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This paper studies the implementation of a novel wireless local positioning system (WLPS) for spacecraft formation flying
to maintain high-performance spacecraft relative and absolute position estimation. A WLPS equipped with antenna arrays
allows each spacecraft to measure the relative range and coordinate angle(s) of other spacecraft located in its coverage area.
The dynamic base station and the transponder of WLPS enable spacecraft to localize each other in the formation. Because
the signal travels roundtrip in WLPS, and due to the high spacecraft velocities, the signal transmission time delay reduces the
localization performance. This work studies spacecraft formation positions estimation performance assuming that only WLPS is
available onboard. The feasibility of estimating the spacecraft absolute position using only one-dimensional antenna array is also
investigated. The effect of including GPS measurements in addition to WLPS is studied and compared to a GPS standalone system.

1. Introduction

The relative and absolute positions estimation of spacecraft
formations is a fundamental task in many space missions.
Relative position estimation plays an important role in
spacecraft formation flying (SFF) missions, a subject that
has received a great deal of attention by researchers in
recent decades. Some SFF missions require that multiple
spacecraft in different orbits communicate without interrup-
tion; for example, satellites in the CITRIS-COSMIC system
are required to communicate with each other to monitor
the ionospheric irregularities [1]. Relative positions between
satellites, such as Cluster and Cluster-1I satellites that are
launched by the European Space Agency, are estimated
and controlled to support many collaborative tasks where
satellites are required to maintain a specific formation in a
continuous manner within the mission period [2].

Several relative positions estimation systems have been
developed. The autonomous formation flyer (AFF) technol-
ogy was developed for SFF [3, 4], where each spacecraft is
equipped with a communication system to localize other
spacecraft in the formation. This system provides high-
precision estimates for relative positions. A relative position

and attitude estimation through a vision-based navigation
system (VISNAV) has been studied extensively in the liter-
ature [5-8]. The VISNAV enables one spacecraft measure the
line-of-sight (LOS) measurements of the other spacecraft.
Estimation performance of this technique is a function of
the relative distance of spacecraft and the number of beacons
installed on the spacecraft [5].

Given measurements of relative positions between two
spacecraft, [9] proves the feasibility of estimating the orbits
of the two spacecraft. A detailed observability analysis and
a detailed implementation of a batch estimator were deve-
loped. Reference [9] shows that the orbital elements estima-
tion accuracy depends on the relative distance between
spacecraft. Reference [10] shows the feasibility of orbit
navigation of two spacecraft using line-of-sight (LOS) mea-
surements, and suggest that LOS measurements can be used
for spacecraft formation navigation. Both [9, 10] show that
the inclination of the spacecraft orbits impacts the estimation
accuracy. The system becomes unobservable in a few cases,
such as the case when the two spacecraft are in the same zero
inclination orbit plane [9, 10].

Reference [11] presents a study on the implementation
of ultrawideband (UWB) communication for spacecraft
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formation navigation. A transmitter, at one spacecraft, sends
a pulse to a receiver, installed on another spacecraft. Next,
the receiver computes the relative distance between the two
spacecraft through measuring the difference between the
signal transmission time and arrival time. In this technique, a
synchronization between the transmitter and receiver clocks
is required to allow precise range measurement.

The one-way ranging system requires clock synchroniza-
tion between the two nodes [11], for example, the global
positioning system (GPS) [12]. Sources of measurement
error include the signal transmission time delay which
reduces the accuracy performance of the range measurement.
The two-way satellite time and frequency transfer (TWSTFT)
method has been implemented for decades. The TWSTFT
allows two ground stations to measure the round trip signals
that are transmitted from the ground to the satellite, and then
back to a ground station [13—15]. The TWSTFT method has
shown that if both the transmitted and received signals are
reciprocal, then the error due to the signal transmission time
delay is canceled out. Despite that fact, there are few other
nonreciprocal errors which cannot be avoided. However, in
general, it has been shown that the ranging accuracy obtained
from this method can be up to 1.5 nanoseconds [16].

When an observing spacecraft transmits a signal to a
target spacecraft, the signal transmission time delay causes
errors in the measured relative position [17, 18]. Reference
[19] shows that the signal transmission time delay can be
computed if either the observer or the target is stationary.
Also, the TWSTFT has shown that the signal transmission
time delay between ground stations and spacecraft can be
omitted [13-15]. However, when both observer and target
spacecraft are moving, the complexity of estimating the
signal transmission time delay increases. Different modi-
fications of filtering methods have been proposed in the
literature to compensate the measurement errors due to
the time delay [20, 21]. In [22], a closed form time delay
approximation has been proposed using a Taylor series
expansion. Reference [22] shows that, in some cases, the
state estimate error does not converge within the covariance
boundary if the time delay is not modeled.

In this paper, the orbits of two or more spacecraft in a
formation are estimated through the implementation of a
wireless local positioning system (WLPS) that enables rela-
tive localization [23]. The WLPS consists of two components:
the dynamic base station (DBS) and transponder (TRX).
The DBS installed on one spacecraft measures the relative
position of the TRX installed on another spacecraft, which
is located in its coverage area via time-of-arrival (TOA) and
direction-of-arrival (DOA) estimation. The TOA is the time
needed by the transmitted signal to travel from DBS to TRX
and back from TRX to DBS. The signal arrives at the two-
dimensional antenna array in DBS, enabling the system to
compute DOA (azimuth and elevation angles).

This paper investigates the following.

(1) The feasibility of absolute position estimation of spa-
cecraft formation flying using only one-dimensional
DOA (1-DOA) in the WLPS. The 1-DOA WLPS uses
one-dimensional antenna arrays to measure the range
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and only the azimuth angle. The two-dimensional
DOA (2-DOA) WLPS uses two-dimensional antenna
arrays to measure range and both azimuth and ele-
vation angles. It is technologically more complicated
compared to the 1-DOA WLPS.

(2) The absolute position estimation of spacecraft in
formation using 2D WLPS, taking into consideration
the signal time delay. One implementation issue with
the WLPS is the time delay that is due to the process-
ing time in the WLPS and due to the signal trans-
mission between different spacecraft nodes. Even
though the time delay due to signal transmission is
very small, the high velocity of spacecraft makes it
nonnegligible in some formation scenarios.

(3) The estimation performance of a GPS standalone
system is compared to a combined GPS and WLPS.

Simulations are conducted to investigate how the posi-
tion estimation performance is affected by the number of
spacecraft in the formation, the size of the formation, the
WLPS and GPS measurement noise variance, and the
altitudes of spacecraft. The accuracy and the speed of con-
vergence of estimator is numerically studied. The Extended
Kalman Filter (EKF) is implemented in all studies presented
in this paper.

The proposed study is critical for the implementation
of localization sensors for many applications, including the
space-based solar power transfer applications [24, 25]. In
the futuristic space-based solar power harvesting techniques
proposed in [24, 25], the position of multiple satellites
in charge of collection of solar power should be properly
estimated to maintain synchronized solar power transfer to
an energy-collecting unit on the earth. This study has also
applications for deep space multispacecraft missions when
GPS is not available.

This paper is organized as follows. Section 2 presents
an overview on WLPS. Section 3 presents the dynamics,
the time-delay modeling, and GPS mathematical model.
Section 4 presents the EKF implementation. Section 5 dis-
cusses the simulation results.

2. Wireless Local Positioning System (WLPS)

The WLPS consists of two basic components [23]: a dynamic
base station (DBS) and a transponder (TRX). Each DBS is
capable of localizing TRXs that are located in its coverage
area via TOA and DOA measurements, as shown in Figure 1.
The DBS periodically broadcasts an identification (IDR)
signal once every ID request repetition time (IRT) as shown
in Figure 2. A TRX that falls within the DBS coverage area
receives the IDR signal and transmits a response signal that
includes its own ID back to the DBS within the IRT period.
The ID of each TRX allows the DBS to distinguish one TRX
from another. It also allows the DBS to easily track multiple
TRXs located in its coverage area.

As shown in Figure 2, the range of TRX is measured by
comparing the TOA of the signal from the TRX at the DBS
receiver and the time of the transmission of the signal from
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FIGURE 1: (Left) Signal transmission between DBS and TRX. (Right)
TRXs signal arrives at antenna array.
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FiGure 2: DBS ID signal and TRX response signal in an IRT period.

the DBS transmitter. The processing time estimate can be
included in the signal packet transmitted from TRX to DBS
in order to allow DBS to correctly measure the range. The
DBS, equipped with antenna arrays, allows DOA estimation
and beamforming. In addition, beamforming enhances the
performance of the DBS by reducing the interference effects
[26]. The DOA is measured by each spacecraft relative to its
body-fixed coordinate system. In this paper, we assume that
the attitudes of all spacecraft are known. Hence, the DOA
measurements can be computed relative to a fixed reference
frame.

Thus, a WLPS allows single node positioning. In other
words, each node equipped with a DBS can independently
localize the TRXs located in its coverage area and its field-
of view (FOV). Now, if all spacecraft are equipped with
both DBS and TRX, each spacecraft can find the position of
other spacecraft located in its FOV and coverage area. The
position information across multiple spacecraft can be fused
to improve the localization performance [27].

3. System Model

In this section, the state and measurement models are
derived. The estimated states are the spacecrafts’ absolute
positions and their velocity vectors. In this paper, we assume
that the spacecrafts’ orientations are known, and hence,
the WLPS measurements can be expressed in the inertial
reference frame. The spacecraft orientation is represented by
the direction cosine matrix [28].

3.1. State Model. The estimated state vector, X, and its time
derivative vector, X, for a formation of n spacecraft are

ith spacecraft

FiGuRre 3: Relative position vector between two spacecraft.

defined as
< T T T T .T 'TT
x:[rl r, - XL B B v rn] ,
. (1)
x=[il o -ofl i # il

The ith spacecraft’s absolute positionisr;=[r;x 7;, ri.] n
the velocity vector is ;= [#;x 7, fi.] T and the accelera-
tion vector is f; = [#ix 7, i‘i,z]T (all in the earth centered
inertial (ECI) frame). The sign ~ refers to the estimated
values.

The spacecraft’s motion with respect to the earth’s center
is represented by the two-body model [29, 30]

i = ;—fr, 2)

where y is the earth gravitational constant, the vectors r and
t are the absolute position and acceleration vectors of the
spacecraft, respectively, and r denotes the magnitude of the
vector r.

3.2. Measurements Model. In this study, we assume that each
spacecraft is equipped with both DBS and TRX. Thus, it
can localize other spacecraft and can be localized by other
spacecraft.

In Figure3, r; and r; represent the ith and the jth
spacecraft absolute position vectors expressed in the ECI
frame. The relative position vector of the jth spacecraft
observed by the ith spacecraft that is equipped with DBS is

Ij =rIj -1 (3)
T

ri = [ri,x Tiy 7i,z] ) (4)
T

rj= I:rj,x Tiy rj,z] s (5)

If the orientation of the spacecraft is known, the relative
position vector, R;j, expressed in the ith spacecraft reference
frame would be

Rij = Cirij, (6)

where C; is the direction cosine matrix (also known as
attitude matrix [31]) of the ith spacecraft relative to the ECI



frame. Let h]:°* be the time of the ID signal transmission, as
the ID signal travels from the DBS node i and is received by
the TRX node j, transmitted again from the TRX node j, and
until received back at the DBS node i. Assume, for now, that
both the DBS i and TRX j are stationary, then we can write

ool
o)
Il
[

where r; is the position of node j at the time it receives the ID
signal, ¢ is the speed of light, and || - || refers to the magnitude
of vector. In the above equation, we assumed zero processing
time at the TRX. Let Rij = [R,‘j)x Ri]‘,y R,‘j,z]T, then the
DOA between the two nodes i and j is given by the two

measurements
R;
tan~! [ =22
R; X

0
B>t = [ U] - .®
b tan~! ( ZRij>Z . )
Rij,x + Rij,}’
Here, 0;; is the relative azimuth angle, and ¢;; is the relative
elevation angle between the two nodes i and j. Using (7) and
(8), we can express the WLPS measurement between the ith

and the jth nodes as
hT,OA
V.. = J o 9)
Yij = |:hDOA:| + VWLPS,ij (
ij

where vwips;j denotes WLPS measurement noise, which
is assumed to be zero-mean Gaussian with the covariance
matrix E [‘l'WLPs,ijV\TNLps,ij] = Rwrps,ij-.

The observation matrix of the nonlinear measurement
model in (9) is linearized using the first-order Taylor series
expansion, which corresponds to [31, 32]

h(x) ~ h(x) + oh (x-X%), (10)
0X | x=%

x=
where h(x) and h(X) are the nonlinear measurement models,
and they are expressed in terms of the true state vector, X,
and the estimated state vector, X, respectively. In addition,
oh/ox = H is the Jacobian matrix of the nonlinear mea-
surement model, (9), which is also known as the sensitivity
matrix. Here, the sensitivity matrix for (9), Hwrps, is given as

oh oh
Hyps = [—g > 03x6], (11)
where
T’,‘j r,-]- T,‘j
oh —sin(6) —cos(0) 0
or rij cos(¢) rij cos(¢) G
—cos(0) sin(¢p) —sin(0)sin(p) — cos(¢)
L Tij Tij Tij .

(12)
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FIGURE 4: [llustration of signal transmission time delay.

Here, Hwips is derived assuming that we have only two
spacecraft in the formation. However, the procedure can be
extended to any number of spacecraft in the formation.

3.3. Time Delay Modeling. Time delay estimation has been
extensively studied in the literature. The wide separation
between spacecraft and the high velocity of spacecraft may
result in a significant error in position measurements due to
the signal transmission time delay. One approach to address
time delay error is to consider the time delay as a Gaussian
random variable, and its effect can be removed through
Kalman filter implementation. However, [33] shows that the
error distribution due to the transmission time delay is not
always a normal distribution.

Reference [22] presents an approximation method to
model the signal transmission time delay between two
spacecraft and its effect on relative position estimation, for
one-way signal trips. States of past time are expanded as
functions of the states at current time using the Taylor series
expansion [22]. The WLPS measures the TOA of the round
trip signal between the DBS and the TRX. Figure 4 illustrates
the time delay due to the WLPS processing time and due
to signal transmission. The true signal transmission path is
described in solid line. The dashed line is the signal path if the
time delay is neglected (both DBS and TRX are stationary,
(7), or moveing at with low velocities).

In Figure 4, the DBS transmits its ID signal to TRX at
time ;. The TRX receives the signal at time t,, and it requires
Ty time to process the signal. Then, the TRX transmits the
signal back to the DBS at time #3, and the DBS receives the
signal at time ¢4. When the DBS receives the ID signal at time
t4, it measures the time of arrival (TOA) of the signal (t,—t;).
The TOA is measured at the DBS receiver; thus, the clock
synchronization between DBS and TRX is not required. It
is to be noted that Ty, can be determined, offline or online,
by computing the clock pulse needed to process each DBS
signal. In this paper, we assume that T, is a known constant.

However, it is important to note that both spacecraft
have travelled from their original position at time #; to new
position at time #, when the signal is transmitted from DBS
to TRX. This is also applied for the signal transmission
between time t3 and t;. Let the ith spacecraft be equipped
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with DBS and jth spacecraft be equipped with TRX, the
round trip TOA measurement shown in Figure 4 can be
expressed as

Hl‘i,t4 R YES Hrj,fz — Lipy H
+
c c

+ Tpr + VaTOA
(13)

Ydelay,TOA =

where v, 104 is the measurement noise.

All positions of both spacecraft at f;, t,, and #; need to
be expressed in terms of the positions at time t4. By adapting
the strategy developed in [22], the estimated round trip TOA
based on (13) is given as

Hl‘i,k - l'j,k—lH Hl'j,k—z - 1‘i,k—3H
+
c c

?delay,TOA = + Tpr) (14)
wheret; = k-1, =k—-2,and t; = k - 3.

In Figure 4, the time of flight (TOF) of signal trans-
mission between ith and jth spacecraft defined in [22] is
presented as Ti. Let r;;x be the distance between DBS and
TRX at time ¢4 and T, = rij/c + 7. Then, we can write

Tijk +71Cc = Ttr X c

T
= \/(rj,k—l - ri,k) (rj,k—l - ri,k>~

It is noted that the true value of Ty, is unknown, and we
can only compute an estimate for the transmission time. The
position of jth spacecraft at time #3 can be estimated via the
first-order Taylor series expansion, which is given as

(15)

Tik-1 =Tk — TuVjk, (16)

where v; 1 is the velocity of jth spacecraft at time k.
By substituting (16) into (15), a closed form for 7 can be
obtained [22] as

—B + /B2 — 4AC
T=———f)P (17)
2A
where
A= <C2 - ng,k)’
2
rij,kv-k
— T ., — /> .

B= 2<r,»,-,kv],k oot Cfu,k)’ (18)

T
c- zrij)kvj,krij,k 5, (Tijk 2
T TR )
where vj; = w,v}‘:kvj,k’ which is the magnitude of the jth
spacecraft’s velocity vector.
Then, Ty can be computed using (15) and (17). We

assume that t, — ; is small. Because t; is known, the position
of ith spacecraft, r;x_3, at t; can be approximated as

Tik—3 = Tk — TuVik, (19)

where T41 =14 — t.

The position of jth spacecraft at time , rjx2, can be
approximated in a similar way as follows

Fjk—2 = Tjk — (Ttr + Tpr) X Vjk. (20)

By substituting (16), (19), and (20) into (14), the
estimated TOA, ?delay,TOA, can be expressed in terms of the
spacecraft position and velocity vectors at time k.

Similarly, in Figure 4, the time delay in signal transmis-
sion also impacts the DOA measurement [22]. However, the
DOA measurement is defined as the angle of arrival of the
signal transmitted by TRX to DBS. Therefore, the signal
transmission and processing delay between #; and f; has
no impact on DOA measurement. Here, a vector L and its
components X, Y, and Z are defined as

T
L=[X Y Z| =rjs -1y o
=Tjk— TyVjk — Tig

The measured DOA between the ith and the jth space-
craft for both relative azimuth and elevation angles 6;; and

¢ij is

ydelay,DOA = |: :| + 'ydelay,DOA) (22)
ij
where

—- Y

6;j = tan~' —,
ij = tan X )

- ¢ -1 VA

by =0 ey

As in the case of the WLPS measurement model without
the time delay effect (see (11) and (12)), (14) and (22) are
nonlinear. Thus, the sensitivity matrix should be calculated
to facilitate the process of linearization in extended Kalman
filter. The sensitivity matrix is derived below.

3.3.1. Sensitivity Matrix for TOA with Time Delay Model.
From (17), 7 is a function of r, 1, and v; x. In this section,
for simplicity, let r; = rix, ¥j = ¥, Ijj = Tijk, and so on. Let

Sy = Hl'j,k—z - ri,k—3H (24)
The sensitivity matrix, Helay, oA, for (14) corresponds to
Hdelay,TOA

|98 N orjj N or 0S, Orj
B al'i al‘,'

ail'i al'j * al‘j

or 35, 35, o
al'j 8vi an an ’
(25)
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where

ot j orij N T orij _ 5 Orij
Eh'i:A[c 8r,+ 51T +C7’,Ja Z’Ja

or 1 V Vi orij 8r, 3 T
A

—y!
j
ar] c ar, ar]

I o Orij Vr orij
+D{]V]v Feng Vinigy,

ot TTlrifTTlTTZT
gj = 2va +K[2—v. +B{rjvj ]—r,]v]}]

(26)
The parameter D in (26) is given by
D= \/ rljv] + czr - r,zjvi (27)
And both 0r;;/dr; and 0r;;/0r; are given as
af’,‘j ar,‘j 1','];‘
= - = —. 28
al‘j al‘i Tij ( )

Finally, the partial derivatives of S, in (24) with respect to
the absolute position and velocity vectors are given as

T
10rj ot
Vileon o ||
gf]r B Slr{(l'j,k—z - ri,k—3>T - (rj)k—z - ri’k‘s)T
. [i?}': N g:,]} (29)
gir. N %(rﬁk-Z - r"’k-3)T’
ST

] r
+< T a‘r}
r'k—Z*rik—3) Vis (-
J> ) I v,
ov;

3.3.2. Sensitivity Matrix for DOA with Time Delay Model.
The sensitivity matrix for DOA measurements can be derived
in a similar way. The sensitivity matrix for the azimuth angle,
Hpg, and elevation angle, Hg, is

g lal_lix]
HG_SO[XBX X2 ox I
o L (K0T
¢ ¢ /X2 + Y2 0x (X2+Y2)3/2 ox ox

(30)
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where
1
So="—"5353
1+ (Y/X)
N C
X2+Y2+277
(31)
oL o
ox [—13x3 Lyxs 053 — Ty X I3X3] T Vik 8xr’

aTt, _ 1871] 4+ 9 ot
ox ¢ ox ox

where dL/ax = [(9X/a%)"  (@V/ax)"  (9z/0%)"]".

Therefore, the time delay model for the relative position
measurement between the ith spacecraft and the jth space-
craft is given as

~ [~ ~T T P
Yij = Ydelay,TOA Ydelay,DOA > (3 )

and the sensitivity matrix is
T T T
H;j = [Hdelay,TOA Hy H%] . (33)

3.4. GPS Measurements Model. In this section, the model of
the GPS measurement is presented. We assume that there
is no multipath effect and no clock bias error in the GPS
receiver. For any GPS satellite that is in the ith spacecraft’s
LOS, the pseudorange measurement is

pi = \/(I'i —rgps)” (x; — TGps) + Yapss (34)

where rgps represents the position of the GPS satellite,
and vgps represents the GPS measurement noise which is
assumed zero mean white noise, with the noise covariance
as Raps = E{vGpsvips)-

In reality, there might be more than four GPS satellites in
the FOV of each spacecraft in the formation. However, in this
paper, we assume that only four GPS signals are observed at
all times. Hence, the GPS measurement vector is

~ ~ ~ ~ ~ 1T
Yigps = [Pi,l Pi2  Pi3 Pf,4] : (35)

The pseudorange measurements, p; to py, represent
any four GPS signals received by the given spacecraft (ith
spacecraft in this case). The corresponding sensitivity matrix,
Hgps, is

r Yi — YGps,1 0 7
— Uixs
P1
I — TGps,2
LA L 01><3
[%)
H; = 36
i,GPS H - forss (36)
1x3
P3
I, — YGpS4
- 7 01><3
L P4 _

Equation (36) shows the sensitivity matrix for a single
spacecraft. However, it can be easily applied to spacecraft
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formation flying. For GPS only scenario with n-spacecraft
formation, the measurement vector is given as

y= [%T,GPS : ?Z,GPS]T’ (37)
with the sensitivity matrix, H, is
Higps
H=| : | (38)
Hy,cps

For WLPS and GPS scenario, the measurement vector is
given as

~T N

* Yncps Yi2 Vi3

y= [%T,GPS : %]T, (39)

with the sensitivity matrix, H, is
T T T 1T 17
H = [HI,GPS -+ Hygps Hip His "'Hij] , - (40)

where y;; and Hj; are defined in (32) and (33), respectively,
i=1,...,n,j=1,...,n,and i # j.

4. Extended Kalman Filter Implementation

The EKF process begins with an initial estimated states,
X(ty) = Xo, and states covariance, P(t;) = Po. At every time
step, k, a measurement is received from the sensor onboard,
and a gain matrix, K, is then computed as follows:

-1
K = PyHf [HPCHE + Ri] (41)

where Ry is the measurement noise covariance at step
k, and its matrix composition depends on the availability
of measurements (e.g., WLPS or GPS) in the estimation
processes. The matrix Hj is the sensitivity matrix, which is
defined as

Hy = @ . (42)
OX |-
Xk
Here, the superscript “—” denotes predicted (or preupdate)

estimates.
Then, the pre-update estimated states, X;, and states
covariance, P, are updated through the following equations:

=%+ K[Fie - he(%0) ], )
P} = (I - KHy)P;,

where I is the identity matrix, hi(X;) is the estimated
measurement, X is the postupdate estimated states, P; is the
postupdate states covariance, K is the gain matrix in (41),
and Hy is the sensitivity matrix.

Both postupdate estimated states, X;, and states covari-
ance, P, are propagated to the next time step

x=f£(6%7) +w, (44)

P = FP{ + P}Fl + GQGT, (45)

where w is the process noise vector which is a zero mean
Gaussian noise with Q = E{ww’}, (¢, X;) is obtained from
the equation of motion of the spacecraft (2), and Fy is defined
as:

of
Fr==—<| .
k=% ” (46)
The Fi matrix is the linearized state model
Ax = FxAx + Gw, (47)
where Ax = [Ar] ArTAVE oo AVT 1", with Ar;

and Av; are small changes in the ith spacecraft position and
velocity vectors. For n-spacecraft formation, the F; matrix in
(47) is given by

03n><3n I3n><3n
Fe=| 4r(x) , (48)
03n><3n
dx  [x=%;
where,
- of, _
= 0353 -+ 03x3
1
of,
0353 >~ 0553
dx lx=x; ’
of,
Osp3 =++ -+0 -1
i 0x,,
2 2 2
2riy -1y — 12 3tixTiy 3rixliz
of; U 2 2 2
p = 5 3rixtiy 2rl-}, T 3tiytiz R
1
2 2 2
3rixtiz 37’1‘)/”1'2 2t =1 — Tiy
(49)
where i = 1,2 n,os = Ari+ri+r2, and ¥, =
3Ly lly ix iy iz> i

[rie 1y 7] in (4). Here, p is defined as in (2).
For a configuration of n-spacecraft, the G matrix, in (45)

and (47), is
03n><3n
G= . (50)
13n><3n

The Kalman filter algorithm for all scenarios is processed
as follows. The estimated states (including both absolute
position and velocity vectors) and the estimated state
covariance are initialized. Then, the estimated state and
state covariance are updated using (43). It is noted that the
sensitivity matrix and measurement vectors vary from one
scenario to another. Then, both estimated states and state
covariance are propagated using (44) and (45) to next time
step for future update.

5. Simulation Results and Discussions

Simulations are conducted to study and compare the esti-
mation performance of the spacecraft position with respect



to the earth center (or absolute position) using WLPS only,
GPS only, and WLPS plus GPS. The performance is assessed
through computing the average of the root mean square
error (RMSE), 7, of the estimated absolute positions of all
spacecraft in the formation. The mean square error (MSE) is
the average of the square of estimation errors along the x, y,
and z-axes of the spacecraft position

_|E ]

111— \/3 >

where #; is the estimated ith spacecraft’s absolute position’s
RMSE, t; is the estimated absolute position of the ith
spacecraft, and r; is the truth absolute position of the ith
spacecraft.

For n-spacecraft formation, the 7 is given as

(51)

ni. (52)

| =

T

ﬁ:

The convergence time, Tcony, Of the estimation is defined
as the time needed by the estimator until the RMSE falls
below a given steady-state threshold, ewyes. The threshold
varies with the SFF configuration (e.g., formation size,
number of spacecraft, etc.). There are different approaches
to determine the steady-state threshold. In one of the
approaches, eres is computed by taking the average RMSE
of estimator at the steady-state RMSE curve. However, the
Teonv 1s undefined if the RMSE does not converge.

Two case studies are presented in this paper: (1) one
examining the implementation of 1D WLPS for space-
craft navigation; (2) comparing the estimation performance
between a GPS standalone system and a WLPS along with
a GPS system with time delay modeling. In the second
case study, the estimation performance is examined with
respect to the following SFF configuration parameters: size of
formation, measurement noise level, number of spacecraft,
and altitude of the formation (except GPS scenario).

The general simulation assumptions in this paper are (i)
process and measurement noises for all spacecraft are zero-
mean Gaussian; (ii) the attitude of each spacecraft is well
known; (iii) the TOA and DOA measurement noise standard
deviations are 1 meter and 0.001 degree, respectively, unless
otherwise specified; (iv) the GPS pseudomeasurement noise
standard deviation is 10 meters unless otherwise specified;
(v) the variance of the process noise is 107 km*s™4; (vi)
the initial estimated states covariance is 1km” along each
position axis, and 0.01 km?/s? along each velocity axis; (vii)
the simulation is run at the interval time of At = 10 seconds
for all scenarios.

In the simulations conducted in this paper, we assume
that each relative position in the formation is measured
only once. Thus, for a two-spacecraft formation, there is
one relative measurement. Similarly, for three, four, and six
spacecraft formation, there are three, six, and fifteen relative
position measurements, respectively.

Figure 5 shows the accuracy performance of the EKF
estimation using the the WLPS measurement with respect
to different numbers of spacecraft in the formation. All the
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TasLE 1: Third and fourth spacecrafts’ orbital elements.

Inclination Arg. perigee ~ RAAN arllr(l)lrzzlly
(deg) (deg) (deg) (deg)
S/IC1 5 0 5
S/IC2 -5 0 5
S/IC3 _3 0 ; »
SIC 4 3 0 » o
S/C5 25 0 5 5
S/C6 ~10 0 0 p

11

10 ¢

Average RMSE (m)
~

3 1 1 1 1 1
2 3 4 5 6 7

Number of spacecraft

Ficure 5: WLPS only—RMSE performance.

spacecraft have the same true semimajor axis of 7000 km and
eccentricity of 0.05. The orbital elements of all spacecraft
are shown in Table 1. Figure 5 shows that the performance
improves as the number of spacecraft in formation increases.
The convergence time of the EKF process is about 400
minutes for the two-spacecraft formation. It is 300 minutes
in the three-spacecraft formation and is about 70 minutes for
four spacecraft formations. The number of measurements
in the three-spacecraft formation is three times higher than
that of the two-spacecraft formation, and the number of
measurements in the four-spacecraft formation is two times
higher than that of the three-spacecraft formation. This leads
to higher spacecraft orbit observability gain and results in
significant convergence time improvement.

5.1. One DOA Measurement. In this section, we compare
the estimation performance between one DOA measurement
and two DOA measurements. Both case studies include a
TOA measurement. To study the feasibility of estimating
the absolute positions from measurements of only the range
and the azimuth angle, an observability analysis is needed.
The EKF algorithm of 1-DOA is similar as the 2-DOA case.
However, only the first two rows of sensitivity matrix in
(11) are considered, because only one TOA and one DOA
measurements are available.
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RMSE (km)

Time (min)

--- 1DOA
— 2DOA

(a) Low TOA-DOA measurement noise

RMSE (km)

250

0 50 100 150

300
Time (min)
--- 1DOA
—— 2DOA

(b) High TOA-DOA measurement noise

F1Gure 6: RMSE comparison of Azimuth only (1 DOA) versus Azimuth and elevation (2 DOA) measurements.

It is common that the observability analysis is conducted
by linearizing the nonlinear problem. A numerical method
for observability investigation is presented in detail in [9]. It
can be shown that in this problem, the system is observable
except in some special configurations of formations. One of
those special cases is when two spacecraft are in the same
circular orbit. In this section, we present simulation results
for one observable case.

A two-spacecraft formation is considered. The spacecraft
orbits have a semimajor axis of 7000 km. The first spacecraft
(observer) orbits in a circular orbit, with 0 degree in
inclination, argument of perigee, RAAN, and initial true
anomaly. The second spacecraft (target) orbits in an elliptic
orbit with eccentricity of 0.05 degree, inclination of 15
degrees, argument of perigee of 0 degree, right ascension of
ascending node (RAAN) of 0 degree, and initial true anomaly
of 5 degrees.

We assume that only spacecraft 1 (S/C 1) is equipped
with DBS, while spacecraft 2 (S/C 2) is equipped with only
a TRX. In this case study, the WLPS antenna array is rotated
at 5 degrees about the body x-axis, and both spacecraft
experience no spinning motion. In this simulation, we
assume that the initial condition for both spacecraft is
known, and there are no signal transmission and signal
processing time delay.

Figures 6(a) and 6(b) compare the RMSE performance
between one DOA measurement and two DOA measure-
ments, for different levels of measurements noises. The
results indicate that it is possible to estimate the spacecraft
absolute position with only one DOA measurement along
with a TOA measurement, in the case presented.

Figure 6(b) compares the RMSE performance when both
TOA and DOA noise levels are increased to 0.1 meter
and 0.1 degree, respectively. The result shows that there
is a significant difference between one DOA measurement

performance and two DOA measurements performance.
The two DOA measurements has a better overall accuracy
compared to the one DOA measurement performance.

5.2. GPS and WLPS versus GPS Standalone System. In this
section, the performance of orbit estimation algorithm using
only GPS for position measurements is compared with the
estimation algorithm that has an additional WLPS sensor
(GPS/WLPS) installed on the spacecraft. We assume that
signal transmission time delay occurs between DBS and TRX.
Here, a four-spacecraft formation flying is considered. These
comparisons will be carried out for several parameters ranges
as detailed below.

5.2.1. Formation Size. First, the impact of formation size
on the performance is studied. All spacecraft orbit at a
semimajor axis of 7000 km, with eccentricity of 0.05. There
are a total of four spacecraft in the formation. Here, ranges
for the orbital elements of each spacecraft are listed in
Table 2.

Table 3 compares the estimation performance with
respect to different formation sizes. The results show that if
only GPS measurement is available, the formation size does
not impact the estimation performance in terms of accuracy.
Because the GPS provides independent absolute position for
each spacecraft in the formation, the relative spacing between
spacecraft does not really affect the estimation accuracy, if
GPS measurements only are used. In addition, the simulation
results show that the convergence rate for all case studies
is the same, which is 20 minutes. This is because the GPS
measurement has more impact on the convergence rate of
the estimation process than the WLPS measurement.

When the WLPS is implemented into the formation
along with the GPS, the results show that the formation size
impacts the estimation accuracy. Table 3 shows that as the
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FIGURE 7: (a) RMSE comparison of GPS only and GPS/WLPS with respect to the number of spacecraft. (b) GPS/WLPS position error with

three-sigma boundary.

TasLE 2: Four-Spacecraft configuration for different formation size.

. . 100 km/200 km 700 km/1400 km 1445 km/2450 km
Formation size
Min. Max Min. Max Min. Max
Inclination (deg) -0.5 0.3 -5 5 -10 10
Arg. perigee (deg) 0 0 0 0 0 0
RAAN (deg) -0.5 0.2 -4 7 -3
True anomaly (deg) 0 0.5 —4 10 -2 5

TaBLE 3: Performance comparison between different formation
sizes.

TABLE 4: Performance comparison between high GPS noise and
high WLPS noise.

Form. Size Setup Ave. RMSE (m) Noise level Setup Ave. RMSE (m)  Conv. time (min)
100 km/200 km GPS/WLPS 1.068 High GPS GPS/WLPS 9.529 70
GPS 2.114 Noise GPS 62.745 70
GPS/WLPS — High WLPS GPS/WLPS 1.669 20
700 km/1400 km ’ ’ Noise GPS 2.090 20
GPS 2.087
GPS/WLPS. 1.384
1445 km/2450 k . .
m m GPS 2.042 5.2.2. Measurement Noise Level. Next, consider the 700 km/

formation size decreases, the estimation accuracy increases.
Although the improvement may seem insignificant (only 30
decimeters) when the WLPS is implemented together with
GPS, there is about 25% improvement when the formation
size decreases from 1445 km/2450 km to 100 km/200 km. For
other cases where the RMSE is higher, the impact may
become more significant.

1400 km formation size configuration shown in Table 2. The
measurement noises of WLPS and GPS are varied in the
following order: (a) high GPS noise; both TOA and DOA
noises levels are 0.001 km and 0.001 degrees, respectively, and
GPS noise level is 1 km; (b) high WLPS noise; both TOA and
DOA noises levels are 0.01 km and 0.01 degrees, respectively,
and GPS noise level is 0.01 km.

Table 4 compares the RMSE and convergence rate with
respect to two different noise levels, high GPS noise level,
and high WLPS noise level. In high GPS noise situation (such
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as signal jamming), the result shows that we are still able to
achieve good estimation accuracy (up to meters accuracy)
with the aid of WLPS measurements. In addition, including
the WLPS measurement is still capable of improving the
estimation performance if compared to the GPS standalone
system, even though the WLPS measurement noise level is
high. In addition, the convergence rate is highly increased
if GPS measurement noise increased. This result confirms
that the GPS has more impact on the convergence rate of
estimation.

5.2.3. Number of Spacecraft in Formation. The impact of dif-
ferent number of spacecraft on the estimation performance
is studied. Four formations are considered: two, three, four,
and six spacecraft. The size of the formation in the four cases
is 700 km/1400 km.

Figure 7(a) compares the accuracy and convergence
performance with respect to the number of spacecraft in the
formation. Because GPS offers absolute position measure-
ments for each spacecraft, independent from other spacecraft
in the formation, increasing the number of spacecraft in
the formation does not affect the estimation accuracy, if
no WLPS is used. Figure 7(a) shows that as the number of
spacecraft increases, the RMSE performance improves. It is
noted that we assume that the spacecraft i measures the
spacecraft j’s relative position, but the spacecraft j does not
measure the spacecraft 7’s relative position in the simulation.

Figure 7(b) shows the spacecraft’s estimated absolute
position error with a three-sigma boundary for the WLPS
and GPS scenario. The simulation is processed for 100 Monte
Carlo runs with the initial condition error of 1 km in absolute
position vector and 1ms™! in absolute velocity vector for
each spacecraft in the formation. The initial state covariance
remains the same as presented in the simulation assumption.
Figure 7(b) shows that the estimated absolute position error
falls within the three-sigma boundary. The estimated state
error converges at the same pace as the state covariance in
the presence of GPS measurements.

6. Conclusion

The WLPS implementation as a relative position sensor
for absolute position estimation in SFF is introduced. It is
depicted that 2D WLPS improves positioning accuracy when
both WLPS and GPS measurements are used. The results
are compared to a GPS standalone system. Moreover, the
implementation of 1D WLPS is investigated, and simula-
tions are conducted to show the feasibility of obtaining a
converging estimation for the absolute positions. The results
confirm that the accuracy of 2D WLPS is higher than 1D
WLPS. In addition, increasing the number of spacecraft in
the formation improves the estimation’s convergence time
when only relative position measurements are available.
Simulation results show, in general, that as the formation
size decreases, the WLPS estimation accuracy improves. The
impact of formation size becomes significant when either
GPS noise is high or GPS measurements are not available.
Examples of these situations are deep space missions such as
Mars exploration and Lunar GRAIL mission, and in the low-
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altitude aircraft applications when ground reflection effects
are significant. The results also confirm that as the number
of spacecraft in the formation increases, a better absolute
position estimation performance is attainable.
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