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Space-borne Geolocation with a Quasi-planar Satellite Cluster

Noam Leiter* and Pini Gurfilf
Technion—Israel Institute of Technology, Haifa 32000, Israel

Space-borne geolocation aims at determining the Earth coordinates
of a terrestrial emitter. Whereas algorithms for space-borne geolocation
have been presented before, this study provides a theoretical basis for
achieving optimal positioning performance based on sequential time dif-
ference of arrival measurements with a satellite cluster, while solving for
the initial position ambiguity through recursive filtering techniques.

I. Introduction

Time Difference of Arrival (TDOA) positioning, also known as a hyperbolic fix, is
part of a larger group of passive positioning methods. Such methods have numerous
applications ranging from indoor robot navigation systems, through underwater acoustic
positioning, to the Deep Space Network for tracking interplanetary spacecraft.

Various techniques have been developed for geolocating a single source using several
receivers. Foy [1] introduced the Iterative Least Squares (ILS) method that was followed
by several closed-form solutions proposed by Friedlander [2], Smith and Abel [3] and
others. Modern methods, such as genetic algorithms [4] were developed as well. In order
to solve for the three unknown emitter coordinates, all methods must use a minimum of
three non-trivial TDOA measurements. In geolocation problems, the emitter is located
on the geoid and the added constrain allows to solve for the emitter position with two
TDOA measurements. Ho and Chan [5] presented an analytic solution with two TDOA
measurements obtained by a three satellite formation, with a possible ambiguity of several
solutions. Based on this method, we derive an iterative method for geolocation with a
two satellite formation.

When several pulses, emitted from the same source, are available, a minimum of
two receivers, moving relative to the source, could produce a sequence of TDOA mea-
surements. Various positioning techniques could then be applied, such as an Extended
Kalman Filter (EKF) [6], Unscented Kalman Filter (UKF) [7,8] and Gaussian Measure-
ment Mixture (GMM) [9]. All the methods must address the non-linearity of TDOA
measurements and the possible ambiguity in the initial estimate which is critical for the
convergence of the estimator. We present a sequential method for solving the initial
ambiguity.

The positioning accuracy depends on the quality of the measurements and the geome-
try of the sensors [10]. The positioning accuracy limits will be presented. A quasi-planar
satellite formation is an extremely poor geometry for geolocation, however it is beneficial
for long term formation keeping [11] and hence the case study for this work.
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II. System Model

A. Beacon Model

The beacon is assumed to be static in the Earth-Centered Earth-Fixed (ECEF) frame
F:
[S0] 7 =0 (1)
Relative to an Earth-Centered Inertial (ECI) frame the beacon dynamics are:

So = [QaX] 8o (2)

where Qg is Earth’s angular velocity vector.

B. Satellite Model

The cluster positions {s;},_, are estimated in the on-board navigation computers. The
navigation errors are assumed to be stationary and uncorrelated and modeled as Gaussian
white noise signals:

(SSi ~ N (0, Rs) (4)

where 0;; is the Kronecker delta:
1 i=j
Oij = o (6)
0 i#j
A difference vector is defined for each pair of satellites in the cluster,
8ji £ 85— S; (7)
and a line of sight (LOS) vector to the beacon is defined for each of the satellites:
Sio é S; — So (8)

C. TDOA Measurement Model

In this study each of the satellites performs a Time-of-Arrival (TOA) measurement ¢; and
the TDOAs are obtained from the differences*. The TOA model considered hereafter is:

1
t; = p shisio +to + v (9)

where ¢ is the speed of light, ¢ is the (unknown) time of emission and wv; is the
measurement error.

aIf the TDOAs are obtained with some cross-correlation scheme, a different measurement model
should be used.
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1. Clock Bias Model

The measurement error is a combination of the on-board clock bias b; (t) sampled at the
time of arrival ¢; and the pulse detection error &;:

v (t) =b; (t;) + & (10)

The behavior of a clock bias could be modeled as a first-order Gauss-Markov process

[12]:
b(t) | |0 1 b(t) 0
[d(t)”ﬂ ] [d<t>]+[nd<t>] -

where d (t) is the clock drift, 7, is the drift time constant and 7, (¢) is white Gaussian
noise with power spectral density ¢ :

Ena)]=0 , Ena)nit)]=qa-0(t—1) (12)

The on-board clock is assumed to be synchronized with GNNS time updates, (e.g,
GPS 1-pps signal):

b(te) ~ N (0,07) (13)

where t, = k - At is the update time, with an update time interval At, and o, is the

standard deviation of the steady state synchronization error. The dispersion of the bias
variance p, between updates is [12]:

2% +4 (1 —exp{—;d}) + (1 —exp{—f_—;})j (14)

where 7 £ ¢t — t;,. For short time updates, At < 74, p, could be approximated:

3
q4rT,
m(r) = of + 201

p(T)=oj+a-T B = 3qa7; (15)
therefore, for a given time of arrival t € [ty, tx + At] the bias is normally distributed:

b(t)|t ~N (0,07 + g (t — tx)) (16)

Without any prior information on the time of emission the TOA is uniformly dis-
tributed:

t ~U [tg, tr, + At] (17)
The distribution of the sampled clock bias is:
At 1 At
fo)y= [ fO@In)flrydr=—~ [ f(r)|r)dr (18)

0 0

where

FomIn ~ — o] 1L} (19

21 (07 + quT) 2 o 4+ quT
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The resulting sampled bias distribution is

f(@) = @Q%le) [ab-exp{—%}—exp{—%z}] (20)

—|—L erf b —erf i
(af — 1) V2a, V2

where b = o% is the normalized bias, and

At
o} 21+ 15 (21)
b

The sampled bias distribution is not Gaussian, however it could we approximated
with a matched Gaussian:
p2
exp{ -4 }

g (8, k:) =—— (22)

where k* € [1,a?] is the solution to the least squares optimization:

k* = arg mkin {3} (23)
with - )
&2 — / o ()1 (5)] ab (24)

Under the matched Gaussian approximation the sampled bias at TOA is normally
distributed

The full derivation of the sampled bias distribution f (l;) and the matched Gaussian

g (3, k) is provided in the appendix.
Relative to the on-board clock time, the pulse detection error is assumed to be a zero
mean i.i.d Gaussian process:

ei~ N (0,02), (26)
therefore, the TOA measurement error could be modeled as white Gaussian noise:

v; ~ N (0,07) (27)
where

o =0’ + k*o; (28)

2. Incorporating Navigation Estimates

We consider a system where the navigation filter and the geolocation algorithm are sepa-
rated, i.e., the navigation estimates enter the geolocation algorithm as an input and not
as part of the state. This model induces an additional measurement error as seen in the
expansion of #; to first order in ds; assuming ||ds;|| < [|siol|:

t;

Q

1 [
~\/8L50 + to + hlds; + v, (29)
C
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where S;0 = S§; — sp and

~qT
[

aSi

The total TOA measurement error is:

and the TOA covariance is:

(5251- = thdsl + v;

R, = cov {t;} = h! R.h; + o7

The cluster TDOAs are combined to a Range-Differences (RDs) vector:

and the RDs covariance R = cov {F} is:

f“:C[1?2—7?1,753—517-~7£N_£1}T

R=c*h{ R, - 1,1} +¢

where d, = N — 1 and 17 £

hy

R, [ h, hy ]
h
RN

3. TDOA Fisher Information Matrix

The Fisher information matrix (FIM) of the RDs measurement is:

Jp=F

oL (z,0)" 9L (z,0)

00

06 |9] :/

oL (z,0)" 9L (z,0)

+ C2Ut2 : [Idrxdr +ldrl£]

00

00

where 0 is the beacon position, and z is the RDs vector

A
9:SO

Y

VA

A ~
:I"

and where L (z, 0) is the log-likelihood function

L(z,0) =log{f (2|6)}

For unbiased measurements with additive Gaussian noise the FIM is:

where

71 (0) = H (6)" R-\H (6) + %Ak )
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Ag(0) is :
_ ORy, _ OR,
AL (6 = n === 1 <
[ k ( )]mn |:R ]ab 89771 [R }cd agn (39)
with index summation convention
abc,d=1,2,.... N-1 , mmn=12,....N (40)
where
Ry = ¢*hi Rshy + *h!  Rhyyy + 207 - [1+ 0] (41)
a-Rbc aRab
= 42
89m |: 880 :|m ( )
IRap o1 p O 21,7 Oy, 21, T Ohgi
= 2c¢‘h — h ———— h _— 4
880 ¢ IRS 850 te a+1RS 850 te b+1RS 880 ( 3)

oh,, 1 SmOS%O I
s c ((STTnoSmo)g y SﬁosmO) (44)
III. [Initialization Methods
An ideal RD measurement
rij = lIsioll = [Isjoll (45)
is a compact form of the hyperboloid quadric:
(so — Cij)T Q(so—cy) =1 (46)

with foci at s; and s;, where

2 sits s (shsry 7 [sush g (47)
Cij - P ) Q_ 4 2 - .

i
Applying the reverse triangle inequality on Eq. (45) we get:
il < llsil (48)

therefore the signature of @) is (—, —, +) and it represents a two-sheet hyperboloid of
revolution about s;;.

Given three RDs, a hyperbolic fix of the beacon sy is one of the intersection points
of the three RD hyperboloids. In geolocation problems the beacon is known to be on
the surface of Earth, therefore, the position could be obtained with two RDs from the
intersection of the two RD hyperboloids and Earth’s surface constrain.
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A. Initialization with three satellites
1. Ho and Chan’s method

For a formation of three satellites, including a leader s;, and two followers s, and s3, an
exact solution has been presented by Ho and Chan [5], assuming a spherical Earth. The
derivation of the solution is described here for completeness. The three satellites produce
two RDs from a single pulse:

o1 = |Isaoll — lIswoll 5 7310 = Iss0ll — [[s10ll (49)

which can be rearranged into:

Tgl + 27“217"1 + S{Sl — SgSQ = —QS%;SO (50)
rgl + 2r31ry + slTsl — sgsg = —2S§180 (51)

where
r1 = ||s1ol] (52)

The spherical surface constrain is:

SgSO = 7’29 (53)

where rg is the equatorial Earth radius. Eq. (52) and (53) produce a third equation
for ry:
r = S1pS10 = ra + 181 — 25 Sg (54)

Equations (50), (51) and (54) are combined to a linear system, where the beacon
coordinates are a function of a single unknown parameter ry:

so = A"'b(r) (55)

where
T

A=-2 [ S1 S21 831 (56)
The vector b is a function of the unknown parameter ry:
rf—r3 —sis;
b = T%l + 27”217’1 — (251 + Sgl)T So1 == bQT% + blrl + bo (57)

2 T
31 + 27”317“1 — (281 + 831) S31

where

2 T
T _TEB — 8781

T
b2 = |: 1 0 0 i| 5 bl = |: 0 2’/‘21 27’31 5 bO = 7‘%1 — (281 + Sgl)T So1 (58>
13 — (251 +531)" s

The solution for ry is obtained from reapplying the constraint Eq. (53):

b"ATTAT b =1} (59)
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which is a quartic of ry:
f(?“l):bTWAb—Té:k4'ril+k3'T%+k2'T%+k31'T‘l—f—k'()zo (60)
where W4 = A=TA~! and the quartic coefficients are:

ki = bTW b, ks = 2bT Wb,
ky = 2bTWabg + bYW ab, (61)
k‘l = Qb’{WAbO k() = bgWAbo - T?B

A solution could be obtained provided that A is full rank, applying the following
conditions on the formation geometry:

S21 H S31 , S21 H S1 , 831 Hsl (62)

2. Initial Ambiguity

The quartic f (1) has up to four real positive roots. For a satellite formation ||s;]| > [[so]|,
therefore 71 € [Tmin, "maz)|- Tmin = ||S1]| — 7e is the local altitude of s; above the sphere

and 70 = 1/ ||S1||2 — 12 is the distance to the local horizon of s;. When two or more
solutions are in the range [ryin, F'maz] there is an ambiguity in the initial beacon position.
The condition for this depends on the cluster geometry with respect to the beacon.

Y No ‘
Each of the Ny roots {ng)} € [Fimin Tmaa) corresponds to different positions: 8, an
i=1

estimate of the true beacon position or a phantom. These positions, as seen in Fig.1, are
equivalent in the sense of the measurements, i.e., if the pulse was transmitted from either
positions, the same TDOAs would have been measured in the formation. Only additional
information could solve this ambiguity.

Beacon
3t +
2 .
=
1 Phantom
-~ +
of : .s1
082
_l . S
73
-2 L L L L
8 9 10 11 12 13
LONG

Figure 1: The geometry of target ambiguity with a quasi-planar formation
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3. Non-Spherical Earth model

The spherical constraint in Eq.53 is a zero order Earth surface model with an error in the
local radius increasing with the latitude up to about 20km at the poles. A more accurate
model is the oblate sphere ellipsoid:

so Polso =12 (63)
where Py is
10 0
P@ = O 1 O
00 (1—fs)

and fg is the flattening factor. With the ellipsoid constrain the exact solution in
Eq.(55) could not be applied directly and the following iterative method is applied [5]:

1. The ellipsoid constrain is replaced with a sphere constrain:

NT LN 2
2() 2@ _ (a0
(So(k)> So(k) = <TL(k)> (64)
where f(LZ()k) is an estimate (after k iterations) of Tg) , the local Earth radius at the

position of s(()i()k) .

2. By replacing rq with f(LZ()k) , the exact method provides an estimate of ééi()k). The
local radius estimate is then updated for each of the N, initial estimates:

NN
a(0) a(0)
§ S
(3) . ( O(k)> 0(k)
TLkt1) = o\ o) (65)
(%(k)) Py 8y
3. The iterations continue until convergence of f(Lz()k)
T’g) is bounded in the range:
T(LZ) €l(l—fo), 1] re (66)

and is initialized with the leader’s local Earth radius:

T
(3) 5181
Troy =4l 7o " 67
L(0) S,{Peglsl ® ( )

4. Initial Estimate covariance

The covariance of é[()i) is:
. -1 . -T
o[ ) T [ )
P — cov {sg)} | Ro (sé”) 7 (68)
P 2 P

where
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R():

R 02><1
Oix2 O

and where R is the RDs covariance as in Eq.34 for N = 3.

B. Initialization with two satellites

For a formation of two satellites, a leader s;, and a follower s,, the two necessary RDs
could only be obtained from two pulses:

o1 = |Is20ll — lIswoll T43 = ||8a0/| — ||ss0l| (70)

where s3 and s, are the positions of the leader and follower s; and s, at the TOA
of the second pulse. The exact solution in Eq.(55) does not apply directly in this case,
however we suggest the following modification:

So = Ailb (7’1, T3) (71)
where
73 = ||s30]| (72)
and
st rf—rZ —sis;
A=-2| s ) b= | 73 4+ 2ryr; — (281 + S21)T S21 (73)
SZ{& 733 + 27”437’3 — (253 + S43)T S43
By introducing the scalar a > 0:
AT
= = 74
a® (74)

the vector b in Eq.(71) is now a function of r; and a:
b (T’l, (l) = bQT% + b1 (CL) T+ b() (75)
The quartic coefficients are as in Eq. (61) with:

2 T
T _’r‘@ - Sl Sl

T
by = { 1 00 } , b1 = [ 0 2ro1 2r43-a } ; bo= | r3 — (28 +Sz1)T521 (76)
2 T
T35 — (283 +843)" Sa3

The following iterative method is then applied:

3 N
1. For a given a; we solve the quartic f (r1,a;) = 0 and obtain {s(()?k)} ’ )
i=1

2. A consistent choice of Séi()k) is then used to obtain ax.; for the next iteration:
(@)

HS3 - SWH

A1 =

* 1 (ax)

3. The iterations are performed until the convergence of a.
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Sg is in the horizon of both s; and s3, therefore a is bounded in the range:

2 2
sl —re  \/ Issll” =78 79)

Y
2 S —T
Jsaff? =z Il =

a €

[[s21]]
lIs1]]

In the case that the two pulses are transmitted in an interval AT <
r1 & r3, therefore we choose ag = 1 to initialize the algorithm.

If the ellipsoid constrain in Eq.(63) is used, combined iterations are performed for a
and ry. This combined iteration method provides the intersection points of two hyper-
boloids of revolution and an oblate sphere and has been shown to converge in simulations.
A convergence analysis is subject for additional studies. Initializing with two satellites
and two measurements does not solve the ambiguity problem as will be shown in the
following results.

we get

1.  Initial Estimate covariance

The covariance of & is:

H( ) ! 7 (a0 ’
) ) 9 (&)
By :COV{SE)} - (T o1 | T <S‘())> NO (79)
2 (So ) Py 2 (So ) Py
where
hT _ hT
H (so) = ! 2, (80)
hI — 17
Ryy 0 O
Ro=1| 0 Ry 0 (81)
0 0 0
and
R21 = C2h{Rsh1 + CzthshQ +2- C20t2 (82)

R43 = C2thSh3 + C2hZRsh4 +2- 020't2

IV. Filtering Method

A. SMM-EKF with TDOA measurements

In the case that additional pulses are measured, the initial ambiguity could be resolved.

For a sequential estimator we choose to apply a Static Multiple Model (SMM) scheme with
. No . NO

Ny hypothesis corresponding to the initial estimates {s((f)} and covariances {PO(Z)} :
i=1 i=1

Mi = {g(()l) (tO) >PO <§g)) 7Flia Blica ;'m 2? Q%} (83)

The initial mode matched probabilities {,ui}f.vzol are chosen to reflect the equivalence
of the phantom and the true target:

1
=N
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For each mode an extended Kalman filter (EKF) estimator is used with:
Fi=1, Bi=G=0=0 (85)

H! and R} are calculated according to Eq. (38) and Eq. (34) with sy = é((f).
The SMM algorithm is described in the appendix.

B. Estimation Bounds

The FIM of the sequence of RDs is:

M
Iy =Y Jk (86)
k=1

where Jj, is calculated according to Eq.(37). From I, the Cramer-Rao lower bound
(CRLB) could be obtained:

E |80 = 50)" (80 = s0) [{Ei}L, ]| = tr {13/} (87

The CRLB could only be obtained when I, is full rank, and it does not incorporate
constrains. In this study the target is constrained to the earth surface, and the initial
FIM is singular, therefore, a constrained CRLB is used [13]:

E [(éo —s0)" (80 — so) | {E} M 1] > tr {U (0T 1,U]! UT} (88)

where []" denotes the Moore-Penrose pseudo-inverse and U(s,) is an orthonormal basis
of the null space of R (sg), the normal space to the constrain at sy:

R(so)U(sg)=0 , UU=1 (89)
For the oblate sphere model the constrain is:
7 (so) =sg Py'so — 15 =0 (90)
therefore,
Risy) = 20— (o1)

U could be chosen to be the East-North subspace of the local East-North-Up (ENU)
frame:
U= [ﬁl {is } (92)
where
iy, =—[ax]z , G,=-[nx]"z (93)

and where 1 (sg) is the local normal unit vector:

P*l
n(sg) = _Te S0 (94)
\/ st P5?sg
The transformation from the ECEF frame F to the local ENU frame £ is:
T
Tror = [ U h } (95)
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V. Results

A. Setup

A three-satellite cluster is propagated along Keplerian orbits starting from the initial
orbital elements:

€ = {01761,7517001791,1/17]\/[1}
ey = {ai,e,i1, w1, O + 2,11 + @2, My} (96)
es = {a1, 1,01, w1, O + €3, 11 + ¢z, My}
The leader s; is on a circular orbit (e; = 0), while sy and sz are phased from s; by
small anomaly angles ¢o, ¢3 < 1 and perturbed out of the plane by RAAN differences

€9, €3 < 1. The distance between the satellites is chosen to be approximately |[s2] =
||ss32|| &= 100km, from which we determine ¢, and ¢3:

¢y = —2-sint (”;Lallw , P3 =209 (97)

All perturbing dynamics [14] are neglected along the examined 100 seconds. A beacon
is positioned on Earth’s surface in the horizon of the initial position of s;. The surface
model used is the WGS-84 ellipsoid. The beacon transmits 10 consecutive pulses with a
pulse repetition interval of AT = 10sec. The Earth’s spin vector is assumed to constant
during thel00 sec:

Qs =1[0,0,Q4]" (98)

The covariance of the satellite position estimate is modeled as:

Ry =02 Iy (99)

All simulation setup parameters are given in Table 1.

’ Symbol ‘ Value ‘ Units ‘ Description ‘
Qg 7.292-10° %cj Earth’s spin
JTEs 3.986 - 10° ’;Z; Earth’s standard gravitational parameter
Ta 6378.198 km Earth’s equatorial radius
0 0 deg Leader’s RAAN
w1 0 deg Leader’s argument of perigee
11 20 deg Leader’s inclination
ay 7078.1 km Leader’s semi-major axis
el 0 Leader’s eccentricity
M,y 0 deg Leader’s initial mean anomaly
€9 —0.0278 deg ss RAAN angle difference
€3 0 deg s3 RAAN angle difference
oy 100 n sec TOA measurement 1 — o
Os 5 m Satellite position 1 — o (per axis)

Table 1: Setup Values
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B. Case study

We examine a beacon positioned in an intermediate initial range r; = 1477km, where
Tmaz =~ 3070km and 7,,;, = 700km. The scenario is examined twice, first with the three
satellite formation, and second with only two of the three satellites, s; and sy taken from
the same three satellite positions sequence. For both cases there is an initial ambiguity,
as shown in Fig. 2.

12 T T T T T 12 T T T T T
L . : ] 10+ + 1
10 + Beacon
Beacon
8r — 8r |
ol |
ol |
= = 4T 1
<< 4r 1 <
4 i i
s53
2t 1 2
of 4 1
s b §S
or 81 Phantom - 4 ol 321 ]
.83 2
ol : : l l + |
Phantom
- 6 8 10 2 14 16 o 10 15 20 2
LONG LONG
(a) Initialization with three satellites (b) Initialization with two satellites

Figure 2: Quasi-planar formation and target ambiguity

RMS results and averaged mode probabilities are calculated for each case based on
1000 Monte Carlo runs.

10 : : T i T T I I

m—— 3sat RMS
111111 3sat CRB
= = 2sat RMS
10° - 5-\-\-\-;.?.4.’./ : 2sat CRB |4

Ia
~
N

= 3sat beacon mode
111111 3sat phantom mode | |
= = m 2sat beacon mode
| m | = 2sat phantom mode

km

Mode Probability

~
ok
©

10

(a) Estimation RMS and CRLB (b) SMM mode probabilities

Figure 3: SMM Monte Carlo Results
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As shown in Fig.3, the SMM processing the measurements of the three satellite for-
mation (two RDs per pulse) achieves the constrained CRLB and identifies the true target
with two pulses, where the two satellite SMM (one RD per pulse) identifies the true target
after 8 pulses and achieves the CRLB only at the final pulse. The initial RMS error is
hundreds of km because the SMM takes the midpoint between the true target and the
phantom as the initial estimate. The final RMS error is 1km and 2km for the two an
three satellite formations.

VI. Conclusions

We presented an initialization method with a two satellite formation and have demon-
strated the usefulness of a combined initialization method with a SMM in solving the
ambiguity problem. A Constrained CRLB has been contracted and Monte Carlo runs
have shown the efficiency of the method. The proposed method can be implemented in
real-time geolocation applications for two and three satellite formations.
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Appendix 1- Sampled Clock Bias Model

The TOA conditioned bias is normal:
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b(t) [t ~N(0,pp) (100)

where:
() = 03 +qp (t — 1) (101)
The TOA is uniformly distributes:

t~U [tg, ty + At (102)
The conditioned bias pdf is

exp{_lo_zb2 T} exp{_l b2T }
F (b (7_) |7_) _ 200+ _ 2 pp(7)

21 (0f + qv7) 2mpy (T
We define
T=t—t, ~UI0,Al] (103)
and
po (T) = 0 + @7 (104)

The sampled bias pdf is calculated:

At 1 At
) = Fo@r)r) f(r)dr =+ (b(7)|7)dr
0 0
1 /a§+qut exp {—% pbb(i) } ]
N o2 \/ 2mpy (T P
At
1 20 (7) 1 } { b H
= exps —— +0b-erf
g At T 2 pp (T) V2p () .
o Op \/E 1+qut o _1 b2 e _1 b2 i
R YNAR: o? P 20} + @At P 20}
b
+ erf b —erf b
g At 2 (02 + @Al) 207

The resulting sampled bias pdf is:

) 1 2 b2 b2 . b b
b) = ———— — . —_ — —— b |erf —erf{ —
f() (a§—1)< 7T[ozb exp{ 2042} exp{ 2} +0b|er {\/Eab} er {\/5}]>

X (105)
where b = 0% and
At
a2=1 qZ;Q (106)
b
The matched Gaussian is
_1b?
g (b.k) - M (107)
’ 2k
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where
ke [la;] (108)

A least squares optimal matching is achieves with k*:

k* = arg mkin {3} (109)
where - ,
e2 = /Oo [g (13, k:) —f (b)} db (110)
An extremum condition for the minimizing k:
[ (o) s 9] 25 o

ok onk | 2k2 2k2 Y

S ) o) ()] ay

[e.e]

Jg (6,/@) exp{—%%}gz_k b2 _ I ((S k)

The error gradient is nonlinear in k, therefore, the minimum problem could be solved
iteratively, e.g., with a gradient search:
D = O 8_&% (112)
ok
The search is initialized with k(® = 1. 4, is the step size. The bias distributions are
presented in Fig.4 as well as the comparison of the sampled bias pdf and the matched
Gaussian for oy = 4.

a =4 K'=6.9 £2=5.35¢-004
04 b 0.16 ! : . :
=
035 e e f(blat) | 0.14 g(b.k) |4
i — f()
——gbk)] |

0.3

0.251

0.2

" ‘ o ; : .
5 10 15 -15 -10 -5 5 10 15

0 0
b/crb b/crb

(a) Bias pdf dispersion (b) Sampled bias pdf and matched Gaussian

Figure 4: Sampled clock bias model
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Appendix 2- Static Multiple Model Estimator

The Static Multiple Model (SMM) [15] is an estimator of dynamic systems that can
assume a finite number of modes. The actual system mode is unknown, however it is
known that the mode is determined once with no following mode switching. Each system
mode can be described by Eq.(113) and (114) with a set of known mode parameters at

every time step M} = {F}, G, v}, B., Q! R.}:
X@H = F,ﬁxk + G’Zu}‘c + B,ivv?C (113)
Zp = f[kX;C + V?c (114>

At every time step each mode is given an a priori probability i of being the correct
systems mode. A Kalman filter corresponding to the set of mode parameters is used to
obtain the posterior estimate shown in Eq.(115) and (118) and to calculate the mode
likelihood. In the case of a nonlinear model, an EKF is used for each mode.

Ry = (1~ Ko i) (FiRh+ Giud) + Kz (115)
Si1 = Hk+1pé+1\ng+l + Ry (116)

i i i\l
Kk-i—l = Pk+1|l~cHl?+1 (Sk+1) (117)

P}i+1 = (I - Kli+1Hk+1) P12+1\k (—] - Kli+1Hk+1)T + (Kli—&-l) Z+1 (Kli+1)T (118)

The mode likelihood is defined as the value of the conditional probability density function
(pdf) for a given measurement A} | = f (zpt1|Zk, Mj,,). If the KF assumptions hold
for all the modes then the SMM is the optimal estimator in a MMSE sense. In this
case the conditional measurement pdf is normal with a mean that is equal to the mode
matched innovation v}, = 241 — 2}, and covariance Sj,; = COV {vi,,}. The mode

likelihood is then [15]:

) , _1 1 ) . _ .
fp1 = (‘27T ) SIZchlD * exp {_5 (VIZeH)T (S;%Jrl) ' (Vllcﬂ) (119)

The a priori mode probabilities and the likelihood of each mode are used to update the
mode probabilities:

i 1 i i
i1 = P Ajoyr - 11k (120)
c= Ny (121)
j=1

The updated state estimate (122) and covariance (123) are the mixture equations of the
mode estimations [15]:

m

. _ Y

Xi+1lk+1 = E i1 " Xpi1|kr1 (122)
Jj=1

m
. . . . T
_ § : j . J oJ % oJ 5
Pk+1\k+1 - Mg |:Pk+1k+1 + <Xk+1‘k+1 Xk+1\k+1) <Xk+1\k+1 Xk+1\k+1> :| (123>
=1
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