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Abstract— The positioning accuracy determines the scope of
the application of an unmanned aerial vehicle (UAV). In view of
the existing UAV cooperative localization methods that normally
require prior information and the assistance of external systems,
such as the global positioning system (GPS), this study aims to
adopt range radios to measure the time-of-arrival (TOA) infor-
mation among UAVs and then perform clock synchronization
and cooperative localization based on ranging measurements.
We propose a framework to jointly estimate the clock error and
relative distance, adjust the onboard clock, and perform relative
positioning. To achieve autonomous clock synchronization and
ranging, a practical approach based on peer-to-peer pseudor-
ange measurements is proposed in this study. We modeled the
synchronous two-way ranging (STWR) process using a discrete-
time state-space model, according to which a linear parameter
estimation method and clock steering method are presented.
Finally, a closed loop consisting of STWR, parameter estimation,
and clock tuning is constructed to improve the ranging accuracy,
which leads to improved localization accuracy. Simulation results
show that the proposed approach outperforms existing methods
and can achieve sub-nanosecond-level time synchronization and
meter-level cooperative localization.

Index Terms— Clock steering, cooperative localization, param-
eter estimation, two-way ranging, unmanned aerial vehicle.

I. INTRODUCTION
A. Background

ITH the development of integrated electronics and
microelectronics engineering, unmanned aerial vehi-
cles (UAV) are being developed for miniaturization and
clustering. Compared with existing large single vehicles, such
a design has numerous benefits, including a shorter inven-
tion period, lower overall cost, flexibility, reconfigurability,
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and robustness. However, it brings out some problems: One
critical issue is achieving accurate clock synchronization and
cooperative localization, as these are the preconditions of
earth observation, formation flying, and location awareness of
ground terminals in an isolated region [1]; the other is avoiding
possible collision encounters between the UAV members [2].
Therefore, the system’s performance relies on the estimation
accuracies of the clock parameters and ranging measurements
between UAV members. To satisfy this requirement, UAVs are
usually synchronized with the reference clock implemented
on the ground station or the global navigation satellite system
(GNSS) time [3]. However, these techniques are not applicable
to global navigation satellite scenarios with GNSS-denied or
strong electromagnetic interference. Moreover, dependence on
external systems introduces structural risks for UAVs. For
instance, military UAVs would no longer be functional if
GNSS satellites or ground stations were destroyed. In addi-
tion, frequency syntonization is also paramount to clock
synchronization and range. If the frequency and phase of
the on-board clock can be steered in real time, it can
not only achieve highly accurate clock synchronization for
these carrier phase-based ranging techniques but also elim-
inate the sampling errors originating from the frequency
discrepancy.

To achieve clock synchronization, the onboard clock of each
UAV must be as accurate and stable as possible. The overall
cost, weight, volume, and lifetime of the onboard clock must
also be carefully considered. A well-known timekeeping sys-
tem (TKS), which is designed to produce accurate and precise
timing signals for a global positioning system (GPS), consists
of atomic clocks and oscillators [4]. However, such a system
is not applicable for UAVs, owing to the requirements for
low overall cost and low complexity. In addition, the reliance
on GPS timing signals limits the scope of the application
of UAVs.

Considering these factors, the use of timing signals sent
from a member of a self-organized network to steer the
local clock has recently become popular. The spread-spectrum
communication technique is a common method for building
a communication link [5]. It couples communication and
synchronization so that the overall cost can be well controlled.
By decoding the pseudo-noise (PN) code, the member nodes
can communicate with each other and calculate the signal
propagation delay by measuring the phase deviation between
the reception and local codes. Thus, the relative distance can
be obtained based on time-of-arrival (TOA) measurements [6].
Owing to the effect of clock error, an accurate ranging
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measurement must be estimated by decoupling from the pseu-
dorange measurement. Unlike one-way ranging techniques,
two-way ranging has been widely implemented in autonomous
systems owing to its higher ranging accuracy and capability to
decouple clock errors without prior information for immobile
networks [7], [8].

In addition, the cooperative localization of a self-organized
network can be carried out using range-based positioning
approaches, such as multidimensional scaling (MDS) [9], [10]
and the extended Kalman filter (EKF) [11], [12], [13]. Similar
to the GNSS receivers, a trilateration algorithm can be utilized
if more than three anchor nodes are deployed in a network.
However, this requirement is impractical for UAV systems and
the trilateration algorithm can only localize one node at a time.
By contrast, EKF-based methods are typically used to perform
multisensor fusion. Positions and velocities must be measured
to predict the states of the position parameters. In this study,
we addressed the problem of cooperative localization using
peer-to-peer ranging measurements. Therefore, MDS-based
positioning methods are more feasible in this case. Because the
effectiveness of the MDS-based positioning algorithm relies on
the ranging accuracy, we can infer that the decoupling error
determines the accuracy of time synchronization, ranging, and
cooperative positioning. Although solutions based on machine
learning techniques have been proposed [14], [15], they are
more applicable to indoor positioning than are UAV systems.

In addition, most existing clock synchronization schemes
focus on estimating clock offset and clock skew among the
system members in a certain network; namely, the discrepan-
cies of the clocks still exist, which we refer to as the ‘open
loop’ method in this paper. The clock signal generated by the
open loop inevitably introduces a series of associated errors,
such as sampling errors, that cannot be eliminated. However,
once the clock error is estimated, a control theory approach can
be applied to steer the frequency and phase of the local clock.
Subsequently, the adjusted clock generates modified timing
signals to perform TOA-based ranging, and the associated
errors are eliminated physically. Finally, time and frequency
syntonization can be achieved by such a ‘closed loop,” which
leads to improved ranging accuracy, especially for ranging
systems using carrier-smoothed code pseudoranges and carrier
phases [16].

B. Previous Works

To realize physical clock synchronization, a common
method is to use GNSS receivers for UAV members to receive
a 1 pulse per second (PPS) signal and adjust the frequency
of the on-board voltage-controlled crystal oscillator (VCXO)
[17]. An autoregressive moving average (ARMA) model can
be deployed to estimate the clock parameters [18]. However,
the accuracy of the synchronization and positioning obtained
by this method is limited owing to the GNSS signal structure,
and this approach makes the UAVs rely on assistance from
external systems. To improve accuracy and autonomy, the
reference can be replaced by a system member of the network,
which is also similar to GNSS; by broadcasting the designed
GNSS-like signals and positions and decoupling the pseudo-
range measurement at the member node side, network-wide

clock synchronization can be achieved [19]. These range ratios
have also been applied to UAVs to achieve synchronization,
ranging, and relative positioning.

Unlike one-way ranging techniques that require prior
information of position and velocity, two-way ranging-based
schemes have been presented for years when a GNSS signal
or external assistance is not available [20]. The common
method is to model the clock using a two-state (clock skew
and clock offset) or three-state (clock skew, clock offset, and
clock drift) model based on the Taylor series expansion and
treat them as parameters to be estimated together with the
relative distance. This problem can be solved by constructing
an optimization function. In cases where the relative distances
are fixed, the problem can be solved by adding or subtracting
the forward and reverse links of the same round [21], or by
subtracting the forward/reverse links of different rounds [22]
to reduce the rank of the column information matrix. These
methods are effective in dealing with inaccessible networks
with fixed nodes. In addition, the two-way ranging model can
be rewritten as a function of virtual clock parameters, which
originate from the nonlinear transform of clock skew and clock
offset; thus, the clock parameters and relative distance can
be jointly estimated in one step, and the estimation accuracy
can be improved [23], [24], [25]. Moreover, methods for
dealing with mobile nodes have been discussed in [26], [27],
and [28], where the anchor nodes were deployed in advance
for subsequent signal processing. The scenario in which all
nodes are in motion has gained the attention of researchers in
recent years. A feasible solution is to make full use of the prior
information. For example, in a satellite network, the signal
propagation delay can be accurately decoupled owing to the
position and velocity information provided by the ephemeris.
However, these information is difficult to obtain prior to a
UAV swarm. Mobile global least squares (MGLS) [29], which
adopts rounds of timing tags for further parameter estimation,
is designed to deal with this type of scenario. A polynomial
fit approach based on the collected ranging measurements was
presented in [30]; however, the problem of synchronization
was not considered, and the positioning accuracy was limited.
Although some previous studies have proposed estimators of
joint clock synchronization and localization, as seen in [20],
[31], [32], and [33], the problem of cooperative localization
for an inaccessible network in the absence of prior information
on the anchor nodes has not been solved. In [34], a joint
synchronization and ranging method based on pseudorange
measurements was proposed, which required fewer data points
than MGLS.

Another problem addressed in this study was clock steer-
ing. An overview of the clock-adjustment problem from
the viewpoint of control theory was presented in [35]. The
clock-steering approach is normally performed periodically
and is considered a discrete-time state-space model. In this
case, a finite impulse response (FIR) [36] filter and Kalman
filter (KF) [37] are applied to adjust the free-running local
clocks. Numerous clock-steering algorithms have been pro-
posed for local steering by a one-way reference signal. The
problem of clock steering based on two-way ranging has
been discussed in [38]; however, the control method was
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not optimal. To achieve more accurate clock synchronization
in this scenario, a proportional-integral-derivative (PID) con-
troller was presented in [39]. Additionally, the on-board clock
can be adjusted not only by the ground station or the GPS
1PPS but also by the reference clock selected from the network
members, which could either be a real clock implemented
on a member node [38] or a virtual clock elected by the
member nodes [40], [41]. These methods focus on the process
of control, namely the relationship between the estimated clock
errors and the control signal, and are not discussed, especially
in the case of a mobile network.

C. Contributions

The contributions of this study are summarized as follows:

o In this paper, we address the problem of achieving time
synchronization, frequency syntonization, ranging, and
cooperative localization for UAV systems. We derive
a novel framework for this scenario, and synchronous
two-way ranging (STWR) is adopted to establish the
measurement and control network. Only the pseudorange
measurements are used for the estimation.

« An improved “ranging, parameter estimation, clock steer-
ing, ranging” closed loop is presented, which can
maintain the function of physical time synchronization
and cooperative localization in the absence of external
assistance for an extended period. A Kalman-filter-based
approach is proposed within this context.

o As an extension to our previous work [34] and differ-
ent from the existing approaches, the proposed method
can perform time synchronization without prior informa-
tion due to the proposed relative motion compensation
algorithm.

The following notations are used in this study: I,, is an
identity matrix of size m xm and 0,, x,, represents an all-zero
matrix of size m X n.

The remainder of this paper is organized as follows:
Section II describes the general design of the proposed sys-
tem. Section III introduces the related ranging and clock
models. Section IV describes the detailed process of the
proposed method based on the basic models described in
Section III. Section V presents the numerical simulation results
of the parameter estimation and clock adjustment. Section VI
presents conclusions and future work.

II. SYSTEM DESIGN
A. Closed-Loop Clock Tuning System

To implement the proposed statistical signal processing
method for estimating the clock error and relative distance,
a closed-loop design was implemented. A general scheme
of the clock synchronization loop is presented in Fig.1. The
reference/member UAV loads the local pseudorange measure-
ment into a data frame and sends it to the member/reference
UAV. Parameter estimation is performed after the pseudorange
measurements of the two UAVs have been collected.

The specific functions of each module in the system are as
follows:
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Fig. 1. General scheme of a clock synchronization loop.

Transmitting Device: The transmitting device produces
direct-sequence spread spectrum signals for other UAVs. The
time and frequency information are concealed within the
carrier and pseudocode. The ranging measurement information
and the identification number of the UAV are loaded into the
data frames of the transmitting signal.

Receiving device: The receiving device receives the sig-
nal sent from the transmitting devices of other UAVs. The
intermediate frequency is quantized using an analog-to-digital
converter. The related ranging data modulated on the pseu-
docode can be obtained after signal demodulation.

Measurement device: The measurement device performs
data recovery, which involves signal acquisition, tracking,
and decoding processes. Pseudorange measurements can be
obtained from this device.

Control device: The control device is only activated when
the UAV is designated as a member node. It is used to generate
a clock adjustment signal to control the phase and frequency
of the on-board clock. The control signal is calculated using
local pseudorange measurements and decoded data.

B. Communication Link Design

The ranging measurements are calculated locally for
each UAV. Therefore, a communication network must be
constructed to collect ranging measurements. To implement
the proposed time synchronization algorithm, a synchronous
time division duplex (STDD) structure coupled with code
division multiple access (CDMA) was applied. The UAV
members simultaneously send GNSS-like signals to each other
at the desired time instant; however, a time deviation exists
between each pair of communication links at the same time
round owing to clock uncertainties. Therefore, the UAV mem-
bers perform pseudo-synchronous two-way communications.
Compared with asynchronous structures, STDD has stricter
requirements for time slots [42]. However, it can achieve
a more accurate synchronization performance because the
relative motion error owing to the asynchronous transmission
time can be ignored. In addition, for each communication
cycle, each UAV is set to transmit and receive two pseudorange
measurements from another visible UAV instead of four timing
tags. Such a design can decrease the communication overhead.

III. RELATED MODEL
A. Clock Model

In a cooperative mission, the desired events of the system
members are normally triggered when a particular time epoch
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occurs. Let the accurately known time instants 7;, be periodic
and A = T,, — T,,_; be the uniform sampling rate. Owing
to changes in the external environment, aging of internal
electronic devices, and random perturbations, a time-varying
bias exists between the local on-board clock and the reference
clock. The relationship between the reference time and local
time can be expressed as

Gi(n) =T, + §;(n), (D

where G;(n) and §;(n) denote the global time of node 4
and the clock offset between the reference and node ¢ in the
n" communication cycle, respectively.

The recursive state evolution model that accounts for the
clock behavior at successive synchronization instants can be
written in matrix form as follows:

wiln+1)| |01 | |win) ew(n) |’
where §;(n) and w;(n) represent the clock offset and clock
skew at the nth signal transaction, respectively. The stochastic
processes €5 and ¢, describe the state noise, which is an inde-

pendent white Gaussian noise with zero mean. The covariance
matrix of the noise components is given by [43]

_ | mA+ A3 /3 ¢ A%)2
c A%/2 @A |’

where ¢; and ¢» denote the process noise parameters of €5
and ¢, also called white frequency model (WFM) noise and
random walk frequency model (RWFM) noise, respectively.

In general, the metric for characterizing the stability of a
clock is the Allan Variance, which is given by

[1]

3)

o) =52 | (000 - s -00) ] @
where
-1
F®O =13 fn—m) ©
m=0
f(n) = (0n — 0n-1)/A, (6)
where 7 = [ - A. The relationship between the diffusion

coefficients and the Allan Variance is expressed as

2 q1 | q2T
= — _— 7
o5 (7) ~ + 3 (7

Related theoretical analyses and deduction processes are pre-
sented in [43]. Therefore, noise characterization of the clock
can be conducted once the Allan variance is known.

B. Ranging Model

To estimate UAV clock errors remotely, the basic premise is
to build a two-way communication link to exchange informa-
tion; that is, a communication network among UAV members
is required. CDMA is used to establish a communication
network. According to this spread-spectrum communication
technique, clock errors can be calculated indirectly by pseu-
dorange measurements obtained from the PN code.

Inspired by [42], the STDD is adopted in this study to
effectively eliminate the “transceiver isolation” issue in the

----J------- -------------- -J- ------- >

e (L wi(m)pyi(n)

I
Node i trans. |
I
I

Gy(n)

Node j trans. <— 0i5(n) — |
Gj(n), l

Node i rec. } !

Node j rec. 3 3

(L w; () pig(n)

Fig. 2. The schematic of STWR between node 7 and node j at the ki
communication cycle.

full-duplex system and reduce its complexity. It is noted that
the UAVs do not transmit signals to others at the same global
time instant owing to clock errors, although they are appointed
to transmit signals at the same local time epoch.

A schematic of the STDD based two-way ranging, which
we call STWR in this study, is shown in Fig.2.

The principle of STWR is as follows: For the n‘" round
of transmission, both nodes transmit the ranging signal to
each other at their local time instant 7,,. A transmission
delay occurs between the two nodes owing to the clock error
dij(n) = 0;(n) — 6;(n), hence their global transmitting time
instants are G;(n) and G;(n) = G;(n) + d;;(n) respectively;
d;j(n) {d;i(n)} denotes the relative Euclidean distance at
time instant G;(n) {G;(n)}, whereas r;;(n) {r;;(n)} denotes
the signal transmission distance from i{j} to j{i} at the
nt" communication cycle; p;;(n) {p;i(n)} denotes the pseu-
dorange measurement obtained from node j {i} at the n'"
communication cycle; and ¢ denotes the speed of light.

The nth round of STWR can be modelled as

(1+w;(n)pij(n)e™ = xij(n) = 6ij(n) + aij(n),  (8)
(1+w;i(n))pji(n)c™! = xji(n) + 6;5(n) + aji(n), (9

where xi;(n) £ xii(Gi(n)) = rii(n)e™t {xj(n) =
X;i(Gj(n)) = rji(n)c_l} are the signal transmission times
from node i{j} to node j{i} at the n'® communication
cycle; afj and a?i denote the aggregated noises that originate
from the space disturbance, measurement, clock uncertainty,
and the change in the outside environment, which is assumed
to be described by Gaussian variables with zero mean and

variance o2.

IV. PROPOSED ESTIMATOR
A. Relative Motion Modelling

If the positions of nodes ¢ and j are fixed, then x;;(n) =
xji(n) = dij(n)c”! = dj;(n)c™'; numerous clock syn-
chronization and ranging algorithms have been proposed in
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this case. However, if the two nodes are in motion and the
transaction times x;;(n) and x,;(n) change with the elapsed
time, which yields x;;(n) # x;:(n), the conventional two-way
ranging technique would no longer be feasible in this case.
Additionally, the relative distance d;;(n) is not equal to the
transmission distance r;;(n). Therefore, d;;j(n) and dj;(n)
must be modeled.

The relationship between d;;(n) and r;;(n) can be
expressed as [42]

dij(n)e™ = xij(n) + xi;(n) - Voo ¢, (10)

where EJLO g denotes the average line-of-sight velocity in
Xi;(n). Because the line-of-sight velocity, which is a velocity
component of a UAV, is much smaller than the speed of light,
the approximation d;;(n)c™! & x;;(n) can be obtained in this
study.

The transaction signal delays x;;(n) and x;;(n) are func-
tions of n, and can be modeled by Taylor-series as follows:

Xij(n) £ xij(Gi(n))

= Bijo + BijaGi(n) + - + By xGi(n)*,  (11)
Xji(n) £ x;i(Gj(n))

= Bjio + BjinGy(n) + -+ B Gj(n),  (12)

where K denotes the order of the Taylor expansion and
[Bij.0, Bty - - Bij i) € RK+1)x1 and
(Bji.0: Bjits - Bjix] € REFDXL are the coefficients
of the polynomial. Such a model is also feasible for various
scenarios of the anchor nodes; namely, Bij0 = Bjio
represents the relative distance, and 85 = Bji,, = 0, where
kE={1,...,K}.

Without a loss of generality, let node ¢ be the reference,
which leads to J; = 0 and w; = 0. Substituting the equation
d; = 0 into (1), we obtain T,, = G;(n). Therefore, (11) can
be rewritten as

Xij(n) £ Xij (Tn) = Bijo + BijaTo + -+ + Bijx T, (13)

For simplicity, for x,;(n), the following assumption can be
made.

Xj5i(n) £ x;i(Gj(n)) = xi;(G5(n) + x;ji(n)) (14)

This is because the signal transmission times are usually much
smaller than the time tags; thus, the requirement of the full
column rank can be met and the calculation can be simplified.
Figure 2 shows that

Gj(n) + xji(n) = Gi(n) + (1 + wi(n))pji(n)c™!
=T+ 1+ wi(n))pji(n)c_l
~ T, + pﬂ(n)cfl. (15)

Substituting (14) and (15) into (12), we have [See (16), as
shown at the bottom of the next page.]

Substituting the constraint of the reference node d; = 0,
w; = 0 and the approximation equations (13) and (16) back
into (8) and (9), we obtain [See (17) and (18), as shown at
the bottom of the next page.]

Two critical assumptions have been made to deal with the
problem of few observations. The first is to represent x;;(n)

25

and x;;(n) with a unified function. Therefore, we can infer
that velocity and moving direction play important roles in the
performance of the proposed estimator. For instance, when
nodes ¢ and j move at the same speed along the positive
directions of the x and y axes, respectively, the proposed
estimator achieves better performance. This is because in this
case, x;;(t) = x;i(t). Another assumption is that G;(n) ~
Gj(n)+xji(n) in (14) because G (n) > xji(n). The premise
of this assumption is that the relative distance between the
UAVs is normally small; therefore, the signal transmission
delay is small. Based on this approximation, (15) and (16)
can be derived as the sum of the transmission delay and
transmission time instances of node j, which is equal to the
reception delay of node :.

B. Network-Wide Estimator

Based on the discussions above, we can extend the proposed
framework from pairwise mode to network-wide mode. Let
N be the number of UAVs, and node 1 be the reference
node. If each UAV in the system can communicate and range
with other UAVs, we can infer that the number of unknown
clock parameters is 2N — 2 and that of communication links

is ¥ = . Hence, the number of ranging parameters is

N
2

1 = (K +1)-¥. We propose a discrete clock-steering model
coupled with a ranging model, which can be represented by a
time-varying linear state-space model with respect to the state

and observation equations given by
X(n) =LX(n—1)+ BA(n) + &(n),

where X(n) = [B6d(n)wn)]" €
denotes the unknown clock and ranging parameters, 8 =

T
[Bi2 - Biy Bas - Box - Biv-ny| € R¥L, with
sub-vector B;; = [Bijo Bij1---Bijx] € RIX(K+1). § —
[02(n) .. 5N( N" e RV- 1)X1w = wz(}@ wnm)T €
RV-1x1 and A(n) = [0y ps(n) po(n)) eR(wHN 2)x1
denotes the input control vector, 0y, = 00 . O] c R¥x1;

19)

R@+2N-2)x1

L and B are the coefficient matrices, expressed by

L, Opx(N-1)  Opx(n-1)
L=|0n-1)xy In-1 A-In-1 |, (20)
ON—1)xp Ov—1)x(v—1) In-1
B — | Qw+N-1)x@+N-1) O@N-1)x(N-1) @1

ON—1)x(+N-1) Iy

As the ranging parameters (3 are considered con-
stants within the communication cycles, we let e(n) =
[0yx1,€u(n),e5(n)], where e,(n) and es5(n) denote the
corresponding noise components of RWPM and RWFM,
respectively.

In addition, the observation matrix can be obtained by
stacking (17) and (18) into a matrix form, which yields

Z(n) = C(n)X(n) + v(n), (22)

T
PvyN—n(n)| €

[pij(n) pji(n)],

where Z(n) = ¢!

{Pm(n) -pin(n) ..
RQ\I/ x1 ,

with  sub-vectors p,;(n)
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C(n) = [Q(n) T(n)] € R¥¥*W+2N=2) The sub-matrices
Q(n) and T(n) are expressed by (23) and (24), as shown at
the bottom of the page.

Based on the state equation (19) and the observation
equation (22), a practical linear Kalman filter can be sum-
marized as

Prediction:
X(n|n—1)=LX(n—1|n—-1)+Bn|n—1)An-1),
(25)
H(n|n—1)=LH(n-1|n-1)L" +Q, (26)

Update:

K (n)=H(n|n—1)C(n)" [C(n)H(n|n—1)C(n)"+R] ",

@7
X(n | n)=X(n | n—1)+K(n) [Z(n)—PC(n)X(n | n—1)} ,
(28)
H(n [ n) = [Iyron—2 — K(n)C(n)| H(n | n — 1), (29)

where H is the mean square error matrix of the posteriori
estimation error of the state variable; K denotes the gain
matrix of the Kalman filter; and Q = E(e(n)e(n)?) €
R(q/;+2N—2)><(¢+2N—2) and R = E(v(n)v(n)T) c RQ\IJXQ\I’
are the noise covariance matrices of the state equation and
observation equation, respectively.

The ranging parameter 3 and clock parameters [d(n), w(n)]
are assumed to be independent. In contrast, the clock skew and

offset are not independent, as discussed in Section III-A, and
the related covariance matrix is represented by (3). Therefore,
the covariance matrix Q(n) can be modeled as

0y 0y x (V-1 0y (N—1)
On—1)xy (1A + A3 /3)Iy 1 (2A?/2)Iy 4
On—1yxy  (©2A%/2)In (g2A)IN—1

Q=
(30)

As specified in [42] and [44], the observation noise of a
communication link contains ranging measurements, unidi-
rectional combined hardware delays, and space disturbances.
We assumed that these error sources were calibrated in
advance, and the v(n) in observation equations (17) and
(18) denotes the combined residual noise components. As the
forward and reverse links are independent, the covariance
matrix of the observation equation (22) can be expressed as

R:UQIQ\I/. (31)

An important issue with the STDD is that the signals must
be transmitted and received at the same local time. Although
the signals are not transmitted simultaneously owing to clock
errors, they still require good orthogonality of the PN codes.
A feasible solution is to apply a frequency-division duplex
(FDD) along with STDD when the number of UAVs is small.
In addition, if the relative distance is sufficiently long, we can
only use STDD to solve this problem. In other words, we can
design different signal reception timeslots for each member

Xji(n) = Bijo + Bija(Tn + pji(n)e ™) + Bija(To + pja(n)e™ ) + -+ + Bijx (Tn + pji(n)e ). (16)
pij(n)e™t = Bijo + Tubijn + -+ + T Bijx — pig(n)e ™ wj(n) — 8;(n) + 6i(n) + aij(n), (17)
pji(n)e™t = Bijo + (Tn + pji(n)e™ ) Bija + -+ + (Tn + pji(n)e™ ) Bij i + 85(n) — 8i(n) + ai(n). (18)
1 T, TE 0 0 0
1T, + par(n)e™t oo (T + par(n)e= 1)K 0 0 0
Qn) = |: : : o : : : » (23
0 0 0 1 T, TK
0 0 0 1 Tner(N)(N_l)(n)cfl (Tner(N)(N_l)(n)c*l)K
node 1 — node 2 [—1 0 0 Oixv—1)]
node 2 — node 1 1 0 0 Oixn-1)
node 1 — node N 0 0 0 =1 O1xv-1)
node N — node 1 0 0 0 1 Oixv—1
node 2 — node 3 1 -1 0 0 Oixn-1
T(n) = node 3 — node 2 -1 1 0 0 Oixn-1 . (24)
node 2 — node N 1 0 ... 0 =1 Oixw-1
node N — node 2 -1 0 0 1 O1x(Nn—1)
node N —1 — node N 0 0 1 -1 Oixv-1)
node N - node N—-1 L 0 0 -1 1 Opv—1)
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as long as the sum of all the signal reception timeslots is
shorter than the signal propagation time. As can be inferred,
the proposed estimator is also applicable to conventional
time-division multiple access (TDMA) networks. Although the
estimation accuracy is degraded, the performance relies on the
velocities, positions, and numbers of UAVs, indicating that
the proposed estimator is still feasible in some cases.

C. Input Signal

Once the clock offset and clock skew are jointly estimated
according to the clock synchronization protocol, an input
signal A(n) can be generated to control the frequency and
phase of the member clock.

To control the VCXO and achieve time synchronization
and frequency syntonization, an input control signal must be
generated to construct a closed loop. This is normally set to
the opposite of the estimated clock skew @ (n) and clock offset
5 (n) [38], [45]. However, this approach is not feasible for our
proposed model because it takes time to accomplish two-way
communication to collect ranging information; namely, the
n*" round of ranging information calculated at the neighbor
node can only be obtained at the (n + 1) round of two-
way communication. Furthermore, clock adjustment must be
performed at the (n+2)*" time slot. Therefore, the clock offset
accumulated during the two time slots must be considered
when generating a control signal. The clock offset of the
(n + 2)' time slot can be estimated using a linear Kalman
filter.

The clock skew can be adjusted because the frequency of
the VCXO is adjustable. In addition, phase correction can be
performed by changing the phase-control word (PCW) of the
clock. When the estimated clock offset is much greater than
the limited pulling rate of the VCXO, a long time is required
for the control loop to converge. To solve this problem,
we set a phase control signal d;5,esho1q t0 Optimize the clock
adjustment process. When the estimated clock offset (n+2)
is greater than d;prcshotd, We set the phase adjustment signal
s (n+2) by changing the initial count value of the next round
of PCW as follows:

o(n+2) Hnae
27 ’
where H,, 4. is the maximum count value of PCW. Otherwise,
the phase control signal us(n + 2) = 0, and the frequency
adjustment procedure begins. Notably, changing the phase of
the local clock may lead to a loss of locks in the tracking
loop. However, because each UAV is required to reacquire
ranging signals in each communication cycle, this concern can
be ignored in this STDD-based network.
The frequency-adjustment signal is generated by

ps(n+2) = (32)

fo(n+2) = g(6(n +2),&(n +2)), (33)

where the function g(e) is a 3"¢ order PLL coupled with a
274 order FLL. Moreover, p,(n + 2) should be set in the
proper range [0, ft,maz] to prevent the clock from experiencing
short-term stability deterioration. For instance, if the short-
term stability of the VCXO is 0osc = 1 x 107! per second

27

STDD frame
Frame 1 Frame 2 000 Frame n
Communication ot
cycle
Data contents
D Observed Relative | Communication vee
pseudo-range | position rounds

Fig. 3. The data frame transmitted by the proposed STDD frame.

and we assume that the stability after clock adjustment is no
greater than 1.050,5., then

1.050 5 = \/m7

Therefore, ftmaz = 3.2 x 10712,

To accelerate the synchronization rate and keep the clock
adjustment loop stable, we propose a method to generate the
input signal A(n), which can adjust clock offset and clock
skew simultaneously. A schematic is shown in Fig. 4.

Based on the discussions above, a novel pseudo-
synchronous scheduling scheme is proposed in this paper that
can measure and exchange the ranging information, predict
the clock error, and generate the control signal. The process
details are summarized as follows:

Step 1: Pseudorange Measurement: For the n'" round of
two-way ranging, nodes ¢ and j transmit the ranging signals to
each other at local time 7},. The pseudocode ranging measure-
ments p;;(n) and p;;(n) can be obtained after spread-spectrum
signal processing, including acquisition, tracking, and ranging.
Each node then loads the observed p;;(n) and pj;(n) into the
data frame, which is then transmitted in the next round of
two-way ranging. p;;(n) and p;;(n) are also locally stored.

Step 2: Data Exchange: In the (n+ 1) round of two-way
ranging, each node transmits the ranging signal to the others
and obtains local pseudo-code ranging measurements p;;(n +
1) and p;;(n+1). On the other hand, the measurements p;; (n)
can be obtained at node ¢ after data frame demodulation, and
vice versa. Therefore, both nodes collect the nt* round of
two-way ranging measurements, p;;(n) and p;;(n), at this
stage.

Step 3: Clock Error Prediction: Using (17) and (18), the
relative clock skew @;(n) and clock offset 0;(n) between
the two nodes can be estimated. However, the clock error
parameters used to generate the input control signal are @;(n+
2) and §;(n +2) because the signal control time is set to start
at the (n +2)*" round of two-way ranging. A linear estimator
based on (19) is used for this prediction.

Step 4: Clock Adjustment: At the (n + 2)' time slot, the
member node starts to adjust its local clock. The control signal
is generated using a 3"¢ order phase lock loop coupled with
a 2" order frequency lock loop.

Once the ranging parameters are estimated, the relative
distance can be approximated using (13) and (16). These pair-
wise distances simultaneously construct a Euclidean distance
matrix (EDM), which is the input for cooperative localization
using MDS-based algorithms. Fig. 3 shows the data frame of

(34)

th
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Collect pseudorange measurements
pi;j(n) and p;;(n) at the slave node

Estimate relative clock §kew
w(n + 2) and clock offset o(n + 2)

no §(n +2) >\, ¥

Calculate ps(n + 2)
as in (32)
(n+2)

Generate 1., (n acoording to

d(n +2) and &(n + 2) by a 3rd order
PLL coupled with a 2nd order FLL

|

[ ps(n +2) =0

to(n +2) = p,maz j

}

Fig. 4. Generic schematic showing member blocks and processing functions.

(110 +2) = (0 +2)

—

Convert frequency adjustment
signal to voltage control signal

the proposed STDD scheduling scheme. Each frame contains
information on the identification number, locally observed
pseudorange measurements, estimated relative position, and
current communication rounds. MDS only provides the posi-
tion in a relative coordinate frame; thus, the position in a
reference coordinate frame is required for coordinate mapping.
The estimated position obtained from node 1 can be defined as
the reference coordinate frame to solve this problem. For the
positioning of subsequent communication cycles, the velocity
information obtained from the carrier-phase tracking loop can
be used to achieve continuous cooperative localization.

D. Complexity Comparisons

By analyzing the calculation process presented in (25)—(29),
we can infer that the proposed estimator, in the
absence of clock steering, takes the complexity order

Algorithm 1 Physical Time Synchronization, Ranging, and
Cooperative Localization Strategy

Require: X;(0(0), H;(0]0), Q, R

1: forn=0,1,2,..., Do do
n=n+1
Input: py5(n), ..., pin(1)s -\ Py (v—1)(1)

2

3

4 Update: X(n | n) as in (25) - (29)

5: if n > 2 then

6 Update: A(n) as in Fig. 4

7 end if

8 Update: d;j(n) and d;;(n) as in (10) - (12)

9 Construct EDM of the n'” communication cycle
10: Perform cooperative localization via MDS

11: end for

@ ((1/)—|—2N — 2)3>, whereas the complexity order of

conventional two-way ranging is O (8t?). According to the
relationship between 1 and N, we can infer that both the
two complexity terms belongs to the same complexity class.
However, there are two main differences between the proposed
estimator and conventional two-way ranging approach. For
each round of communication, the information transmitted
between the nodes is a pair of pseudorange measurements,
whereas the conventional two-way ranging approach requires
four time stamps. In addition, conventional two-way ranging
must reduce the dimensions of the parameters by the process
of addition (subtraction) of the forward and reverse links
before estimating the parameters to meet the requirement
of full column rank. In addition, for low complexity, some
existing two-way ranging methods [21], [23], [25] estimate
the virtual clock parameters to linearize the estimator, which
leads to an extra nonlinear transformation process to transform
these virtual parameters into realistic parameters. In contrast,
the proposed estimator can jointly estimate the clock and
range parameters in one step.

V. SIMULATIONS

A software platform based on MATLAB was set up to
test the proposed method. We considered a scenario with
N = 5 UAVs in a 3-D space where UAVs remained vis-
ible to each other during the entire simulation time. Each
pair of UAV members was assumed to be visible during
the simulation. Without a loss of generality, node 1 was
selected as the reference node. We let the pseudorange mea-
surement uncertainty ¢ = 1 X 10~ 7s, clock uncertainties
@ = 1x 10125 and ga = 1x 10719, initial state of KF
X(0|0) = 0(1/)+2N—2)><1’ H(O‘O) = I(w_;,_g]v_g), and the initial
accumulated clock offset and clock skew be randomly selected
in the ranges [—0.001, 0.001]s and [1 x 1079,1 x 10~%]. The
loop bandwidth cannot be an arbitrarily small value; otherwise,
the dynamic stress tolerance may be exceeded. Therefore,
the bandwidths of the PLL and FLL were set to 0.35 and
0.06 Hz, respectively. The damping parameter was % Param-

eter selection for each order can be found in [16]. The global
scalar performance parameter, root average mean square error
(RAMSE), was adopted to evaluate the performance of the
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Fig. 5.
scenario with initial positions P2 and velocities Pa.

existing methods and is expressed as

1 (o 1 O
=2 =2

(35)

1000 independent simulations were performed to determine
the average of the RAMSEs shown in the figures.

A. Estimation Accuracy

A key factor that would affect the performance of clock
synchronization and relative positioning is the accuracy of
parameter estimations. In this section, we present simulation
results in the absence of any control signal. Fig. 5 shows
how the RAMSEs varied as the number of communication
cycles increased. To verify the proposed estimator in different
dynamic scenarios, two case studies are presented. One case
study is the scenario of long relative distance and high velocity,
where the initial positions and velocities of the UAV members
P, and P; are arbitrarily chosen according to (36) and (37),
respectively. For the other case study, to test the perfor-
mance in the scenario of shorter distance and lower velocity,
we set the positions and velocities to P, = 0.05P; and

29
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RAMSE:s for clock skew (a), clock offset (b), relative distance (c), and cooperative localization (d) with respect to the communication cycles in the

Pg = O.1P1, respectively. We set the communication time
interval A = 0.02s.

8958  —1374 —7 1935 38
P, = | —13326 2890 —3 —699 —1783 (36)
9683 11993 170 4248 3712
(181 —61 —55 37 —T71
P,=|-70163 84 —139 94 (37)
47 1T 122 -75 62

Figs. 5 and 6 show the performances of clock synchroniza-
tion, ranging, and cooperative localization with respect to the
communication cycles in two different scenarios. To under-
stand the effect of choosing K for the RAMSE of the ranging
and clock parameters, we investigated the performance of the
proposed algorithm for K = 1,2, 3. For the given experimen-
tal setup, optimality was achieved at K = 2, as shown in
Fig. 5, although the performance of the estimators for K = 3
was similar. However, the estimator for X' = 3 outperformed
the estimator for K = 2, as shown in Fig. 6. Therefore,
we can infer that selecting the optimal value of K depends
on the motion states of UAV members. As expected, the
proposed estimator exhibited the worst performance when
the approximation order was K = 1 because the relative
distance was always nonlinear even if the nodes moved in a
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Fig. 6. RAMSE: for clock skew (a), clock offset (b), relative distance (c), and cooperative localization (d) with respect to the communication cycles in the

scenario with initial positions P; and velocities P1.

straight line with a constant velocity. The convergence slopes
shown in Figs. 5d and 5c are similar because the cooperative
localization results were calculated using MDS in this study,
whose accuracy relies on ranging measurements.

Furthermore, we can infer that the RAMSEs in Fig.5 are
smaller than those in Fig. 6. This is because the approximation
made in (14) becomes less accurate in the scenario of long
distance and high velocity; that is, increasing the signal
transmission delay degrades the approximation.

The simulation result labeled ‘with prior information’ indi-
cates the KF-based estimator, which first used known positions
and velocities to calculate x;;(n) and x;;(n) in (8) and (9)
and then estimated clock skew w(n) and clock offset §(n).
The estimator of prior information outperformed the other
algorithms, which was expected because the error originating
from the relative motion could be significantly decoupled when
the prior information of positions and velocities was accurate.
Unlike in satellite systems and networks with anchor nodes,
the real-time positions and velocities of UAV members are
difficult to determine in advance. Therefore, the degradation
in accuracy is acceptable.

To present a comprehensive comparison, we added a
KF estimator based on the conventional two-way ranging
algorithm shown in Fig. 5b, which ignored the effect on

the relative motion and assumed that the transmission delay
of the forward link was equal to that of the reverse link.
This method had a lower accuracy compared to the proposed
estimator, which indicates that the proposed method is capable
of effectively decoupling the clock parameters for the mobile
network. However, similar to the results shown in Fig. 5a, the
results for the different K values were also similar.

The RAMSE:s of the proposed estimator for K = 2 are com-
pared against varying communication time intervals in Fig. 7.
The proposed estimator showed a considerable improvement
over the conventional KF when estimating the clock param-
eters. Although Figs. 7c and 7d show that the RAMSEs of
ranging and positioning are not proportional to the commu-
nication time interval, usually, clock steering leads to a more
accurate physical clock synchronization performance.

B. Clock Adjustment

Physical time synchronization helps the system eliminate
the subsequent errors originating from the UAV clocks. In this
section, we consider the order of the Taylor series, K = 2. The
clock of a member UAV was selected to represent stability
before and after being steered by different control laws. Two
types of clocks with different stabilities were compared, and
the results are shown in Fig. 8. To demonstrate the superiority
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of the proposed method, we present the control law, which
starts to generate the control signal A(n) by X(n — 2)
without a clock offset prediction, namely, the control signals
of frequency and phase equal to w(n — 2) and &(n — 2) in
this case. In addition, the simulation results of the steering
approach using a 3"%-order PLL are presented. All three clock
adjustment methods improved the clock’s stability. Compared
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with the method without prediction, the input of the con-
troller, namely, the estimation accuracy of clock parameters
for the upcoming clock adjustment time instant, determined the
performance. Moreover, clock-steering approaches performed
better on a less accurate clock, especially with respect to
short-term stability. In particular, the proposed steering method
slightly outperformed the 3"¢-order PLL for clock 1; however,
the two methods had similar effects when steering clock 2.

These results provide a theoretical basis for clock selection,
and thus the overall cost could be better controlled. Moreover,
we can infer that after two rounds of two-way ranging, the
member node could collect all pseudorange measurements to
construct the EDM and generate the input signal.

VI. CONCLUSION

The problem of achieving high-precision clock synchroniza-
tion, frequency syntonization, and ranging through rounds of
two-way pseudorange measurements was addressed in this
study. A practical KF-based parameter estimation method
that does not require prior information or assistance from an
external system is proposed. The estimator performs real-time
onboard clock adjustments and ranges. The simulation results
show that the synchronization precision is inversely pro-
portional to the communication time interval because the
precision of the Taylor series expression of the relative motion
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strongly relies on the approximation time, and the clock adjust-
ment should also be operated as fast as possible. Moreover,
the clock adjustment algorithm can improve the stability of the
onboard VCXO by remote steering using a reference clock;
that is, the overall cost of the UAV system can be reduced via
such a design.

The features of the proposed estimator imply that it can
also be applied to other potential scenarios, such as deep-space
engineering, UWSN, indoor positioning, robot systems, satel-
lite networks, and cross-domain unmanned systems. Moreover,
the proposed method can be integrated with other sensors such
as GNSS receivers, inertial measurement units (IMUs), and
visual navigation. Research on the accuracies of clock syn-
chronization and cooperative localization, which can only be
obtained by pseudorange measurements, can also better guide
its integration with these sensors to further improve system
performance. Promising future directions include applying a
machine-learning-based approach to improve the estimation
accuracy of the relative motion model and developing an
adaptive estimation algorithm to optimally select the order
of the fitted polynomial. In addition, when the EDM is cor-
rupted owing to occlusion, insufficient communication radius,
or strong electromagnetic interference, recovering it by using
historical ranging data and the current rigid graph character-
istics of the formation is also an interesting topic.
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