the known positions of the two receivers. A
noise-free TDOA measurement places the transmitter on one sheet of a two-sheeted hyperboloid with the receivers at
the foci.

The frequency of arrival (FOA) at each receiver is related to the Doppler shift due to the range rate from the transmitter
to each receiver. For a continuous wave of a single frequency, measuring the received frequencies does not allow for
solution of the range rates and the unknown transmit frequency. However, some knowledge about the frequency
content of the signal allows for solution of the range rates.
T
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Here, v is the unknown velocity of the transmitter, and v; is the known velocity of the ith receiver.

Alternatively, a frequency difference of arrival (FDOA) measurement is related to the difference in range rate from the
transmitter to each receiver.
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The measurement vector y is formed subject to additive, Gaussian noise w with zero mean and covariance matrix R.
For the case of TDOA and FOA measurements, the measurement vector has the following form.

Ar
y=| i1 | +w 4)
%)

Defining the orbital state x = [rT v']T, the measurement Jacobian can be evaluated.
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The measurement vector and measurement Jacobian for the case of TDOA and FDOA measurements is shown below.

Ar
= [ Af } +w (6)
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Note that H ., = H ;. Evaluation of the state vector and measurement Jacobian would typically be performed with
components in some inertial reference frame. But for convenience, they are shown here in tensor form. Given an
initial set of measurements, the following section describes how the probability density function can be modeled as a
uniform-Gaussian distribution, by first considering the simple case of linear measurements. The goal will then be to
approximate the probability density of the orbital state using a Gaussian mixture.
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3. UNDERDETERMINED MEASUREMENTS WITH GAUSSIAN NOISE

Consider a linear measurement system with a state x € R”, measurements y € R”, and measurement noise w € R™,
where m < n.
y=Hx+w 8)

Let w obey a Gaussian probability distribution with zero mean and covariance R.
pw(w) = |27rR\*% exp (—;WTR1W> 9)
The matrix H is m x n with m independent rows. It has an m dimensional row space, IP, and an (n — m)-dimensional
nullspace, N. The state consists of two components: x| € Pandx, € N.
xX=x+xL (10)
The goal is now to describe the posterior probability density functions of x| and x, .
The value of x| does not affect the measurement.
y=H(x+x.)+w=Hx +w (11)

Therefore, the measurements do not provide any information on the distribution of x| . Instead, x| can be assumed to
have a uniform distribution over some subspace A C N.

L ifx, €A
= Jadx XL 12
Pry(¥1) {o ifx, ¢ A (12)

Whereas y and x| have different dimensions, they are one-to-one. The solution for x is given by the Moore-Penrose
pseudoinverse, which is the minimum-norm solution that satisfies the measurements.

x =H"(HH")"' (y—w) (13)

Clearly this solution lies in the row space of H. To describe the probability density of x;, the property that linear
combinations of independent, Gaussian variables are also Gaussian can be used. Therefore, x|| is Gaussian with mean
m and covariance P.

m =H"(HH") 'y (14)
P =H'(HH") 'R(HH") "H (15)
1
Py (x)) = [22Py |2 exp <—2 (x —my) " P! (x) —m)> (16)

Thus, the state can be modeled as a uniform-Guassian distribution, being uniform over A and being Gaussian along
PP. To approximate this distribution with a GM, one approach is to create a grid of points in A and select a covariance,
P, with nonzero variances in N to model the uniform distribution over A. The means of the Gaussian components are
computed by adding m| to the grid point locations in A. The covariances of the Gaussian components are computed
by adding P and P .

For smooth, nonlinear measurements, y = h(x) 4+ w, there is an (n — m)-dimension manifold that produces identical
measurement values. The posterior probability density for x can be approximated as uniform-Gaussian, being uniform
over this manifold and Gaussian along dimensions spanned by the Jacobian dh/dx. Approximation by GM can be
performed by defining a mesh over the manifold, and selection of P, with nonzero variances in the nullspace of the
measurement Jacobian evaluated locally at each mesh point. The covariance P|| can be computed at each mesh point
also using the local evaluation of the measurement Jacobian. The means of the Gaussian components are defined at
the mesh points, and the covariances of the Gaussian components are computed by adding P and P .

The following sections describe selection of means, variances in the nullspace, and weights given nonlinear measure-
ments of the position and linear measurements of the velocity. The values are combined to consider the full orbital
state along with the Gaussian distribution in the rowspace in Section 8.
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4. GM APPROXIMATION OF UNIFORM DISTRIBUTION ON A CIRCLE

This section describes the GM approximation of a uniform distribution on a circle. This approximation will be used
as a kernel for defining the GM approximation of a uniform distribution on a hyperboloid.

4.1 Background: GM Approximation of a Univariate Uniform Distribution

The use of GM approximations for probabilistic intial orbit determination was introduced by DeMars & Jah in Refer-
ence [11]. Based on angle and angular-rate observations of an object, their approach defined a constrained admissible
region within the range and range-rate subspace. A uniform probability density over this region was approximated us-
ing a GM. This approximation of a univariate uniform distribution was used as a kernel to approximate the constrained

admissible region by taking multiple slices of the two-dimensional subspace. The following assumptions for the GM
were made:

1. The weights are equal for all components.

2. The means are evenly distributed across the support of the uniform distribution.

3. The Gaussian mixture is homoscedastic.

A condition was derived for the optimal standard deviation of the Gaussian components to minimize the L, distance
between the uniform distribution and the GM approximation. This condition can be numerically solved. For example,

for 10 components approximating a uniform distribution over 0 < x < 1, the optimal standard deviation is 0.0696. The
resulting GM approximation is illustrated in Fig. 1.

/ \
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Fig. 1: Gaussian mixture approximation of a univariate uniform distribution

Before continuing, note that the constrained admissible region is the union of a one-dimensional manifold in position
space and a one-dimensional manifold in velocity space. Each of these manifolds is linear in the Cartesian coordinates
for position or velocity, respectively. Other measurement types can lead to manifolds that are curvilinear with respect
to the Cartesian coordinates. Assembling GM approximations for uniform distributions over such manifolds is more
challenging, particularly because the uniform distribution and the Gaussian components have different support.

4.2 Circular Distribution

Consider a uniform probability distribution over a circle with radius r. The circle can be parameterized by an angle
0 whose probability density has a constant value of 1/(27r) for all values of 0 € [0,27). This distribution will be

approximated by a GM in Cartesian components, associated with a reference frame C. At each location on the circle
define radial, e,, and transverse, &g, coordinate vectors.

N 0 . —sin6
[&:]c = { zﬁfe} [ee]c[ e } (17)
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Assume that the mean locations are located within the support of the uniform distribution, i.e. on the radius r circle.
Further assume that all components have equal weight, o = 1/L, and equal transverse spacing AG =271 /L.

2r(l—1
91:¥ (18)

| cosg
[ml]c—r[ sin 6, ] (19)

The covariances for all Gaussian components are related by rotations through A6, with each Gaussian component
having nonzero variance, 6,2, in the transverse direction, which is tangential to the circle. A schematic illustration of
the GM is shown in Figure 2.

Alternative GMs could be considered where the means are located inside the circle, and with nonzero variances in
the radial direction. Here, the placement of the means on the radius r circle is motivated by the intention for the
orbit-determination problem to update the GM for additional measurements using a GM extended Kalman filter, as
further described in a later section. (Variance in the radial direction would also be added to model a uniform-Gaussian
distribution due to sensor noise in the circular measurement, but this component is neglected in this section.) Therefore
the GM distribution can be defined by selecting o;.

Fig. 2: Illustration of GM approximation of uniform distribution on a circle

In Reference [11], the L, distance between the univariate uniform distribution and the GM approximation was min-
imized. The “faceted” GM approximation chosen here has a different support than the targeted uniform distribution
on a circle. The different supports of the distributions causes the evaluation of the L, distance to be challenging.
Therefore an alternative condition for the variance value is chosen.

Because the value of oy is equal for all Gaussian components, the condition can be written in local radial and transverse
coordinates, or without loss of generality, for a Gaussian component aligned with 8; = 0 so that x is in the radial
direction and y is in the transverse direction. An approximation of uniformity along the radius r circle can be obtained
by specifying that for each Gaussian component, the probability density at the mean is twice the probability density at
the point of intersection with the neighboring Gaussian components.

1 1/0\? 1 1 [ rtan2®
exps —= | — =2 ex — | —2 20
V27o, P12 <O-t> V2ro, P 2 o; 20

, (rtan A—ze)2

o = 21
! In4 21
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Because the GM approximation uses Gaussian components with principal variances aligned with the local radial and
transverse directions, the components will not overlap as smoothly as in the univariate case, illustrated in Figure 1.
The GM approximation has local maxima at the mean of each Gaussian component and near the midpoint between
adjacent components (where there is strong overlap in the probability density contributions). The selected uniformity
approximation condition essentially attempts to balance the value of these local maxima. For a circle with r = 1 and
L = 10, the solution for o; is 0.2344. By comparison, the GM approximation with 10 components for a univariate
uniform distribution over a support of 27 results in an optimal standard deviation of 0.4372.

5.  GM APPROXIMATION OF UNIFORM DISTRIBUTION ON A HYPERBOLA

Consider a uniform probability distribution over a portion of one branch of a hyperbola in a plane. Define a reference
frame C with coordinate vectors i pointing in the direction from receiver 2 to receiver 1 and j orthogonal to i. The
positions of the receivers relative to the midpoint between them have components of [c 0]" and [—c 0]". For an arbitrary
location [x y]T, the ranges to each foci are given by the following.

r1 =1/ (x—c)>+y? (22)

rp =1/ (x+¢)*+y? (23)
The range difference is Ar = r; » — ;1. Without loss of generality, assume that Ar > 0.

For a given range difference, define the following parameters.

_Ar
2

b=+vVct—ad? (25)

The locus of points that share that range difference is given by a hyperbola.

a 4)

;C—z — Z—z =1 (26)
The hyperbola can be described by a parameter y.

x =acoshy 27

y=>bsinhy (28)

The apex of the hyperbola is at y = 0. Locations along the asymptotes of the hyperbola are approached as y goes to
infinity. (The value of y is equal to twice the area of the hyperbolic sector at x and y.)

At each location on the hyperbola, another local reference frame E can be defined with coordinate vectors &, tangential
to the hyperbola (i.e. in the nullspace of the Ar measurement Jacobian) and &, normal to the hyperbola (i.e. in the
rowspace of the Ar measurement Jacobian).

—HT
by = —— 29

\/ HA"JHZr,r

r—ri r—rp

Vi) r=r)  V(r—r)T(r—r)

=
r—ri _ r—ry r—rg _ r—ry
\/( Vir—r)Tr=r) v/ <r—r2>T<r—r2>) (\/ (r=r)T(r=r) (f—fz)T('—f2)>

r—ri r—ry

__ Ner)r-r) V-r)T(r-r)

\/2 5 (r=r)(r—r5)
V=) (r—r)\/ (r=r2) T (r—r2)
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r—r r—ry

2 = V(r—r)(r—r) T\/(r*rz)T(f*fz) (30)
( r—ri + r—ry ) ( r—r + r—nry )
Vr=r)Tr=r)  V(r—r)T(r-ry) V=) (r=r))  V(r-r)T(r—r2)
r—ri + r—r

Vi) r=r)  V(r-r)T(r—ry)
T
2+2 (r—ry) ("*’2)
\/ V)T (r—r)V (1) T(r—r2)

The target probability distribution is uniform over the portion of the hyperbola from i, > 0 to some Wpax. The
Gaussian mixture approximation of this distribution uses L components. Reference points on the hyperbola are defined,
separated by equal step Ay of the parameter.

Ymax — Ymin

L+1 GD

Ay =

Vi = Ymin +[AY (32)

The mean locations, r; = [x; y;|", are computed by evaluating Eqgs. (27) and (28) at y;. The equal steps of Ay place
the means closer together near the apex of the hyperbola, and further apart near the asymptote of the hyperbola. This
is attractive to provide the GM greater resolution in the region of the hyperbola with smaller radius of curvature.

The principal components of the covariance of each Gaussian component will be aligned with the tangential and
normal directions at the reference point. The unit vectors along the tangential direction can be formed by taking
derivatives of x and y with respect to .

x' = asinh v (33)
y’ =bcoshy 34)

: X 1 asinhy
ol { ’ ] - { } (35)

(x/)2 + (y/)Z y \/a2 sinh2 vt b2 cosh? v bcoshy

The unit vector in the normal direction is orthogonal to the tangential unit vector.
[n] = 1 [ —bcoshy } 6
c \/a2 sinh? g+ b2 cosh? y asinh y

The standard deviation along the tangential direction is defined using a localized version of the Gaussian mixture
approximation of a uniform distribution on a circle. The local radius of curvature at the reference point and the
angular spacing to the neighboring reference points is used to evaluate the parameters for the approximation of a
circular distribution. Evaluating the radius of curvature also requires the second derivatives of x and y.

x" =acoshy 37
y" = bsinhy (38)

s 3
()P +07)°) | _ | (@sinh® y+b2cosh®y)* | 1 5o o
_ _ = — (a*sinh® y + b* cosh” y) 2 39
p Xy’ —y'x’ absinh? y — abcosh? y ab ( v ) >

This expression defines the radius of curvature anywhere on the hyperbola. The radii of curvature at the reference
points, p;, are computed by evaluation at ;.

The arclength, s, from the apex to any point on the hyperbola is given by the following.

gd v = atan(sinh y) (40)

az a2 a2
s(y)=b|F <gdll/| — b2) _E (gdy/| — bz) +4/1+ b—ztanhy/sinhy/ (41)
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Here, gd is the Gudermannian function, F is the incomplete elliptic integral of the first kind, and E is the incomplete
elliptic integral of the second kind. The arclength to each reference point as well as the points on the hyperbola at Y,
and Wnax are evaluated.

50 = $(Wiin) (42)
si=s(y) forl=1,...,L 43)
SL+1 = S(‘I/max) (44)

The angular spacing used in the local circular approximation is evaluated from the arc lengths between neighboring
mean locations and the local radius of curvature.

Aelz%forlzl,...i (45)

For each Gaussian component, the values of p; and A, are used in Eq. (21) to evaluate Gtz, and is here labeled (7112, I
Because the GM is not homoscedactic, certain components are intended to approximate larger regions of the uniform
distribution than other components. Thus, the weight for each component is selected to scale the probability densities
of each component at that component’s mean to be equal.

Ot,1

= —
Yi—1 0k

(40)
6. GM APPROXIMATION ON A HYPERBOLOID

Augment the reference frame C with a third coordinate vector k = i x j. Consider receiver locations [ri]c = [¢ 0 0]

and [r2]c = [—c 00]". For an arbitrary location [x y z]", the ranges to each foci are given by the following.
ri=/(x—c)F+y2+22 (47)
rio =1/ (x+c)?+y>+22 (48)

The range difference is Ar = r; 5 —r; 1. Without loss of generality, assume that Ar > 0. For a given range difference,
the generating hyperbola has parameters a and b defined in Egs. (24) and (25).

The GM approximation of a uniform distribution over a hyperboloid is constructed by combining the GM approxima-
tions of uniform distributions over a hyperbola and a circle. Mean locations are defined in a mesh along the generating
hyperbola and the circle of revolution about the axis of symmetry of the hyperboloid. The number of mean locations
along the generating hyperbola is L;, and the number of mean locations along the circle of revolution is L.. Steps
of Ay along the generating hyperbola are used as described in Eqgs. (31) and (32), replacing L with L; in Eq. (31).
Steps of AO along the circle of revolution are used as described in Eq. (18), replacing L with L.. The resulting mean
locations are given by the following.

acoshy;
[rijlc = | bsinhy;cos6; fori=1,...,Lpand j=1,...,L, (49)
bsinh y;sin 0,

Augment the reference frame E with a third coordinate vector &, = &, X é,, which is tangential to the circle of revo-
lution (and lies in the nullspace of the Ar measurement Jacobian). The local coordinate vectors can be expressed in
components of the C frame.

1 asinhy
[en]e = bcoshycos O (50)
\/a2 sinh? y + b2 cosh? y | bcoshysin@
0
[e]o=| —sinB (51)
cos 6
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—bcoshy
asinhycos 8 52)

1
8n)c =
\/ a2sinh? y 4 b2 cosh? y | asinhysin@

~

The values of &, ;;, &, and &, ;; are found by evaluation at the corresponding values of y; and ;.

For each value of y;, the approximation on a hyperbola is evaluated using the local radius of curvature and the spacing
between neighboring values of y;. The value of o},; is computed as described in Section 5. For each value of y;, the
approximation on a circle is evaluated using the radius of the circle of revolution, bsinh y;, and the spacing of A6. The
value of o; is computed as described in Section 4, and is here labeled as o ;.

2 T
. R o-. 0 e, ..

Pinij=1 tnij e ] [ o o ] { o } (53)
c,i c,j

Similar to the GM approximation for a hyperbola, the weights are selected to equalize the probability density contri-
bution of each Gaussian component at that component’s mean.

Op.iOc,i

= (54)
L. ZlLil Oh,iOc,i

o
7. GM APPROXIMATION OF FREQUENCY MEASUREMENTS

For a given transmitter position, the FOA measurements provide two conditions for the three components of the trans-
mitter’s velocity, or the FDOA measurements provide a single condition. This section describes GM approximation
for the resulting uniform-Gaussian distribution in velocity space. These are conditions on the velocity components in
the plane of the relative positions from the transmitter to each receiver, which is the &;é, plane. In particular, for a
given transmitter position, the frequency measurements become nonhomogeneous linear equations for the transmitter
velocity. The approach described in Section 3 can be combined with the univariate GM reviewed in Section 4.1 to
develop the GM approximation.

The FOA measurements can be rewritten as follows.

fra | _ (rij—r)T(rij—r1) _ (ri;j—r)T(ri;j—r1)
i | T e VT e (55)
(rij=r2)T(rij—r2) L V/(rij=r2)T(rij—r2) |
(rij—r1) T (rij—r1) _ | i (rij—r))T(rij—r1)
L/ (rij=r2)T(rij—r2) L V/(rij=r2)T(rij=r2) |
— | 1 (rij—r)T(rij—r1)
b_ |: i't72 :l + (r[j*rz)TVZ (57)

(rij=r2)T(rij—r2)
The unique solution for the component of v lying in the plane of the relative positions is labeled v|| and is given by the
Moore-Penrose pseudoinverse.
v =H},(H:,H],) 'b (58)

The velocity component in the &, direction does not affect the FOA measurements. Therefore, the probability distri-
bution along the & velocity component is uniform within some some bound v, max.

1
Pv. (Vc) _ { 2Ve max Ve € [_VC,mach,max] (59)
0 ve ¢ [7Vc,maxa Vc,max]

This uniform distribution is approximated with a GM with L, components using the approach developed in [11], and
summarized in Section 4.1. The mean values are given by the following.

ZVc,maxk
L,+1

fork=1,...,L, (60)

Vek = —Ve,max
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Vi = V| +Vekec (61)

The standard deviation o, is evaluated numerically.

P . =oc’e.e! (62)

The FDOA measurement can be similarly manipulated.

AF (r—r)" B (r—r)" . (r—ry)"vy B (r—r))"v 63)
Vr=r)T(r—r) /(r—r)"(r—r) Vr=r)(r—r) /(r—r)T(r—r)
(r—r)" B (r—r)" b= Ajt (r—ry)"vy 3 (r—ry)"v (64)
Vir=r)T(r—ry) /(r—r)T(r—r) Vir=r)T(r—r) /(r—r)T(r—ry)
PV il )1/ SN Gl £ V1A (65)
V(r=n)i(r-rn) /(r-rn)(r-n)

Note that only the component of the transmitter’s velocity in the direction equal to the difference in the relative

position unit vectors affects the TDOA measurement. The solution for this velocity component is again given by the
Moore-Penrose pseudoinverse.

b

-H,. — 66
Ar’vHAr',vHZ;‘gv ( )

d

The solution for v lies in the row space of H s, = H ar,, Which is the same direction as &,.

Velocity components in the &, and e, directions do not affect the FDOA measurement. Therefore, the probability
distribution of the velocity is uniform in the é,é, plane within some some bound vpax.

(67)

+ (Vi € [=Vmax; Vmax]) A (Ve € [~Vmax; Vmax])
(V V ) = 4Vmax
Dvyve Vs Ve 0 otherwise

This uniform distribution is approximated with a Gaussian mixture with L2 components. The mean velocities are
distributed on a grid on the é,é. plane.

2Vmaxl .
Vh,i = —Vmax Lvn—txl fori=1,...,L, (68)
Ve.i = —Vmax + 2Vmax forj=1,...,L, (69)
5] Lv+1 ) )
Vij =V + vh’iéh + chjéc (70)

The standard deviation o, is evaluated numerically, and each Gaussian component is assigned a covariance matrix
with this standard deviation in principal directions of &, and &..

P i =07 (e8] +épe) (71)

8. GM APPROXIMATION OF THE ORBITAL STATE

For the posterior distribution of the orbital state given a set of TDOA and FOA measurements, there is a three-
dimensional manifold of the state space that satifies the measurements and over which the distribution is uniform. To
develop a GM approximation of the posterior distribution, a mesh of mean locations must be constructed over this
manifold, and covariances must be selected to approximate the uniform distribution.

The previous sections described the GM approximation of a TDOA hyperboloid in position space, and for a given
position, the velocity components undetermined by the frequency measurements. But given a set of TDOA and
frequency measurements it is desired to describe the uniform-Gaussian distribution in the full orbital state space.
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The means for this GM approximation will be concatenations of the mean positions on the TDOA hyperboloid and
mean velocities satisfying the frequency measurements. These mean states form a mesh spaced along the generating
hyperboloid and circle of rotation in position space and along the undetermined velocity components. For FOA
measurements, the total number of components is N = L,L.L,, and components are here notated with i as the index
along the generating hyperbola, j as the index along the circle of revolution, and k as the index along the velocity
component in the &, direction. The mean states are written as follows.

r; j
m;j = A 72
ijk [ V)i + Veile, ] (72)
Here, r;; was defined in Eq. (49). For FDOA measurements, the total number of components is N = LhLCL%, and [ is
the additional index along the velocity component in the &; direction. The mean states are shown below.

miji = [ U } (73)

V|ij T Vek€c,jt Vhi€hij

The GM approximation of a circle and of a univariate variable provided guidance for sizing the desired variances
along the mesh directions. But the requirement for the covariance components that approximate the uniform aspects
of the distribution is that they should span the nullspace of the Jacobian of the full measurement vector (i.e. TDOA
and frequency measurements) with respect to the full state vector (i.e. position and velocity components).

The covariances of the Gaussian components in the nullspace of the measurement Jacobian, H, approximate the
uniform distribution. One direction in the nullspace has zero position components and velocity components along
the e, direction. Therefore, the variance GE can be associated with this direction. The covariance P | 4,;; defined in
Eq. (53) was designed to approximate a uniform distribution over the TDOA hyperboloid. Whereas a variation ér in
position over the hyperboloid produces no change in the TDOA measurement, variation in position along &, without
a corresponding variation dv in velocity will produce a change in the FOA measurements. (This is precisely the same
reason that the solution for v is a function of r).

Define H; j; as the evaluation of H at the mean state m; ;. The solution for the covariance in the velocity components
and the covariance between the position and velocity to associated with the position variance will be illustrated here
for the case of FOA measurements. To construct additional components of the nullspace of H;j, it will be convenient
to define H ,;j; as the lower-left 2 x 3 partition, and H, ;i as the lower-right 2 x 3 partition.

H;.ijx6r+H;,;jx6v =0 (74)

Given a deviation 8r the solution for the deviation v in the rowspace of H,; jk 1s given by the Moore-Penrose
pseudoinverse.

1
8v=—Hj i (HrijeH] i) Hirijedr (75)

This solution can be used to find the velocity covariance to associate with the position covariance, and the cross
covariance between them.

T
E{8v6v"} = E{ B (HavijHli) " HiniinSrSr H i (i) " Hiige (76)
1 T
Pyije =Hj, i (HnipHy, i) HiniwPiariiH i (HivinH ) Hivije a7
T
E{érév'} = E{ Srér'H, ;y (HiipH], i) Hr'yr,ijk} (78)
T
Prije=—PiarijH}, i (HjvijcH},, z]k) Hp, i (79)

The solution for the case of an FDOA measurement is similar, using the associated partitions of the measurement
Jacobian evaluate at m; ;.

With this, the covariance components modeling the uniform distribution can be assembled. For the case of FOA
measurements, the covariance matrix has the following form.

Pipii Pk 0 o0
P = J o 80
Lijk |: Prvuk PV-,ijk :| * |: 0 PJ—"J ] (80)
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For an FDOA measurement, the covariance matrix is shown below.

Pipij Prjju ]+ { 0 0 }

P =1 pt
‘” P Pk 0 Piarij

8D
For the GM described in the previous section, and its corresponding covariance values, was designed to approximate
the uniform distribution over the manifold satisfying the TDOA and FOA measurements. To account for the Gaussian
distribution in the directions orthogonal to this manifold due to measurement noise, additional components must be
added to the state covariance. As described in Section 3, this state covariance is related to the measurement noise
covariance by the Moore-Penrose pseudoinverse of the measurement Jacobian.

The value H;j; is the evaluation of H at the mean position and velocity of the (i, j,k)th Gaussian component. The
covariance for each component due to measurement noise is given by the following for the case of FOA measurements.
2
oy, O 0
R=| 0 o © (82)
0 0 o

r

For an FDOA measurement, the measurement noise covariance matrix is shown below.

oz 0
R_[ 8’ Gﬁ- ] (83)
r
Py = H;jk(Hiij:jk)ilR(Hiij;rjk)iTHijk (84)

The total covariance for each component is the sum of the covariance approximating the dimensions with uniform
distribution and the contribution due to sensor noise.

Pijp =P ijx+Pij (85)
Lastly, the weight of each Gaussian component is computed. For FOA measurements, the weight of the (i,j,k)th

component is shown below.
V| Pijk|
%ijk = <L oL, (86)
Z,i] Zj:] Zkzl V ‘Pijkl
For an FDOA measurement, the weight of the (i,j,k,/)th component is similar.
P
. Lo @7
i j=1 Ll Xy VIl

9. GM EXTENDED KALMAN FILTER

Qijkl =

The preceding sections described the initialization of a GM using a set of TDOA and frequency measurements. The
propagation of the GM and update of the GM from subsequent measurements can be performed using a GM extended
Kalman filter. In the propagation step, the nonlinear orbital dynamics are modeled using a selected propagator, subject
to process noise.

v 0
X = + u 88
| sio ] +[ 7] o
Here the process noise u is assumed to be Gaussian with spectral density Q.

E{u()u' (1)} = Q5(1 1) (89)

The mean values are propagated from time #; to #;; by numerical solution of the noise-free dynamic model.
x-—[ Vi ] fori=1,...,N (90)

L flx) T
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The covariance matrices are propagated using the state-transition matrix ®;(#;41,#;) evaluated along the associated
mean value.

Tkt 1

0 .
Pi(tk+1) :‘I)i(tk+1,tk)Pi(l‘k)@;r(thrhlk)+ | ‘I’i(lk+17f)|: I :|Q[ 0 I }¢;‘r(tk+l,r)d’r fori=1,...,N
k
oD

The update step is performed when measurements are received. The measurement Jacobian is evaluated at each mean
state, and notated as H;.
_ _ ~1
K;=P;H] (H,P; H] +R) (92)

The Kalman gain is used to update the means and covariances, with the prior values notated with a superscript — and
the posterior values notated with a superscript +.

xt=x; +Ki(y—h(x;)) (93)
Pl+ = (I—K,‘Hi)P; 94)

The evaluation of the measurement residuals at the mean states is the motivation, mentioned in an earlier section, for
initializing the GM with states that satisfy the initial measurements. The weights are updated using the measurement
likelihood given the posterior means and covariances.

o 1 (y—h(x}))" (HfPfH;"+R)™' (y—h(x,*))) (95)

1
T JonHPH IR (_2
| n( 1 1 l + )|

Here, H;" is the evaluation of the measurement Jacobian at x;".

+ w;w;

-1t 96
v Y oowy ©0)

1

Note that the propagation of the covariances depend on linearization of the dynamics (via the state-transition matrix),
and the update of the means and covariances depend on linearization of the measurement model (via the measurement
Jacobian). Both linearizations are evaluated at the mean. Approximation of uniform-Gaussian distributions with highly
accurate measurements using a small number of GM components will result in covariance matrices with high “aspect
ratio”, i.e. small covariances in the row space of the measurement Jacobian and large covariances in the nullspace.
Components with large differences in the variance magnitudes are sensitive to roundoff error. This roundoff error can
be somewhat alleviated by using a square-root implementation of the extended Kalman filter.

However, components of this type are also particularly sensitive to linearization error. Components with large aspect
ratios are being used to approximate a large portion of the uniform distribution. The linearization evaluated at the com-
ponent’s mean may not be a good approximation over this entire portion. Specifically, the Gaussian components were
initially constructed with large variances in the nullspace of the measurement Jacobian. But linearized propagation
and update of the covariance means that linearization error may result in projections of these components erroneously
falling in the rowspace of the measurement Jacobian when evaluated at future mean values. These errors can cause
large updates to these components, which essentially opens up probability-density gaps in the mesh of Gaussian com-
ponents approximating the original uniform-Guassian distribution. To alleviate these linearization errors, nonlinear
filtering techniques could be applied to covariance update. Alternatively, sufficient Gaussian components can be used
so that the eigenvalues of the covariance matrices are all similar magnitudes. Therefore, a high resolution GM may be
needed to reduce linearization error in the filtering of highly accurate measurements, but at increased computational
expense.

10. EXAMPLE RESULTS

The GMEKEF is illustrated here using passive RF measurements of a transmitting object by a pair of receiver satellites.
All three satellites are simulated as obeying Keplerian orbits about the Earth with 7000 km semimajor axis. The two
receivers are in circular, equatorial orbits offset from each other by 1 deg of true anomaly. The transmitting object has
an eccentricity of 0.01, inclination of 1 deg, and is offset by an additional degree in true anomaly.
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The GM for the transmitter’s orbital state was created by simulating time-difference of arrival between the receivers
and frequency of arrival measurements at each receiver, which correspond to the range difference from the transmitter
to the receivers and the range rate from the transmitter to each receiver. RF measurements are simulated once per
minute starting at an initial time of # = 0. The simulated measurements included Gaussian noise of 0.1 km in the range
difference and 0.001 km/s in the range rates. The GM used 27,000 components.

An illustration of the GM during the search campaign is shown in Figure 3. Figure 3(a) shows the initial GM, and
Figures 3(b-f) show the posterior GM after each subsequent RF measurement. For each subfigure, the transmitter’s and
receivers’ positions are shown in Earth-centered inertial coordinates, with the green square indicating the transmitter
and green X indicating the receiver. For each component of the GM, the 20 ellipsoid of the marginal probability
density function for the position components is shown, with shading proportional to the product of the component
weight and the probability density evaluated at the mean location.

The approximation of the TDOA hyperboloid is apparent in the initial GM. In the final distribution, the probability
density has collapsed to two small regions, each of which looks like it could be reasonably approximated as Gaussian.
The GM appears to effectively describe the complex geometry as the probability density evolves from the initial to the
final distribution.

11. CONCLUSION

An initial set of TDOA and frequency measurements results in a uniform-Gaussian distribution for the transmitter’s
orbital state, with uniform distribution over a manifold with complicated geometry. This paper presented a method to
initialize a GM approximation of this distribution. Using this GM, subsequent RF measurements can be incorporated
via a GM extended Kalman filter.

The GM characterizes the probability density of the transmitter’s orbital state from the first detection. This approach
contrasts to other common techniques for initial orbit determination, which wait until sufficient measurements have
been collected so that the probability density function can be approximated as a single component. The characteriza-
tion of the probability density during the early stages after detection has the potential to speed up other responses to
the detection, such as cueing a follow-on sensor to search for the transmitter.
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Fig. 3: Ilustration of GM EKF
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