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This work extends a prior proposal for optical-link—assisted LEO PNT by developing a fully distributed time-synchronization

strategy. Building on the idea of using a ground optical clock as a high-precision reference, we assume free-space optical links (sup-

plemented by RF) deliver picosecond-level time differences when available. Intra-orbit synchronization is achieved by fusing pairwise

measurements into an implicit ensemble mean and steering each onboard oscillator toward that mean. Plane times and uncertainties

are then exchanged among neighboring planes via a weighted consensus update to form a common constellation timescale. When a

satellite passes over a ground station, a feedforward estimator uses the ground optical clock to correct the constellation time, binding it

to UTC. Simulations of two Walker Delta constellations demonstrate that the intra orbit filter converges to sub nanosecond alignment

with one second updates, and an investigation of ground link availability under stochastic cloud models underscores topology limita-

tions that will inform future ground-filter design. Remaining drift among plane times highlights the role of the inter-plane and ground

layers introduced here.
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pseudorange measurement, m
relative radial distance, m
speed of light, m/s

clock offset, s

Delay by troposphere, s
Delay by ionosphere, s
additional errors, s

time deviation of clock i, s
frequency deviation of clock i
weight of index i

time difference between clock i and j, s

Lorentz factor

velocity, m/s

clock state

time measurement between 7 and j, s
gravity potential, m? /s>

clock model noise parameter
sampling time, s

gaussian process

state transition matrix

control matrix

process noise vector
measurement noise vector
control input vector
measurement matrix

diagonal noise covariance matrix
estimation error covariance
neighbor set

plane time

constellation time

deviation of i to optical clock /
feedfoward cummulated control action
gain

Subscripts

i :  element of index i

received
:  ensemble
LQR :  of the linear quadratic regulator

Superscripts

s : sent

i :  orbital plane i

1. Background

Satellite systems have transformed global timekeeping and
distribution. Today’s GNSS constellations carry highly stable
atomic clocks onboard medium-Earth-orbit satellites, enabling
positioning, navigation and timing (PNT) at the global scale."
Recently, there has been growing interest in extending PNT ca-
pabilities by deploying constellations of low-Earth-orbit (LEO)
satellites. LEO satellites, orbiting much closer to Earth, deliver
stronger signals and faster update rates than traditional GNSS.
As a result, they can improve coverage in polar regions, dense
urban canyons, and even indoor environments.' 2 Continu-
ous global coverage with LEO requires hundreds of satellites
instead of the few dozen used in GNSS. This dramatic increase
places stringent size, mass, and power constraints on each satel-
lite.

A principal challenge for LEO PNT is clock perfor-
mance. Conventional space-qualified clocks—cesium, ru-
bidium, or hydrogen-maser standards—remain too large and
power-hungry to deploy in large numbers. Chip-scale atomic
clocks (CSACs) offer a far smaller form factor but exhibit lower
stability, leading to increased time and frequency errors unless
corrected frequently.”'® In contrast, optical atomic clocks on
the ground, such as lattice clocks, achieve two orders of magni-
tude better fractional frequency stability than microwave stan-
dards.® Although these optical clocks are too large and delicate
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to operate in orbit, their high-precision output can be transferred
to orbit via free-space optical links.

To make use of ground optical clocks, two-way optical
time and frequency transfer (OTWTFT) has demonstrated
femtosecond-level synchronization over turbulent free-space
channels.>!'? These optical links, enabled by frequency combs,
bridge ground clocks and satellite CSACs.*® When optical
links are unavailable, traditional RF-based TWSTFT provides
a nanosecond-level fallback."

A LEO constellation equipped with both RF and optical inter-
satellite links, together with occasional optical passes to ground
stations, can form a distributed clock network.?> Each satellite
exchanges time-difference measurements with its neighbors,
when in view of a ground station, receives a correction from
the ground optical clock. By fusing these measurements, the
constellation can approximate a single high-stability timescale
without requiring every satellite to carry a high-performance
clock.”-%19

Therefore, this paper focuses on the time-synchronization
strategy for such an optical-link-assisted LEO PNT system.
Building on existing two-state clock models and Kalman-LQR
steering techniques,'>!>!9 we introduce a three-layer, dis-
tributed filtering architecture. While the inter-plane consensus
and ground correction filters are described briefly, our analysis
centers on the first layer, which equalizes clocks within each
orbital plane using replicated-fusion filtering. In this work, we
demonstrate via simulation that the intra-plane filter alone can
reach sub-nanosecond alignment under realistic link delays and
noise, laying the groundwork for end-to-end constellation tim-
ing.

The remainder of this paper is structured as follows: Sec-
tion 2. presents the problem description, detailing timing re-
quirements, clock instabilities, and link intermittency in LEO
PNT. Section 3. introduces the single-clock model and its dy-
namics. Section 4. extends that model to multiple clocks and
describes time-difference measurements, Kalman-filter estima-
tion, and LQR-based control. Section 5. presents the distributed
synchronization strategy, including the intra-plane, inter-plane,
and constellation—ground filters. Section 6. reports simulation
results and discusses the performance of the intra-plane filter
under realistic noise, update-interval, and link-dropout condi-
tions. Finally, Section 7. summarizes the work, outlines next
steps, and suggests paths for future research.

2. Problem Description

Because chip-scale atomic clocks (CSACs) drift rapidly and
LEO links drop out frequently, sub-nanosecond alignment is
difficult. Our objective is to synchronize all onboard clocks
in a LEO PNT constellation to a common timescale with sub-
nanosecond accuracy, despite each satellite carrying only a
modestly stable chip-scale atomic clock (CSAC). Precise clock
alignment is essential because any clock offset directly degrades
range measurements. For example, a simplified pseudorange
measurement is given by

p; = p; + cldt,—dt') + Dy + D; + e, (1)

where p; is the geometric distance between receiver r and satel-
lite s, dt, and dt*® are the receiver and satellite clock offsets from
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system time, Dy and D; denote tropospheric and ionospheric
delays, c is the speed of light, and e collects remaining errors."
A clock error of 1 ns, therefore, induces about 0.3 m of range
error, which is unacceptable for many LEO PNT applications.

In terrestrial GNSS, each satellite’s clock data are sent to
ground control, where a real-time, weighted ensemble timescale
is formed, similar to International Atomic Time (TAI) or UTC,
via

N
xo(t) = " wilt), [x0) = & 0)], @
i=1

with xi(¢#) the reading of clock i, X;.(¢) its predicted deviation,
and w;(?) its weight based on performance.? In a LEO PNT
constellation, however, each orbital plane completes a revolu-
tion in 90-120 minutes, inter-plane visibility windows often last
only tens of seconds, and ground-station passes remain brief
and weather-dependent.'-!'? Consequently, no single master
clock can be broadcast continuously to all satellites, and a de-
centralized synchronization strategy becomes necessary.

Each CSAC exhibits two-state stochastic noise (white fre-
quency and random walk) that yields fractional frequency in-
stability on the order of 10~'!/7!/2,!% Without frequent cor-
rections, these instabilities produce tens of nanoseconds of er-
ror within minutes. In contrast, optical clocks on the ground
achieve fractional frequency instability of 2 x 10716/71/2®) gug-
gesting that periodic transfer of optical-clock reference into or-
bit could dramatically reduce timing errors.

An optical communication—assisted LEO PNT concept was
previously proposed:?® when a satellite is in view of an
optical ground station (OGS), two-way optical time transfer
(OTWTFT) using frequency combs provides a high-precision
time difference, and inter-satellite laser and RF links then dis-
tribute that reference throughout the constellation. This ap-
proach leverages the superior stability of ground optical clocks
without requiring every satellite to carry a laboratory-grade
clock.

Because every time-difference measurement, whether ob-
tained via OTWTFT or via RF, must traverse moving platforms,
it is subject to Doppler and relativistic biases. In particular, rela-
tive velocities of several kilometers per second among satellites
and between satellites and ground introduce significant Doppler
shifts and relativistic effects. Any two-way time-difference
measurement y;; between satellites / and j must account for ge-
ometric delays and first-order Doppler, for example:

Yij = [Xi(l‘) - xi(r - Afij)](l = 0ij/€) + 61 + 1ijs  (3)

where At;; is the light-time, v;; the line-of-sight relative velocity,
Orel the combined gravitational and kinematic relativistic correc-
tion, and 77;; measurement noise.

More elaborate relativistic corrections may consider coordi-
nate transformations from the proper time (the local oscilla-
tor’s physical time) to a coordinate time, which depends on the
choice of spacetime coordinate system.”¥ The transformation
consists in computing the rate of a clock with respect to a Earth-
centered inertial (ECI) spacetime reference with time compo-
nent set at infinity. Using the Schwarzschild metric, one can
derive the rate of such clock with respect to coordinate time:

dr Vi)

a ™'t T aa “@

-2025-j-1-3-



2025-j-1-3

35th ISTS Organizing Committee.

where V(r) is the gravitational potential at position r (approxi-
mated by Earth’s potential expanded to third-order multipoles)
and v is the clock’s velocity in ECI coordinates. A proper times-
tamp 7 is transformed into coordinate time #(7) via

K)—t+fquqd 5)
T) =1 . dr T.

Thanks to approximate knowledge of each satellite’s position
and velocity, the integral in (5) can be evaluated in real time:
even with kilometer-scale errors in r and meter-per-second er-
rors in v, coordinate-time estimates remain accurate to the pi-
cosecond level over one-second intervals.2¥ Henceforth, all
time measurements assume that these relativistic corrections
have been applied and may be omitted from further discussion.

In this work, a multi-layer, distributed filtering architec-
ture is proposed to handle intermittent links between orbital
planes and to ground stations. At the first layer (intra-plane),
pairwise time differences are fused into an implicit ensemble
mean (IEM), and each CSAC is steered toward that mean to
achieve sub-nanosecond alignment despite measurement noise
and Doppler/relativistic biases. At the second layer (inter-
plane), each orbital plane exchanges its IEM and associated
uncertainty with neighboring planes via a weighted consensus
update, driving all plane times toward a common constellation
timescale. At the third layer (constellation—ground), whenever a
satellite passes an OGS, a feedforward estimator uses the high-
precision optical clock reference to correct the constellation
timescale, binding it to UTC(k) despite realistic cloud coverage
and turbulence.

3. Clock Model and Dynamics

3.1. Stochastic Clock Model

Consider a two-state atomic clock model to describe the dy-
namics of the phase and frequency deviations from a ideal time
reference. The clock reading deviation the reference for the
two-state atomic clock can be heuristically modeled by the in-
tegral stochastic equation described in Eq. (6).'¥

h@=m+m+f&@ﬁnﬁfj”&mmew®
0 0 0

Here, x¢ and y, are constants that represent the initial phase and
frequency deviations from the ideal time, &, is a Gaussian pro-
cess with variance ¢; corresponding to white frequency noise,
and &; is a second Gaussian process with variance g, that char-
acterizes the random frequency walk.

The state-space representation of the system is obtained by
considering the follow transformation:

X1(0) = x2(6) + &1(1)

(1) = &) 7
W) = 31 (0
Which yields
_[w@]_[o 1][x] . [a0
ﬂm4{04bm+kd' ®
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3.2. Discrete Atomic Clock Model

The continuous model presented in Eq. (8) can be discretized
at a sampling time 7. The discrete clock dynamics resulting
from an increment at time step k7' with k € Z is given as in Eq.

9).

xilk+ 1]
X2[k+ 1]

Where k + 1 := (k + 1)T,, and w[k] is a two-dimensional Gaus-
sian noise with zero mean and covariance matrix Q. The matri-
ces A and Q are given as follows:

'i TJZ
[ ] 0= [%T +612 3 927}_
qZTs

XM+H=[ = A[K] + wik] ©)

The model given in Eq. (9) can be modified to include a con-
trol input to enable periodic adjustments to the clock frequency.
Since the phase is coupled to the frequency, periodic frequency
adjustments are sufficient to control the phase deviation of the
clock as well. The discrete state-space model including a scalar
control input u[k] is given in Eq. (10).

X[k + 1] = Ax[k] + Bul[k] + w[k] (10)
With B matrix given by

4. Clock State Estimation and Control

4.1. Time Differences Between Clocks

In the previous sections, we defined the clock reading devi-
ation from an ideal time reference as the first state x; of the
two-state model defined by Eqs. 8, 9 and 10. This quantity is
by definition immeasurable because the ideal time reference is
unknown. However, time exchanges between different clocks
are measurable quantities that are independent of the ideal time
reference and can be used to infer the real clock state vector
x[k].

Consider, for example, two clocks with real readings #;[k] and
tjlk], with i # j. If the true time reference fo[k] was known in
the absence of measurement noise, each time deviation from
the ideal time could be expressed as xy;[k] = #;[k] — fo[k], for
I € {i, j}. Therefore, as shown in Eq. (11), the time difference
yijlk]l = ti[k] — t;[k] between the real clock readings is inde-
pendent of the ideal time reference and corresponds, aside from
noise, to the difference between the states in our model.

yijlk] = xulk] + tolk] — x1[k] — to[k] = x1i[k] — x1,[k] (11)

4.2. Space-State Representation for Multiple Clocks

For a set of N clocks, we form the general state vector X,
which contains the phases and frequency deviations from the
ideal time for all clocks. Based on Eq. (10) and Eq. (11) the
system equations can be expressed as in Eq. (12).

{x[k + 1] = A*x[k] + B*u[k] + w[k]

ylk] = Cx[k] + v[k] a2

Here, the state vector x is constructed by stacking all the
phase deviation states xj; followed by all the frequency states
Xy for for i,j € 1,...,N. The control input vector, on the
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other hand, u[k] simply contains all the scalar inputs u;[k]
for each clock i. The state and control vectors are expressed

as x[k] =[xkl xinlkl - xo1 (k] xonl]]" and

ulk] = [u 11k] uN[k]]T, respectively.

As a result of this choice, the state transition matrix A* and
control matrix B* are modified from the original A and B ma-
trices in Eq. (10) as follows:

A* =AQIy
B*=B®Iy

where the symbol ® represents the Kronecker delta operator and
Iy is the N X N identity matrix.

The measurement equation in Eq. (12) represents the time
difference measurements described in section 4.1. with the ad-
dition of noise. The time difference measurement y;; between
clocks i and j with clock i as the reference and measurement
noise v;; is defined as:

yijlk] = x1;[k] = xp;[k] + v[k]. (13)

The N — 1 X 2N matrix C in Eq. (12) considering the first clock
as the reference clock is given by:

-11 0 O 0 0

C= -1 01 0 0 0

-1 0 0 1 0 0

-1 0 0 O 0 0
And the measurement noise vector  V[k] =

T

[vlz U13 VIN-1 le] is modeled as a zero-
mean  Gaussian  distribution  with  variance  matrix
R := diag(ry2, ..., riy) in which r;; represents the measurement

variance at measurement y;;, for i, j € {1,..., N}.

It is also worth mentioning that the noise vector w[k] is an
extended version from the noise in Eq. (10) in the sense that it
incorporates the noise characteristics of all clocks. Considering
the state representation choice for the general state vector x[k],
the covariance Q of w[k] is given by:

3 2
T+ 55 i
2

i T,

0=

In which ¥, := diag(q,. ..
4.3. Kalman Filter

State estimates are obtained with a discrete—time, linear, min-
imum-variance Kalman filter applied to the multi—clock model
of Eq. (12). Let the a-priori (predicted) and a-posteriori (up-
dated) state estimates be denoted by X[k|k — 1] and X[k|k], re-
spectively, and let P[klk — 1] and P[k|k] be the corresponding
error—covariance matrices. With an initial guess X[0]0] = X,
and P[0|0] = Py > 0, one recursion of the filter proceeds as
follows:

,q1n) and Xy := diag(qai, - - - » g2n)-

Prediction (time—update)
RK[klk—1]=A* K[k — 1]k — 1]+ B* u[k — 1], (14)

Plklk—1]1 = A* P[k — 1]k — l]A*T+ 0. (15)
Innovation

ylk] = ylk] = C X[klk - 1], (16)

Sk] = C Plklk — I]CT+R. (17)
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Measurement—update (correction)

K[k] = Plklk - 11 CT STk, (18)
K[kIk] = K[kIk — 1] + K[k] §[k), (19)
P[klk] = (I - K[k]C) P[klk — 11. (20)

Equations (14)—(20) constitute the standard Kalman recursion,
specialized here to the clock estimation problem. The process-
noise covariance Q and measurement-noise covariance R were
derived in Section 4.2.. Their diagonal structure reflects the
assumption that the stochastic errors of different clocks and of
different pairwise measurements are mutually uncorrelated.

When only a subset of time-difference measurements is avail-
able at an epoch, the corresponding rows of C and entries of R
can be removed, and the filter remains valid. Similarly, control
inputs u[k] may be set to zero for free-running (uncontrolled)
clocks or updated periodically to realize steering strategies such
as disciplined frequency offsets.'¥
4.4. Clock Synchronization

In order to synchronize multiple clocks, each clock is steered
towards the same reference so the time and frequency differ-
ences between clocks are minimized. Here, steering refers to
the process of injecting a small frequency correction u = Af
into an oscillator in order to adjust its phase and frequency as
introduced in Eq.(10).

For a control period T,, the control input u;[kT,], i =
1,..., N, is obtained so that the difference between the current
state of clock i and the desired reference state is a zero-mean
Gaussian process with bounded variance. A feedback law of
the form u[k] = —KX with gain K such that the poles of the
eigenvalues of the system described by Eq.(12) remain within
the unit circle.

The adequate control gain K can be obtained using modern
control techniques such as pole placement,'*'® or the linear
quadratic regulator (LQR).!¥ In this work, we adopt the LQR
for determining the control gain matrix K;gr which is briefly
introduced as follows.

Let the quadratic performance index over an infinite horizon
be

J = B> (xIKI" Qror X[kl + ulk]" RpgrulkD)},  (21)
k=0
where Q;or > 0 weights the phase/frequency errors and R >
0 penalizes the actuator effort (frequency steps). Solving the
discrete Riccati equation

S = A*TSA* — A*TS B*(Ryor + B* 'S B*) ' B*TSA* + Qror
yields the optimal LQR gain

Kior = (Rigr + B TS B*) ' B*Ts A*. (22)
Combining the Kalman estimator of Section 4.3. with
the feedback law wulk] = -—KigrX[klk] gives a discrete
linear—quadratic—Gaussian controller that is optimal for the
stochastic model.'>'® Because the estimator and regulator are
designed from independent Riccati equations, the separation
principle applies, and the closed loop remains stable, provided
both Riccati solutions exist.

-2025-j-1-3-



2025-j-1-3

35th ISTS Organizing Committee.

5. Distributed Layered Synchronization Strategy

To synchronize time without a single master clock, we adopt
a layered approach. The problem is decomposed into three lay-
ers: intra-plane, inter-plane, and constellation-ground. The first
layer aligns all on-board clocks within a single orbital plane. In
that scenario, the relative velocities and angular velocities are
small, and inter-satellite optical links can be maintained for long
periods of time consistently. Once an orbit is internally aligned,
itrealizes a plane time Tpjane,. The second layer exchanges these
plane times to generate a constellation time T¢ongtellation- Finally,
opportunistic satellite—ground links tie T¢onsteliation t0 UTC(K),
bounding long term drift. In this work, we focus on the first
layer (intra-plane) while briefly introducing the other two lay-
ers, which will be further explored in a future work.

5.1. Replicated Fusion intra-plane Filter

Let s'; represent the j-th satellite in orbit i € O in which O
represents the set of all orbits in the constellation. Considering
that each orbit contains N satellites, s. has a leading satellite
szj 1) mod N and a trailing satellite S(, 14N) mod N that comprise
the orbit neighbors of sj hereafter represented as N - Whenever
an optical communication link is available, the time difference
measurement is obtained via optical time transfer; otherwise,
the same two-way routine is performed over the redundant RF
link.

Since data can also be transferred via optical or RF links,
the time difference measurements, as presented in Eq.(13), are
shared between nodes. Therefore, at time K, si. has its local
measurements y]l.[ [k] with s} € N J’ its neighbors’ measurements
y,lj[k], and other shared measurements, which will be used to
derive the time difference between s/ and s}, ¢ /.

With relative time differences to all satellites on the same or-
bital plane, each satellite can feed the measurements to its local
Kalman filter consisting of 2N states to be estimated. The filters
are equivalent, as they estimate the same states under the same
dynamics; however, each local measurement has independent
measurement noise realizations. To create proper replicas, or
copies, we perform the following transformation of each mea-
surement value yfnn [k] and covariance r,,,:

; v K1 = 1, (K]
Youlk] = 7 2 - 23
"‘ _ rmn + rnm ( )
mn — 4

with n,m € {1, ..., N} with n # m, and the value of r,,, and r,,,
being determined by the measurement method.

With the new measurements and covariances, the new esti-
mated state vector f(;[k] for satellite s; is obtained using the
Kalman filter step defined in equations (14)—(20), and its en-
semble mean for satellite s; is calculated as shown in Eq.(24).

N
. 2 2l,rm (xln[k] - ),elnj[k])
X [K] = |5 (24)
2 Zon (xanlk] = Xonjlk])

n=1
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With X, and X, defined as in Sec.4.. The local plane time for
satellite s' is defined as Tprane, [k] :=[1 0] xi [K].

For each on-board clock, the LQR controlled actuator con-
siders only two states, which represent the deviation in phase
and frequency from the local clock to its local ensemble mean.

Steering then applies a feedback law
k] = K or(xl; k] — £5[KD), (25)

which completes the intra-plane filter step.
5.2. Consensus Based inter-plane Filter

Although the number of satellites per orbital plane remains
moderate even for large constellations such as Starlink,?" the
presence of many planes and only intermittent inter-plane
links makes constellation-scale filtering challenging. Having
achieved intra-plane synchronization at the first layer, each
satellite holds a local copy of its plane’s time, which we denote
by

Tplane,p [k] 5
where p indexes the orbital plane and k is the epoch counter.
When a satellite s;’ in plane p establishes an inter-plane link
with satellite sf in plane g, it transmits its current plane time
Tplane,plk] and an associated scalar uncertainty Pt p[k] (the
variance of the intra-plane ensemble time). Likewise, the peer
sends Tpjane,g[k] and Poicg[k]. From these two scalars one
forms the relative measurement

qu [k] = Tplane,p [k] - Tplane,q [k] + qu[k]a (26)
where v,,,[k] is zero-mean Gaussian with variance

qu[k] = Porbit,p[k] + Porbit,q[k] + Ipgs

pell,....P},

and r,, models any additive link jitter or time-transfer error.

To drive all orbital plane times toward a common constella-
tion time, each plane p applies a scalar consensus update when-
ever it receives a measurement from some neighbor plane g.
Fixing plane p, let its set of currently visible neighbor planes be
N,,. Then the update for plane p is

Tplane,p[k+] = planep[k] Z Apg k]
qeN,
a,lk] = _U/Rplk] (27)
T S Rk
teN,

Because each plane normalizes by 3 sc, 1/Rpe, the weights ),
sum to one over ¢ € N,,. In practice, if only a single neighbor g
is visible at epoch k, the sum reduces to @,, = 1 and

Tplane,p [k+] = Tplane,p[k] + qu[k]-

After updating Tpjane,p, plane p revises its own uncertainty via
the standard scalar-fusion rule:

Pasiiplk®] = (PanpkI™ + S 1R, I0) . (28)

qeN,

Each plane then broadcasts its updated pair
(Tptane,p[k*1, Porie,p[k™]) to all satellites in that orbit. Those
satellites update their steer targets with the corrections, thereby
driving every satellite in plane p toward the consensus result.
Iterating across all visible neighbors ensures that, over time,
every plane’s time converges to a common constellation time.
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5.3. Feedforward Constellation—-Ground Filter

The ground filter estimates the difference between the ground
optical clock state X, [k] and the satellite plane—time state x;[k].
We define

Zovilk] = Xolk] — x;[k]. (29)

When constellation synchronization is achieved, x;[k] already
represents the common plane—time or constellation—time, so
Z,1,i[k] captures the offset between the ground reference and that
common time.

Let Zolyi[k] be the ground’s estimate of Z, ;[k] at the last pass,
with covariance P, ;[k]. Between passes, plane i applies a series
of ¢ control inputs u;[k], u;[k + 1],...,u[k + € — 1] that were
broadcast by the satellites. Just before the next contact at epoch
k + ¢, the ground filter predicts the state according to

Zylk+ 0] = ALZylk] + Uglk+ €1, (30)

Py lk+] = Poilk] + Qoi(0), (3D
where
-1
Unilk+ €1 = > A Bulk+m],  (32)
m=0

and Qg(¢) is the integrated process noise of the
ground—satellite relative dynamics over ¢ discrete steps.
In these equations, A, and B are the discrete-time state and
input matrices from Eq. (10), specialized to the ground—satellite
relative motion, and u;[ k + m] denotes the scalar correction
issued by plane i at epoch k + m.

At epoch k + ¢, the ground terminal obtains a new measure-
ment of the offset:

Yolk+€] = Zolk+€] + voilk+€],  (33)

where vo;[ kK + €] is zero-mean Gaussian measurement noise
with variance Ry ;. Since Zy [k + €] = Xolk+ ] — xi[k+ (],
the terminal computes Y, ;[ k + €] by subtracting the satellite-
reported plane—time x;[k + £] from the ground optical clock
reading X[k + C].

The ground filter then updates its estimate via a standard
Kalman correction:

Zoilk+t] = Zy [ k+€] + Ko (Yol k+€]1 = C Z;; L k+L]),
(34)

Poilk+¢]1 = (I — Ko, C) P .[k+ (], (35)

ol,i

where C is the measurement matrix from Eq. (12). The gain
Ko, is the steady-state Kalman gain found by solving the Ric-
cati equation in Section 4. replacing the state transition matrix
and the covariance matrices accordingly. It should be noted that
the resulting process noise is the one-step process noise of the
ground optical clock Qg ;(1) and the one-step process noise of
the satellite clock Q;(1).

Once Z)Li[k + {] is available, the ground filter computes a
ground-correction command:

uground,i[ k+€] = ground, i ( Zol,i[ k+€] - Zé[y,’[ k+¢& ])7 (36)

where Zgl ;Lk + €] is the satellite’s own estimate of Zy ;[ k + ]
transmitted during the pass, and Kgroung,i 1S the LQR gain for
the ground correction as described in Section 4.. The scalar
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Uground,i[ K+ €] is broadcast to all satellites in plane i and applied
as an additional term in their steering law at the next epoch.
Since the intra- and inter-orbit filters have already equalized the
plane times to within small bounds, this single feedforward cor-
rection from the ground suffices to pull the entire constellation
back toward UTC(k).

6. Simulation Results & Discussion

The first layer of the distribution strategy proposed in Sec-
tion 5. is critically important for constellation-wide time syn-
chronization. Given the dynamic topology of the constellation,
intra-plane links have the highest availability, and the corre-
sponding filters perform most of the clock steering. Therefore,
our initial simulation study focuses on this first layer and eval-
uates intra-plane time synchronization.

Two constellations are considered: a Walker-Delta 60°:
144/12/1 and a Walker-Delta 60°: 360/18/1, using Walker’s no-
tation.?? The first constellation is depicted in figure 1.

For these Walker geometries, the average distance between
satellites in the same orbital plane is 3800 km in the smaller
constellation and 2300 km in the larger one. The correspond-
ing one-way signal travel times are approximately 12 ms and
7.7 ms, respectively. Taking into account processing and com-
munication overhead, the topology supports about 39 hops/s in
the small constellation and 65 hops/s in the larger one. That is
sufficient to support a 1s filter update interval for the replicated-
fusion estimator. Thus, by the time of the next filter update,
each satellite has received all peer measurements and can per-
form a complete Kalman step.

6.1. Constellation and Ground Topology

As discussed earlier, changes in constellation topology deter-
mine which links are available for time measurements. Since
this work focuses on intra-orbit filters, we also examine each
orbital plane’s link availability to ground stations over a 70-
minute interval. Figure 1 shows the eight ground stations se-
lected across multiple continents. Figures 2 and 3 plot results
for an ideal (no-cloud) scenario and for a scenario with cloud
blockage, respectively.

In the ideal scenario (Figure 2), most orbital planes achieve
more than 40% ground connectivity, and plane 12 is in contact
with the ground 80.38% of the time. However, our ground-
station layout leaves plane 10 with no ground visibility; satel-
lites in that plane must rely solely on inter-plane comparisons
to synchronize with the constellation. For planes with ground
visibility, the average contact duration exceeds 12 minutes per
pass, which is ample time for multiple time comparisons be-
tween satellites and ground.

When cloud blockage is included, both metrics degrade
sharply. In terms of ground connectivity, figure 3 shows that
no orbit was able to achieve a ground-connectivity percentage
of 10% with values averaging 4.3%. The average connection
duration also was severely affected, dropping from more than
12 min on average in the ideal case to under 12 seconds when
in the presence of clouds. Even though the ideal case is not a
realistic scenario as it is highly unlikely to have a complete ab-
sence of clouds at all ground stations at all times, the simulated
cloud interference is also not on par with reality. Here we con-
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sidered a two-state Markov chain model with the two states be-
ing ’cloudy” and “clear and transition probabilities from cloudy
state (1) to clear state (0) and vice versa were set at p;p = 0.01
and po; = 0.1, respectively. A proper tuning of transition proba-

35th ISTS Organizing Committee.

bility values to accurately describe each ground node is planned
for future investigations.
6.2. Intra-plane Filter Performance

To validate the proposed intra-plane clock synchronization
method, for each satellite in the topology, we select a random
clock model from the CSAC models described in table 1. The
scale of parameters ¢, and ¢, was chosen based on literature
values on similar atomic clock synchronization researches for
ground networks.'?

Table 1. CSAC model parameters.
Clock Type q1 Q@ T,
CSAC 1 1107 1x107% 1
CSAC2 2x107°  15%x107% 1
CSAC3 5x107% 1 x 10726 1
CSAC4 35x107° 5x10726 1

Each clock evolves according to the discrete model in Equa-
tion (10) with 7y = 1s. We model optical time transfer with
a measurement-noise variance of 1072* (ps-level) and TWSTT
with 1078 (ns-level), consistent with ground experiments.”-!*
Each local Kalman filter uses the state-space model of Equation
(12) and updates every T, = 1s, matching the 39-65 hops/s ca-
pability and ensuring that each satellite receives all peer mea-
surements before the next update.

6.2.1. Satellite-to-satellite Synchronization

The phase difference between two random clocks in the same
orbital plane on the smaller constellation is shown in Figure 4.
The results indicate that the phase difference between the two
clocks converges to a zero-mean signal with bounded variance,
which agrees with the definition of synchronization described
in Sec. 4.. Furthermore, the standard deviation 1o falls below
a quarter of a nanosecond, demonstrating the sub-nanosecond
capabilities of the combination of CSACs, optical and RF links,
and the proposed synchronization strategy. The larger constel-
lation also showed similar results and are displayed in Figure
5.

6.2.2. Plane time

According to the synchronization strategy proposed in Sec.

5., the satellites in each orbital plane are synchronized via the
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Fig. 4. Phase difference between two random clocks on the same orbit
over time for the Walker-Delta 60°: 144/12/1 constellation.
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Fig. 5. Phase difference between two random clocks on the same orbit
over time for the Walker-Delta 60°: 360/18/1 constellation.

intra-plane filters. The phase of each controlled clock for con-
stellation Walker-Delta 60°: 360/18/1 is presented in Figure6.
From the figure, 18 lines are noticeable. Those correspond to
the Tprane, for i = 1,..., 18 discussed in Sec.5.. Figure 6 also
provides a closer look at the behavior of a group of clocks on
the same orbit. The close tracking of their ensemble value vali-
dates the expected behavior of the algorithm.

However, as described in Sec. 5., the clocks of each orbit,
even though synchronized to each other, continue to deviate
over time. That behavior motivates the use of the additional
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Fig. 6. Controlled clock phase for all clocks in constellation Walker-Delta
60°: 360/18/1 constellation with Q7 or = 10° and Ry gg = 10%.

filters proposed to achieve constellation-wide synchronization
with bounded deviation from ground references.
6.3. Discussion

The ensemble time defined in Eq.(24) is the core of synchro-
nization process. However, not only that value cannot be di-
rectly computed in the real scenario, requiring a separate os-
cillator to realize an ensemble based on the estimations of the
intra-plane filter,'*'® but also the clocks do not follow strictly
the calculated ensemble value. There is a bias between the esti-
mated state and the real clock state given the system is not fully
observable. Since the error between the on-board clock and the
obtained ensemble is used for clock correction, the bias is not
included in the correction which results in increased fractional
frequency instability. That behavior is observed in the Allan
deviation plot in figure 7.

Fig. 7. Disparity between fractional frequency instability of corrected
clocks and local ensemble.

This previous result elucidates that the local ensemble value
of each satellite is not appropriate to represent the on-board
clock state, as it includes the filter bias. To investigate the
true fractional frequency instability of the ensemble of the con-
trolled clock values, two combinations of controlled clock val-
ues are investigated. The first is a simple average of each con-
trolled clock in orbit where the weighting factor is equal to all
clocks and equal to 1/N, with N as the number of satellites in
the orbit of choice. The second is to consider the frequency drift
noise characteristics of each clock Z; as the weighting factor of
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each clock. Each average and controlled clock phase values are
shown in figure 8, and the corresponding fractional frequency
instabilities are shown in figure 9.

T

V AN

Fig. 8. Phase of controlled clocks of orbital plane 1, their average value
(red), and their sum weighted by the frequency drift noise characteristics X
of each clock.

Alan deviaton

Fig. 9. Allan deviation of controlled clocks of orbital plane 1, their aver-
age value (red), and their sum weighted by the frequency drift noise char-
acteristics X; of each clock.

It is noticeable that there is no appreciable difference between
the considered averaging methods. One may consider either
average to be used to represent the target steering value for the
controlled clocks and, therefore, the plane time value Tpjane, OF
orbit i. However, it is important to remember that the states are
not directly available, so such ensemble mean computation is
restricted to simulation environments.

7. Conclusion & Future Works

This work has proposed a three-layer method for synchroniz-
ing time in LEO PNT constellations using optical links. Ex-
isting two-state clock models and standard Kalman-LQR steer-
ing were adopted from the literature, while free-space optical
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two-way time and frequency transfer was considered to deliver
picosecond-level measurements when links are available. The
first layer aligns every clock in a single orbital plane by fusing
pairwise time differences into an implicit ensemble mean and
steering each onboard oscillator toward that mean. The sec-
ond layer combines the ensemble times and uncertainties of all
planes using a scalar consensus update, driving all plane times
toward a common constellation time. The third layer compares
the constellation time against a ground optical clock, predicts
the ground-satellite offset over successive orbits, and issues a
feed-forward correction to bind the overall timescale to UTC.

Simulations for two Walker-Delta configurations (144/12/1
and 360/18/1) show that each intra-plane filter converges to
sub-nanosecond alignment within one-second update intervals,
and that optical passes—when cloud coverage allows—provide
valuable anchor updates to the ground layer. Even under a sim-
ple cloudy/clear model, the ensemble trajectories remain sta-
ble when planes have ground visibility. Phase-difference traces
confirm that any two clocks in the same plane converge to zero-
mean error with bounded variance, validating the intra-plane
layer’s ability to form a stable local timescale. At the same
time, residual drift among different planes underscores the need
for the inter-plane and ground layers.

Important topics for future investigation include a compre-
hensive study of constellation geometry and link availability, as-
sessing how varying orbital layouts and station-keeping maneu-
vers affect convergence of the consensus update among plane
times. The distributed consensus and feed-forward ground fil-
ters described here will need to be implemented in a full net-
work simulator that incorporates realistic link delays, pointing
errors, atmospheric turbulence and weather-dependent visibil-
ity. It will also be necessary to quantify how residual clock er-
rors propagate into user positioning performance, for example
by integrating the synchronized times into a pseudorange-based
navigation solution. Finally, scaling analyses for larger constel-
lations can reveal whether sparse cross-plane connectivity or
temporary partitions might slow convergence, and to what ex-
tent the proposed three-layer approach remains effective as the
number of satellites grows.
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