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Abstract
Over the last decade, chip-scale atomic clocks (CSACs) have emerged as stable time and frequency references with small 
size, weight, and power (SWaP). While the short-term stability of these devices clearly outperforms other oscillators with 
similar power consumption, their stability over longer time intervals is notably limited by frequency noise. Such long-term 
deviations can effectively be compensated by disciplining the clock with respect to a stable time and frequency reference such 
as Coordinated Universal Time (UTC) or a time scale based on GNSS observations. In view of the limited accuracy of GPS 
pseudorange observations and broadcast ephemerides, the performance of GNSS-disciplined atomic clocks is commonly lim-
ited to the few-nanosecond level. For further improvement, this study combines the use of carrier phase-based precise-point-
positioning (PPP) techniques and high-performance broadcast ephemerides to discipline the phase of a CSAC with respect 
to GNSS broadcast time. Making use of a dual-frequency, dual-constellation GPS/Galileo receiver, a sub-nanosecond time 
interval error with respect to a national UTC timing laboratory is demonstrated over time intervals from 1 s to several days.

Keywords Time synchronization · Frequency control · Clock steering · CSAC · Precise point positioning · GNSS-
disciplined oscillator

Introduction

Besides positioning and navigation, global navigation satel-
lite systems (GNSSs) provide a reliable and easily accessible 
time and frequency reference. Permanent synchronization 
of the respective GNSS time scales to Coordinated Univer-
sal Time (UTC) at the nanosecond level guarantees users 
excellent long-term time and frequency stability (Defraigne 
2017). However, the short-term stability provided by GNSS 
signals in common time transfer applications is limited by 
both the broadcast ephemeris accuracy and pseudorange 
measurements errors. To cope with this limitation, oscilla-
tors with a sufficient short-term stability can be combined 
with the long-term stability of GNSS time to create a GNSS-
disciplined oscillator (Lombardi 2008, 2016).

Over the last years, chip-scale atomic clocks (CSACs) 
have emerged as small and low-power oscillators (Lut-
wak et al. 2007; Lutwak 2011). The short-term stability of 
common CSACs ranks between oven-controlled oscillator 
(OCXOs) and comparably low-performance temperature-
controlled oscillators (TCXOs) used in many mass-market 
devices. Previous studies have assessed various aspects 
and use cases when employing a CSACs as external fre-
quency reference for a GNSS receiver. Several benefits 
on the navigation solution can be observed, such as better 
vertical stability and the possibility to calculate a position 
even in unreliable environments with only three satellites 
in view (Fernández et al. 2017; Bruggemann et al. 2006). 
A clock ensemble consisting of CSACs and an Evacuated 
Miniature Crystal Oscillator (EMXO) was presented by Van 
Buren et al. (2019). The authors describe an approach to 
combine the CSAC’s short-term stability, the mid-term sta-
bility of the EMXO and the long-term stability provided by 
GNSS to create a stable time reference for small satellites. 
Littleton-Strand et al. (2021) investigated disciplining and 
phase measurement of a CSAC via a pulse per second (PPS) 
with a multi-band GNSS receiver, and compared the tim-
ing performance to a rubidium clock. While the CSAC was 
limited by the 1PPS resolution of the internal phase meter, 
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it showed a time prediction and hold-over performance com-
parable to the rubidium clock when using a linear prediction 
model. Cassel et al. (2022) investigated pseudorange and 
Doppler positioning for LEO signals of opportunity when 
using a CSAC as frequency reference for the receiver. The 
authors concluded that the short-term frequency stability 
of the local oscillator only marginally affects pseudorange 
positioning, but has a significant impact on Doppler posi-
tioning performance.

Besides the hardware specifications and limitations of 
both clock and GNSS receiver, the precision of the real-
time clock determination is a limiting factor for the timing 
performance. It has been demonstrated on the example of the 
Sentinel-6A spacecraft that nanosecond-level precision is 
possible using GNSS code and carrier phase measurements 
in combination with broadcast ephemerides (Kunzi and 
Montenbruck 2022). Using precise point positioning (PPP; 
Malys and Jensen 1990; Zumberge et al. 1997; Kouba et al. 
2017) techniques in combination with broadcast ephemeri-
des, Carlin et al. (2022) demonstrated real-time Coordinated 
Universal Time (UTC) and GNSS time access, with accura-
cies of 1.8 ns for GPS and 2.5 ns for Galileo when working 
with calibrated receivers.

This study presents a setup for a GNSS-disciplined CSAC 
using carrier phase measurements and characterizes the 
performance of this system as a time and frequency refer-
ence. In detail, a Microsemi SA.45 s CSAC and a Septen-
trio Mosaic-T multi-constellation, multi-frequency GNSS 
receiver are used to digitally steer the CSAC’s frequency 
with respect to GNSS broadcast time. In the subsequent sec-
tion, the employed methodology is described with focus on 
the hardware setup, the frequency control algorithm, and the 
navigation process. Thereafter, results of selected test cases 
are described and discussed, before presenting a summary 
and conclusions.

Methodology

For the clock steering experiment, the CSAC’s 10 MHz out-
put serves as a frequency reference for the GNSS receiver, 
replacing the receiver’s internal oscillator. In contrast to pre-
vious studies, which use code-based navigation solutions 
obtained directly from the GNSS receiver, the pseudorange 
and carrier phase measurements are forwarded to a separate 
navigation filter. By performing PPP with broadcast eph-
emerides, the filter is able to calculate real-time decimeter-
level navigation solutions. The estimated clock offset and 
drift then serve as input signal for a software controller, 
which calculates steering commands to drive the CSAC’s 
phase and frequency offsets towards zero. The overall exper-
iment setup forms a closed-loop system as depicted in Fig. 1. 

In this architecture, the estimation and control problem are 
separated and solved by independent algorithms, known as 
the separation principle (Koppang and Leland 1999; Sehr 
and Bitmead 2019). The experiment is performed in real 
time and evaluated in post-processing against a precise 
solution.

Hardware setup

Three main hardware components are used in the pre-
viously described setup: the GNSS receiver chain, the 
CSAC, and a separate processing unit, which hosts the 
navigation filter and controller software. For this experi-
ment, a Septentrio Mosaic-T GNSS timing receiver was 
chosen. It provides multi-frequency GPS and Galileo 
measurements needed to form ionosphere-free signal com-
binations. To avoid the need for differential code biases 
(DCBs), only the respective clock reference signals are 
used, i.e., GPS L1/L2 P(Y) and Galileo E1/E5a (GPS ICD 
2022; Galileo ICD 2021). Note that the Mosaic-T sup-
ports GPS L1/L2 P(Y) via semi-codeless tracking. The 
timing version of the Septentrio Mosaic receiver provides 
a 10 MHz input, which is required to use an external oscil-
lator as frequency reference. A Leica AR25 choke-ring 
antenna was used for GNSS signal reception, placed on a 
roof with an open-sky view down to low elevations.

As the external oscillator, a Microsemi SA.45 s CSAC 
with a nominal frequency of 10 MHz was chosen. With 
a power consumption of around 120 mW during opera-
tion and radiation tolerance up to a total ionizing dose of 
20 krad, this oscillator supports a wide range of different 
use cases ranging from terrestrial to space applications 
(Microchip Technology Inc. 2019). The oscillator locks to 
half the cesium atom frequency at 4.6 GHz. In an internal 
steering process, this highly accurate frequency reference 
is used to steer a TXCO, improving its stability by four 
to five orders of magnitude (Microchip Technology Inc. 
2021b). For the resulting 10 MHz frequency output, an 

Fig.1  Experiment schematics showing the closed-loop CSAC steer-
ing process
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Allan deviation (ADEV) of 3 ⋅ 10−10s at time intervals of 
1 s and improving to 1 ⋅ 10−11s at 1000 s is specified.

To control the clock phase and frequency, the CSAC 
offers three different interfaces: The phase can be directly 
controlled via the 1 pulse per second (PPS) input interface 
with a 100 ns resolution of the internal phase meter. Fur-
thermore, an analog interface is provided, which accepts 
a voltage input to steer the clock’s frequency. As a third 
alternative, a digital interface allows to send frequency 
steering commands via a serial connection. For this study, 
the digital interface is used to directly control the clock 
using the phase and frequency information provided by 
the navigation filter. The internal frequency steering has a 
resolution of 10−12 for the fractional frequency change, but 
accepts commands with a resolution of 10−15 and allows 
to accumulate smaller steering increments. This renders 
the digital interface the most precise of the three external 
steering methods for the CSAC. The digital steering range 
is limited to ±2 ⋅ 10−8 , which corresponds to a maximum 
frequency offset of 20 ns/s or 6 m/s.

Frequency control

To combine the short-term stability of the CSAC and the 
long-term stability of GNSS broadcast time, the CSAC fre-
quency is controlled in a closed loop based on the measure-
ments of a GNSS receiver connected to the clock (Fig. 1). 
Thus, the controller aims to remove the offset of CSAC clock 
phase based on estimates of the instantaneous clock state 
obtained from the navigation filter. More specifically, the 
phase is aligned with the estimated GNSS broadcast time 
by steering the clock’s frequency.

This study solves the control problem using a time-
discrete linear quadratic regulator (LQR), which has been 
demonstrated to be suitable for clock steering (Koppang and 
Leland 1999; Gödel and Furthner 2017). The control plant 
is described in state-space representation with a clock state 
consisting of the CSAC’s phase and fractional frequency 
offset. The time-discrete propagation of the clock state xclk 
between two consecutive epochs k and k + 1 under the action 
of the control input u is described by the system model

 Here, the clock state vector xclk  is defined as

with the phase cdt and fractional frequency offset cdf  being 
represented in units of distance and velocity, respectively. 
The instantaneous clock state is obtained directly from the 
navigation filter described in the next sub-section. Assuming 

(1)xclk
k+1

= Axclk
k

+ Buk

(2)xclk =

[

cdt

cdf

]

a constant frequency between two epochs, the state propaga-
tion matrix A is given by

where �ctrl denotes the time interval between the control 
epochs. As the clock steering via the serial interface of the 
CSAC only allows for frequency steering commands, the 
control input vector u becomes a scalar. It represents the 
required change in frequency to drive the clock phase and 
fractional frequency offset towards zero with respect to the 
estimated GNSS broadcast time. The control input matrix 
B describes the impact of the control input vector u on the 
propagated state vector xclk

k+1
 and is given by

 For the LQR control problem, the control input u is cho-
sen such as to minimize the quadratic cost function (Levine 
2019)

 Here, Q and R are diagonal weighting matrices that define 
the respective contributions of the state vector and the con-
trol input to the cost function for the control performance. 
Large values for Q compared to R result in a faster steering, 
while for a slower response, R must be increased. The con-
trol signal is calculated at each epoch using the feedback 
control law

with the control gain

 To obtain a solution for G, the discrete-time algebraic Ric-
cati equation

needs to be solved for P.
For the present control problem, the gain G =

[

G1,G2

]

 
is a one-by-two column vector, Q is a two-by-two diagonal 
matrix defining the penalty put on the control output due to 
the instantaneous phase and frequency deviations from zero, 
and R is a scalar penalty for the frequency control effort. 
Considering Q and R as constants all matrices in equations 
(7) and (8) are time-invariant, so that the gain vector can 
be computed offline. As part of the controller tuning, suit-
able values for the diagonal elements Q1,1, Q2,2 , and R1,1 of 

(3)A =

[

1 �ctrl
0 1

]

(4)B =

[

�ctrl
1

]

(5)J = E

�

∑

k

xclk
T

k
Qxclk

k
+ uT

k
R uk

�

(6)uk = −G ⋅ xclk
k

(7)G =
(

R + BTPB
)−1

BTPA

(8)P = AT
(

P − PB
(

R + BTPB
)−1

BTP
)

A + Q



 GPS Solutions (2023) 27:165

1 3

165 Page 4 of 10

the two weighting matrices need to be chosen, which then 
determine the final control gain. Note that only the ratios 
between the elements of Q and R influence the control gain, 
i.e. multiplying three tuning parameters with an arbitrary 
factor still yields the same gain. Without loss of general-
ity, we can therefore adopt a fixed value of Q1,1 = 1 , and 
describe the weighting matrices

in terms of two dimensionless parameters � and � and the 
control time step �ctrl . For our application a value of � = 1 
is adopted, which implies a balanced contribution of clock 
phase and frequency errors over the control time step. To 
enable a fast response of the controller, small values of � 
are preferred for the CSAC steering. A parametric search 
was performed to obtain a value for � , aiming to reduce the 
time deviation over a wide range of time scales and avoid-
ing large stability degradations at intermediate sample inter-
vals around the control time step. As a result, � = 0.1 was 
selected for the five test cases of �ctrl between 1 to 120 s. The 
respective control gains for the different �ctrl obtained with 
the proposed values are shown in Table 1.

In practice, the clock steering process is constrained by 
the limits of the CSAC, more specifically by the maximum 
steerable frequency offset of ± 20 ns/s. The LQR applied 
for clock steering is only able to consider constraints when 
computing the control gain online for each epoch, which 
increases complexity. However, for this control problem, 
the desired controller setpoint is always zero, and phase 
deviations due to noise can be considered small between 
two consecutive steering commands. Furthermore, the 
initial clock offset can be explicitly forced to zero in the 
GNSS receiver, i.e. the receiver tries to align its first meas-
urement epoch with the estimated GNSS time. Therefore, 
because the controller will not exceed the CSAC’s steer-
ing limit in nominal operation about the setpoint, the con-
straints can be omitted.

Navigation filter

The instantaneous antenna position and receiver clock offset 
are estimated in a real-time PPP process based on an extended 
Kalman filter (EKF), which is further described in Carlin 
et al. (2021) and Carlin et al. (2022). Typically, PPP makes 

(9)Q =

[

1 0

0 � ⋅ �2
ctrl

]

and R =
[

� ⋅ c2 ⋅ �2
ctrl

]

use of precise orbit and satellite clock data provided offline 
or through real-time correction services. In contrast to this 
approach, the algorithm for this study is specifically designed 
for use with a stand-alone GNSS receiver. It uses only broad-
cast ephemerides and thus remains independent from external 
information. The filter makes use of a linear combination of 
dual-frequency code and carrier phase measurements from 
GPS and Galileo, which eliminates ionospheric path delays 
to first order. To compensate the lack of precise real-time 
products, process noise is added to the covariance of the car-
rier phase ambiguities in the time-update step. The resulting 
“pseudo”-ambiguities lump the float-valued phase ambiguities 
with the projected ephemeris errors and avoid the need for 
dedicated signal-in-space range error states (Montenbruck and 
Ramos-Bosch 2008, Wang et al. 2015).

The EKF state vector is defined as

where r is the 3D position vector of the receiver antenna’s 
phase center in the Earth-fixed reference frame. In anal-
ogy with the frequency controller described above, the 
EKF clock state incorporates the phase offset cdt in units 
of distance relative to the broadcast time of a selected refer-
ence GNSS and the frequency offset cdf  expressed in units 
of velocity. For other GNSSs, the inter-system bias vector 
��� comprises the differences between the system-specific 
receiver clock offsets and the clock offset for the reference 
constellation. These ISBs represent the sum of GNSS-spe-
cific receiver biases and the broadcast time difference rela-
tive to the reference GNSS. As only GPS and Galileo are 
used in this study, the ISB state reduces to a scalar

where the subscript x denotes either GPS or Galileo, when 
choosing Galileo or GPS time as the respective GNSS refer-
ence time.

The EKF state dT  describes the estimated wet zenith 
delay correction to the a priori troposphere model, which 
is based on the Global Pressure and Temperature (GPT; 
Boehm et al. 2007) model and the Global Mapping Function 
(GMF; Boehm et al. 2006). Finally, the vector N represents 
the float-valued pseudo-ambiguities for all tracked satellites.

In the filter observation model, the pseudorange p and 
carrier phase � for a single satellite are described by

and

where � is the geometric range between the phase cent-
ers of receiver and satellite antenna, and dtrcv and dtsat are 

(10)x =
[

r, cdt, cdf , ���, dT ,N
]T

(11)ISBx = cdtx − cdt

(12)p = � + c
(

dtrcv − dtsat
)

+ (T + dT) + e

(13)� = � + c
(

dtrcv − dtsat
)

+ (T + dT) + A + �� + �

Table 1  Control gains for different control time constants

�
ctrl

 [s] 1 10 30 60 120

G
1

0.579 0.058 0.019 0.010 0.005
G

2
0.967 0.967 0. 967 0. 967 0. 967
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the receiver and satellite clock offsets, respectively (Haus-
child 2017). The term (T + dT) describes the tropospheric 
zenith delay obtained from the GPT/GMF model combined 
with the estimated correction term. For the carrier phase, 
� denotes the signal’s wavelength, A is the ionosphere-free 
float ambiguity and � the carrier-phase wind-up. Errors for 
noise and multipath are lumped together in the error terms 
e and � , respectively.

The light-time corrected geometric range is calculated 
with the difference between receiver and satellite position. 
The latter one is directly obtained from the latest set of avail-
able broadcast ephemerides, together with the respective 
satellite clock offset. Broadcast ephemerides are obtained 
from the GNSS receiver once new data has been decoded, 
and are continuously updated in the filter to the latest data 
set. At each epoch, the position state is reinitialized with an a 
priori receiver position obtained from a single point position 
(SPP) solution and a suitable a priori variance to enable use 
of the disciplined clock on moving platforms with arbitrary 
dynamics. The receiver’s clock state is propagated using the 
same state propagation matrix as the LQR defined in equa-
tion (3), though � is replaced with the constant filter update 
interval of 1 s. Due to the continuous clock steering process, 
the CSAC’s phase and frequency represented by the clock 
state are not only affected by noise, but also by the steering 
commands. Thus, in a filter epoch following a steering com-
mand the clock state prediction also incorporates the Buk 
so that the prediction is equal to the LQR state model given 
in (1). The ISB between GPS and Galileo is assumed to be 

constant between two epochs and constrained by a very low 
process noise that reflects the high stability of both GPS 
Time (GPST) and Galileo System Time (GST).

The GNSS measurement model of the EKF uses iono-
sphere-free combinations calculated from the undifferenced 
dual-frequency pseudoranges and carrier phase observables. 
In a pre-measurement update stage, the observables are 
screened and weighted based on multiple criteria includ-
ing carrier-to-noise density ratio (C/N0) and local satellite 
elevation (cf. Table 2).

Reference solution and evaluation

For the CSAC characterization and the performance assess-
ment of the steered clock, we made use of an “integer-PPP” 
(Petit et al. 2015) time and frequency comparison relative to 
a highly stable atomic clock at a national timing laboratory. 
It is based on code and carrier phase observations of the 
GNSS receiver connected to the CSAC, which were con-
tinuously logged during stand-alone or steered operations of 
the clock. Based on precise GNSS orbit/clock products and 
observable specific biases from the Center of Orbit Deter-
mination in Europe (CODE; Dach et al. 2020; Schaer et al. 
2021), the static antenna position and epoch-wise receiver 
clock offsets relative to the inherent system time scale of 
the CODE products were determined in a least-squares PPP 
adjustment with single-receiver ambiguity fixing. In the 
same way, clock offsets of the PTBB GNSS reference sta-
tions at the timing laboratory of the Physikalisch-Technische 

Table 2  Real-time filter models and parameters

Estimation

Filter Extended Kalman filter
Ambiguities Float-valued pseudo ambiguities
Filter mode State model assuming constant position and clock between epochs, propagation using high process noise
Update interval 1 s
Data screening
C/N0 limits 30 dB (Galileo E1C/E5a); 17 dB (GPS L1/L2 P(Y))
Elevation mask 8 deg
Observation Weighting Elevation-dependent weighting using a cosecant function and a 30 deg cutoff angle
GNSS measurements and models
Observations Undifferenced pseudoranges and carrier phases from GPS L1/L2 P(Y) and Galileo E1C/E5a
Sampling interval 1 s
Orbit and clocks Broadcast ephemerides from navigation messages (GPS LNAV/Galileo FNAV)
Satellite antenna model Not applicable for use with broadcast ephemerides
Receiver antenna model igs14.atx antenna calibrations
Satellite code biases Not required (selected measurements match the clock reference signals)
Phase windup Modelled (Wu et al. 1992)
Troposphere Modelled with GPT (Boehm et al. 2007) and GMF (Boehm et al. 2006); epoch-wise estimation of the 

wet tropospheric zenith delay correction
Ionosphere 1st-order effects compensated using ionosphere-free dual-frequency combinations
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Bundesanstalt (PTB; Bauch et al. 2020) in Braunschweig, 
Germany, were computed. This station is connected to an 
active hydrogen maser, which offers a 10−15 to 10−13 stability 
on sub-daily time scales (Bauch et al. 2012) and is steered 
to Correlated Universal Time (UTC) with better than 2 ns 
accuracy through long-term adjustments (BIPM 2022). By 
differencing the CODE-referenced CSAC and PTB clock 
offsets, the stability of the free-running or disciplined CSAC 
relative to UTC(PTB) can, finally, be derived.

For completeness, we note that measurements of the 
GNSS receiver connected to the CSAC are affected by 
unknown receiver biases and cable lengths in the roof-top 
antenna system used for our experiments. However, these 
errors affect the receiver internal time base and the resulting 
GNSS observations in an equal manner and remain essen-
tially unobservable in the PPP-based comparison with an 
external reference clock. As such, we do not aim to provide 
absolute timing calibrations in pure analysis, but focus on 
the evaluation of clock stability in terms of Allan deviation 
(ADEV; Allan 1966) and time interval error (TIE; Riley and 
Howe 2008).

Results and discussion

This section presents the results obtained from the clock 
steering experiment. In a first step, the CSAC is character-
ized when running freely without external control inputs. 
The results serve as reference for an assessment of the clock 
steering discussed in the remaining parts of the section. All 
performance analyses are based on the raw observables from 
the GNSS receiver, which were logged during the experi-
ment and processed afterwards to obtain the clock error of 
the steered or unsteered clock relative to a precise reference 
solution. When testing different controller parameters in the 
close-loop clock steering, the settings for the real-time navi-
gation filter were identical for all test cases as presented in 
Table 2.

Clock characterization

The stability of the tested SA.45 s CSAC was evaluated 
based on 24 h of GNSS measurements at 1 Hz sampling. 
At each epoch, the clock offset relative to the PTBB refer-
ence clock was determined as discussed above and used to 
compute the Overlapping Allan Deviation (OADEV). Fig-
ure 2 shows the OADEV for the free-running clock, together 
with the specifications given in the official data sheet. The 
logarithmic representation allows to distinguish between dif-
ferent noise types (Riley and Howe 2008). Up to approxi-
mately 2000 s, the predominant noise is white frequency 
modulation (WFM), appearing with a slope of − 1/2. From 
sample times between 2000 and 4000 s, the clock’s flicker 

frequency floor is visible as a constant OADEV. Thereafter, 
the random walk frequency modulation (RWFM) domi-
nates, causing long-term phase deviations. In comparison 
with the datasheet specifications, the measured stability 
exhibits a significant increase in stability and is in accord 
with the performance of a batch of early production clocks 
presented by Lutwak (2011). In particular, the stability at 
sampling times of 1 s improves from the specified 3 ⋅ 10−10 
to approximately 8 ⋅ 10−11 . As the measured and specified 
curves remain parallel on the log–log plot with a slope of 
−1/2 up to 2000 s, it can be concluded that the WFM noise is 
roughly three times lower on the tested device than specified 
by the manufacturer.

Clock steering

In this study, the CSAC’s phase and frequency shall be dis-
ciplined with respect to GNSS broadcast time. As the choice 
of the control step size �ctrl might be constrained by load-
related limits to the navigation filter update rate, different 
control constants are assessed to demonstrate their effect on 
the resulting stability. All test cases were performed from 
midnight to midnight, covering a full day in GNSS time. In 
this section, the results for five different �ctrl ranging from 1 
to 120 s are evaluated with otherwise identical filter settings 
and conditions.

The impact of �ctrl is visible in the post-processed clock 
offset as seen in Fig. 3 on the example of a data set over one 
day with 1 s and 120 s control time steps, respectively. With 
�ctrl = 120 s , the controller is not able to fully compensate 
the clock offset’s random walk, leading to oscillations with 
amplitudes at nanosecond-level and periods of several min-
utes. The long-term clock offset variations, mostly visible 

Fig. 2  Overlapping Allan deviation for free-running SA.45  s CSAC 
compared to datasheet specifications
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for �ctrl = 1 s , are caused by the differences between GNSS 
broadcast time and UTC(PTB).

The OADEV for the post-processed clock offset describes 
the CSAC’s frequency stability with respect to UTC(PTB). 
The results shown in Fig. 4 evidence a decreasing stability 
around the respective control time constants, which suggests 
that the applied control gains are not yet fully optimized, 
and further performance improvements might be achieved 
by a refined filter and controller tuning. Beyond the control 
step size, all OADEV curves behave similarly with almost 
parallel slopes of approximately −1, until for sample times 
between 103 and 10

4
s they all converge towards a com-

mon stability. This amounts to roughly 10−13 at � = 10
4 s 

and reflects the long-term timing uncertainty offered by the 
use of GNSS broadcast ephemerides. For the test cases pre-
sented here, a reduction of the control time constant results 
in an increased stability of the clock solution for sample 
times beyond the control step size. The overall performance 

of the steered clock is largely enabled by the high precision 
of the clock offset estimation in the carrier phase-based navi-
gation filter and the overall stability of the broadcast GNSS 
time scale. As a result, the control errors are dominated by 
stochastic clock phase variations of the employed CSAC 
over the control step down to very short update intervals. 
Best results are obtained for the 1 s controller update interval 
that is considered as a minimum in view of the 1 Hz naviga-
tion filter update rate adopted in our study.

The RMS time interval error (TIE) depicted in Fig. 5 rep-
resents the average timing error of the steered clock rela-
tive to UTC(PTB) over the respective time intervals. At a 
sample time of 1 s, the TIE lies within 80–90 ps for all test 

Fig. 3  Post-processed clock offset over time between the steered 
CSAC and UTC(PTB) for control step sizes of 1 s and 120 s, respec-
tively, with the corresponding values for mean and standard deviation

Fig. 4  Stability of the steered and unsteered CSAC

Fig. 5  TIE RMS for different control time constants

Fig. 6  MTIE for different control time constants and sample times
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cases. However, for larger time intervals, the error signifi-
cantly benefits from smaller control time steps. Compared to 
the free-running clock, the TIE RMS for all test cases stays 
below 2 ns for sample times up to  104 s. The TIE RMS is 
complemented by the maximum time interval error (MTIE) 
in Fig. 6, which less than 10 ns over the evaluated time inter-
vals for all control step sizes.

The influence of diurnal variations of the GNSS broadcast 
time on the CSAC’s stability was assessed on the exam-
ple of �ctrl = 10 s , for which the experiment was repeated 
over a duration of 10 days. The results yield a clock offset 
mean and standard deviation with respect to UTC(PTB) of 
0.05 ± 0.76 ns over the test period. Figure 7 depicts the cor-
responding results for the OADEV, with sample intervals of 
up to 4 ⋅ 105 s or approximately 11 days. The results show 
performance comparable to the 24-h tests below 104 s sample 

times, and a continuation of the slope of − 1 beyond this 
point. Furthermore, the TIE RMS and MTIE shown in Fig. 8 
show a convergence of the timing error for intervals larger 
than 104 s towards a 1 ns RMS error and a maximum error 
of approximately 9 ns. Overall, the results suggest that the 
CSAC steering is unsusceptible to any diurnal or other long-
term variations.

While the thermal sensitivity of the SA.45 s is considera-
bly lower than for an OCXO, frequency shifts in the order of 
10

−10 may occur for the employed CSAC over the specified 
operating temperature of − 10 to 70 °C (Microchip Technol-
ogy Inc. 2021a). Except for very rapid temperature changes 
close to the controller step size, such frequency changes can 
be readily sensed and compensated in the GNSS-disciplined 
CSAC operation. In the specific tests reported here, the 
receiver and CSAC were operated at ambient temperatures in 
a laboratory environment without a dedicated thermal con-
trol. Throughout the tests, the CSAC’s internal temperature 
logged from the telemetry remained at around 22–26 °C at 
all times, with rates below 1 °C/h. The associated frequency 
variations result in subtle changes of the incremental CSAC 
steering commands, but are masked by the stochastic clock 
variations over the control interval. As such, temperature 
variations had no discernible impact on the achieved clock 
stability in our tests.

Compared to previous studies, which assessed disciplin-
ing of the SA.45 s CSAC using code-based navigation solu-
tions and the 1PPS control interface (Calero and Fernandez 
2015; Littleton-Strand et al. 2021), our results exhibit a 
roughly ten times improved stability. This can be explained 
by the processing of carrier phase measurements and the use 
of Galileo broadcast ephemerides, which enable navigation 
solutions with decimeter-level position and clock perfor-
mance. Along with the use of the frequency control interface 
this performance improvement allows a much finer clock 
steering with controller updates in the order of seconds, 
compared to the aforementioned studies, which employ 
control step sizes in the range of 3000–10,000 s.

Summary and conclusion

Steering of a low-cost and low-power CSAC using GNSS 
code and carrier phase measurements in combination with 
broadcast ephemerides has been demonstrated. The decime-
ter-level position and clock solution obtained from the PPP 
process yielded clock phase standard deviations of roughly 
1 ns with respect to UTC(PTB). With this precision, update 
rates of up to 1 Hz could be applied to the controller, which 
marks a significant improvement compared to update inter-
vals in the order of 103 s for code-based navigation solu-
tions in previous studies. We assessed five test cases with 
different control time steps between 1 and 120 s and could 

Fig. 7  OADEV results with �
ctrl

= 10 s for a dataset of 10 days

Fig. 8  TIE RMS and MTIE results with �
ctrl

= 10 s for a dataset of 
10 days
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show that the stability of the CSAC can be improved in all 
cases for sample times larger than the respective control-
ler step. However, the results also suggest that the CSAC’s 
short-term stability at the lowest evaluated sample interval 
of 1 s is worse than the stability of the GNSS broadcast time 
scale estimated by the navigation filter, rendering the filter’s 
1 Hz update rate the limiting performance factor in the pre-
sent steering process. Consequently, this suggests that even 
higher update rates for both navigation filter and controller 
could further improve the CSAC’s stability. As this study 
made use of an uncalibrated GNSS receiver, it focuses on 
the clock steering precision and no final conclusion can be 
made about the clock steering accuracy. An absolute align-
ment of the CSAC and its 1PPS signal with respect to a UTC 
laboratory requires a calibrated timing receiver and antenna 
chain to compensate the respective signal delays and is left 
to future research. However, the demonstrated system rep-
resents a feasible solution for applications with low SWaP 
requirements to obtain a stable time and frequency base.

Acknowledgements We gratefully acknowledge public provision of 
GNSS data and auxiliary products used in this study through the Center 
of Orbit Determination in Europe, the Physikalisch-Technische Bunde-
sanstalt Braunschweig and the International GNSS Service.

Author contributions FK raised the idea for the study, prepared and 
conducted the experiment, analyzed the data, and formulated the draft 
manuscript. OM reviewed the results and contributed to their discus-
sion. All authors critically reviewed and refined the manuscript.

Funding Open Access funding enabled and organized by Projekt 
DEAL.

Data availability GNSS measurements of the PTBB station and precise 
GNSS orbit clock products as used in this study are publicly avail-
able through the data centers of the International GNSS Service (e.g. 
Crustal Dynamics Data Information System (CDDIS), NASA Goddard 
Space Flight Center, https:// cddis. nasa. gov/ archi ve/ gnss/ data/). GNSS 
measurements collected as part of the CSAC time steering experiments 
can be provided on reasonable request.

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Allan DW (1966) Statistics of atomic frequency standards. Proc IEEE 
54(2):221–230. https:// doi. org/ 10. 1109/ PROC. 1966. 4634

Bauch A, Weyers S, Piester D, Staliuniene E, Yang W (2012) Genera-
tion of UTC(PTB) as a fountain-clock based time scale. Metrolo-
gia 49(3):180. https:// doi. org/ 10. 1088/ 0026- 1394/ 49/3/ 180

Bauch A, Piester D, Polewka T, Staliuniene E (2020) On the pos-
sibility of getting traceable time and frequency measurements 
via GNSS receivers. GPS Solut 24:113. https:// doi. org/ 10. 1007/ 
s10291- 020- 01024-8

BIPM (2022) BIPM time department data base. Bureau International 
des Poids et Mesures. https:// webtai. bipm. org/ datab ase/

Boehm J, Niell A, Tregoning P, Schuh H (2006) Global mapping func-
tion (GMF): a new empirical mapping function based on numeri-
cal weather model data. Geophys Res Lett. https:// doi. org/ 10. 
1029/ 2005G L0255 46

Boehm J, Heinkelmann R, Schuh H (2007) Short note: a global model 
of pressure and temperature for geodetic applications. J Geod 
81:679–683. https:// doi. org/ 10. 1007/ s00190- 007- 0135-3

Bruggemann T, Greer D, Walker R (2006) Chip scale atomic clocks: 
benefits to airborne GNSS navigation performance. In: Proceed-
ings of the international global navigation satellite systems society 
IGNSS symposium 2006, pp 1–16

Calero D, Fernandez E (2015) Characterization of chip-scale atomic 
clock for GNSS navigation solutions. In: International associa-
tion of institutes of navigation world congress (IAIN), pp 1–8. 
https:// doi. org/ 10. 1109/ IAIN. 2015. 73522 64

Carlin L, Hauschild A, Montenbruck O (2021) Precise point posi-
tioning with GPS and Galileo broadcast ephemerides. GPS 
Solut 25:77. https:// doi. org/ 10. 1007/ s10291- 021- 01111-4

Carlin L, Montenbruck O, Furthner J, Hauschild A (2022) UTC 
and GNSS system time access using PPP with broadcast 
ephemerides. GPS Solut 26:142. https:// doi. org/ 10. 1007/ 
s10291- 022- 01326-z

Cassel RS, Scherer DR, Wilburne DR, Hirschauer JE, Burke JH (2022) 
Impact of improved oscillator stability on LEO-based satellite 
navigation. In: Proceedings of the 2022 international technical 
meeting of the institute of navigation, pp 893–905. https:// doi. 
org/ 10. 33012/ 2022. 18258

Dach R, Schaer S, Arnold D, Kalarus M, Prange L, Stebler P, Jaeggi 
A (2020) CODE rapid product series for the IGS. CODE rapid 
product series for the IGS. https:// doi. org/ 10. 7892/ boris. 75854.4

Defraigne P (2017) GNSS time and frequency transfer. In: Teunissen 
JG, Montenbruck O (eds) Springer handbook of global navigation 
satellite systems, 1st edn. Springer, Cham, pp 1187–1206. https:// 
doi. org/ 10. 1007/ 978-3- 319- 42928-1_ 41

Fernández E, Calero D, Parés ME (2017) CSAC characterization and 
its impact on GNSS clock augmentation performance. Sensors 
17(2):370. https:// doi. org/ 10. 3390/ s1702 0370

Galileo ICD (2021) European GNSS (Galileo) open service signal-
in-space interface control document, Issue 2.0. European GNSS 
(Galileo) open service signal-in-space interface control document, 
Issue 2.0. Retrieved from https:// www. gsc- europa. eu/ sites/ defau 
lt/ files/ sites/ all/ files/ Galil eo_ OS_ SIS_ ICD_ v2.0. pdf

Gödel M, Furthner J (2017) Robust ensemble time onboard a satellite. 
In: Proceedings of the 48th annual precise time and time interval 
systems and applications meeting, pp 26–43. https:// doi. org/ 10. 
33012/ 2017. 15007

Hauschild A (2017) Basic observation equations. In: Teunissen JG, 
Montenbruck O (eds) Springer handbook of global navigation 
satellite systems, 1st edn. Springer, Cham, pp 561–582. https:// 
doi. org/ 10. 1007/ 978-3- 319- 42928-1_ 19

GPS ICD (2022) IS-GPS-200N. IS-GPS-200N. Retrieved from https:// 
www. gps. gov/ techn ical/ icwg/ IS- GPS- 200N. pdf

https://cddis.nasa.gov/archive/gnss/data/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1109/PROC.1966.4634
https://doi.org/10.1088/0026-1394/49/3/180
https://doi.org/10.1007/s10291-020-01024-8
https://doi.org/10.1007/s10291-020-01024-8
https://webtai.bipm.org/database/
https://doi.org/10.1029/2005GL025546
https://doi.org/10.1029/2005GL025546
https://doi.org/10.1007/s00190-007-0135-3
https://doi.org/10.1109/IAIN.2015.7352264
https://doi.org/10.1007/s10291-021-01111-4
https://doi.org/10.1007/s10291-022-01326-z
https://doi.org/10.1007/s10291-022-01326-z
https://doi.org/10.33012/2022.18258
https://doi.org/10.33012/2022.18258
https://doi.org/10.7892/boris.75854.4
https://doi.org/10.1007/978-3-319-42928-1_41
https://doi.org/10.1007/978-3-319-42928-1_41
https://doi.org/10.3390/s17020370
https://www.gsc-europa.eu/sites/default/files/sites/all/files/Galileo_OS_SIS_ICD_v2.0.pdf
https://www.gsc-europa.eu/sites/default/files/sites/all/files/Galileo_OS_SIS_ICD_v2.0.pdf
https://doi.org/10.33012/2017.15007
https://doi.org/10.33012/2017.15007
https://doi.org/10.1007/978-3-319-42928-1_19
https://doi.org/10.1007/978-3-319-42928-1_19
https://www.gps.gov/technical/icwg/IS-GPS-200N.pdf
https://www.gps.gov/technical/icwg/IS-GPS-200N.pdf


 GPS Solutions (2023) 27:165

1 3

165 Page 10 of 10

Koppang P, Leland R (1999) Linear quadratic stochastic control of 
atomic hydrogen masers. IEEE Trans Ultrason Ferroelectr Freq 
Control 46(3):517–522. https:// doi. org/ 10. 1109/ 58. 764838

Kouba J, Lahaye F, Tétreault P (2017) Precise point positioning. In: 
Teunissen JG, Montenbruck O (eds) Springer handbook of global 
navigation satellite systems, 1st edn. Springer, Cham, pp 723–751. 
https:// doi. org/ 10. 1007/ 978-3- 319- 42928-1_ 25

Kunzi F, Montenbruck O (2022) Precise onboard time synchronization 
for LEO satellites. NAVIG J Inst Navig 69(3):531. https:// doi. org/ 
10. 33012/ navi. 531

Levine WS (2019) The essentials of model predictive control. In: 
Raković SV, Levine WS (eds) Handbook of model predictive 
control, pp 3–27. https:// doi. org/ 10. 1007/ 978-3- 319- 77489-3_1

Littleton-Strand L, Nedelkov F, Griggs E, Akos D (2021) Exploring 
the chip scale atomic clock within a GPS disciplined oscillator. 
In: Proceedings of the 2021 international technical meeting of 
the institute of navigation, pp 254–268. https:// doi. org/ 10. 33012/ 
2021. 17831

Lombardi M (2008) The use of GPS disciplined oscillators as primary 
frequency standards for calibration and metrology laboratories. 
NCSLI Meas J Meas Sci 3(3):56–65. https:// doi. org/ 10. 1080/ 
19315 775. 2008. 11721 437

Lombardi M (2016) Evaluating the frequency and time uncertainty of 
GPS disciplined oscillators and clocks. NCSLI Meas J Meas Sci 
11(3–4):30–44. https:// doi. org/ 10. 1080/ 19315 775. 2017. 13166 96

Lutwak R, Rashed A, Varghese M, Tepolt G, LeBlanc J, Mescher M, 
Römisch S (2007) The chip-scale atomic clock-prototype evalu-
ation. In: Proceedings of the 39th annual precise time and time 
interval meeting, pp 269–290

Lutwak R (2011) The SA. 45s chip-scale atomic clock–early production 
statistics. In: Proceedings of the 43rd annual precise time and time 
interval systems and applications meeting, pp 207–220

Malys S, Jensen PA (1990) Geodetic point positioning with GPS carrier 
beat phase data from the CASA UNO experiment. Geophys Res 
Lett 17(5):651–654. https:// doi. org/ 10. 1029/ GL017 i005p 00651

Microchip Technology Inc. (2019) SA45s chip-scale atomic clock data-
sheet. https:// www. micro semi. com/ docum ent- portal/ doc_ downl 
oad/ 133305- sa- 45s- csac- datas heet

Microchip Technology Inc. (2021a) Chip-scale atomic clock (CSAC) 
performance during rapid temperature change white paper. https:// 
ww1. micro chip. com/ downl oads/ en/ Devic eDoc/ Chip- Scale- 
Atomic- Clock- CSAC- Perfo rmance- During- Rapid- Tempe rature- 
Chang es- White- Paper- DS000 03996A. pdf

Microchip Technology Inc. (2021b) Chip-scale atomic clock (CSAC) 
SA.45s user’s guide. https:// ww1. micro chip. com/ downl oads/ en/ 
Devic eDoc/ Chip- Scale- Atomic- Clock- CSAC- SA. 45s- Users- 
Guide- DS500 03041. pdf

Montenbruck O, Ramos-Bosch P (2008) Precision real-time naviga-
tion of LEO satellites using global positioning system meas-
urements. GPS Solut 12:187–198. https:// doi. org/ 10. 1007/ 
s10291- 007- 0080-x

Petit G, Kanj A, Loyer S, Delporte J, Mercier F, Perosanz F (2015) 1 
× 10–16 frequency transfer by GPS PPP with integer ambiguity 
resolution. Metrologia 52(2):301. https:// doi. org/ 10. 1088/ 0026- 
1394/ 52/2/ 301

Riley W, Howe D (2008) Handbook of frequency stability analysis. 
Special Publication (NIST SP), National Institute of Standards 
and Technology, Gaithersburg, MD. https:// tsapps. nist. gov/ publi 
cation/ get_ pdf. cfm? pub_ id= 50505

Schaer S, Villiger A, Arnold D, Dach R, Prange L, Jäggi A (2021) The 
CODE ambiguity-fixed clock and phase bias analysis products: 
generation, properties, and performance. J Geod 95(7):81. https:// 
doi. org/ 10. 1007/ s00190- 021- 01521-9

Sehr MA, Bitmead RR (2019) Probing and duality in stochastic model 
predictive control. In: Raković SV, Levine WS (eds) Handbook 
of model predictive control, pp 125–144. https:// doi. org/ 10. 1007/ 
978-3- 319- 77489-3_6

Van Buren D, Palo S, Axelrad P (2019) High stability reference clock 
for small satellites. In: Proceedings of the 50th annual precise time 
and time interval systems and applications meeting, pp 149–167. 
https:// doi. org/ 10. 33012/ 2019. 16750

Wu JT, Wu SC, Hajj GA, Bertiger WI, Lichten SM (1992) Effects 
of antenna orientation on GPS carrier phase. In: Astrodynamics 
1991, Proceedings of the AAS/AIAA astrodynamics conference, 
pp 1647–1660

Zumberge JF, Heflin MB, Jefferson DC, Watkins MM, Webb FH 
(1997) Precise point positioning for the efficient and robust analy-
sis of GPS data from large networks. J Geophys Res Solid Earth 
102(B3):5005–5017. https:// doi. org/ 10. 1029/ 96JB0 3860

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

F. Kunzi is a scientific staff member of the GNSS Technology and Navi-
gation Group at DLR’s German Space Operations Center (GSOC). He 
received his MSc degree in Space Science and Technology from the 
University of Würzburg in 2018. His current work focuses on orbit 
determination and timing for spaceborne GNSS augmentation with 
LEO satellites.

O. Montenbruck is head of the GNSS Technology and Navigation 
Group at DLR’s German Space Operations Center (GSOC). His 
research activities include spaceborne GNSS receiver technology, 
autonomous navigation systems, spacecraft formation flying and pre-
cise orbit determination, new constellations, and multi-GNSS process-
ing. Oliver Montenbruck presently chairs the Multi-GNSS Working 
Group of the International GNSS Service and coordinates the perfor-
mance of the MGEX Multi-GNSS Pilot Project. He is a fellow of the 
Institute of Navigation (ION) and received the ION Johannes Kepler 
Award in 2018.

https://doi.org/10.1109/58.764838
https://doi.org/10.1007/978-3-319-42928-1_25
https://doi.org/10.33012/navi.531
https://doi.org/10.33012/navi.531
https://doi.org/10.1007/978-3-319-77489-3_1
https://doi.org/10.33012/2021.17831
https://doi.org/10.33012/2021.17831
https://doi.org/10.1080/19315775.2008.11721437
https://doi.org/10.1080/19315775.2008.11721437
https://doi.org/10.1080/19315775.2017.1316696
https://doi.org/10.1029/GL017i005p00651
https://www.microsemi.com/document-portal/doc_download/133305-sa-45s-csac-datasheet
https://www.microsemi.com/document-portal/doc_download/133305-sa-45s-csac-datasheet
https://ww1.microchip.com/downloads/en/DeviceDoc/Chip-Scale-Atomic-Clock-CSAC-Performance-During-Rapid-Temperature-Changes-White-Paper-DS00003996A.pdf
https://ww1.microchip.com/downloads/en/DeviceDoc/Chip-Scale-Atomic-Clock-CSAC-Performance-During-Rapid-Temperature-Changes-White-Paper-DS00003996A.pdf
https://ww1.microchip.com/downloads/en/DeviceDoc/Chip-Scale-Atomic-Clock-CSAC-Performance-During-Rapid-Temperature-Changes-White-Paper-DS00003996A.pdf
https://ww1.microchip.com/downloads/en/DeviceDoc/Chip-Scale-Atomic-Clock-CSAC-Performance-During-Rapid-Temperature-Changes-White-Paper-DS00003996A.pdf
https://ww1.microchip.com/downloads/en/DeviceDoc/Chip-Scale-Atomic-Clock-CSAC-SA.45s-Users-Guide-DS50003041.pdf
https://ww1.microchip.com/downloads/en/DeviceDoc/Chip-Scale-Atomic-Clock-CSAC-SA.45s-Users-Guide-DS50003041.pdf
https://ww1.microchip.com/downloads/en/DeviceDoc/Chip-Scale-Atomic-Clock-CSAC-SA.45s-Users-Guide-DS50003041.pdf
https://doi.org/10.1007/s10291-007-0080-x
https://doi.org/10.1007/s10291-007-0080-x
https://doi.org/10.1088/0026-1394/52/2/301
https://doi.org/10.1088/0026-1394/52/2/301
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=50505
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=50505
https://doi.org/10.1007/s00190-021-01521-9
https://doi.org/10.1007/s00190-021-01521-9
https://doi.org/10.1007/978-3-319-77489-3_6
https://doi.org/10.1007/978-3-319-77489-3_6
https://doi.org/10.33012/2019.16750
https://doi.org/10.1029/96JB03860

	Precise disciplining of a chip-scale atomic clock using PPP with broadcast ephemerides
	Abstract
	Introduction
	Methodology
	Hardware setup
	Frequency control
	Navigation filter
	Reference solution and evaluation

	Results and discussion
	Clock characterization
	Clock steering

	Summary and conclusion
	Acknowledgements 
	References




