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1. Introduction

In contemporary space geodesy there are increasing require-
ments for accuracy of the time synchronization between dif-
ferent geodetic techniques, e.g. GNSS (Global Navigation 
Satellite System), SLR (Satellite Laser Ranging), and VLBI 
(Very Long Baseline Interferometry). The integration of mul-
tiple techniques in order to create the infrastructure neces-
sary for monitoring the Earth system and for global change 
research is organized by GGOS (Global Geodetic Observing 
system). Considering the magnitude and rate of observed 
changes, the most demanding goal of GGOS initiative is def-
inition of station positions to an accuracy of 1 mm and the 

corresponding velocities to 0.1 mm yr−1 with respect to ITRF 
(International Terrestrial Reference Frame). The integration 
of multiple techniques requires synchronization of their time 
scales with accuracy at least comparable with accuracy of the 
geodetic measurements. Therefore the accuracy should be 
near one picosecond.

In the past, a lot of effort went into the development of 
a very precise Two-Way Time Transfer (TWTT) using a 
coaxial cable as the transmission link [1] with the aim to iden-
tify unaccounted system delays at the Geodetic Observatory 
Wettzell. The main disadvantage of this approach is a rather 
steep increase in the time transfer error with the length of the 
link due to the propagation loss at high frequencies. It pro-
vides good results for links of the length up to several hundred 
meters, but for distances of several kilometers accuracy better 
than 100 ps cannot be expected even though high performance 
cable is used.
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This limitation can be resolved by using optical telecom-
munications technology. In recent years, we can observe 
rapid progress in the field of time and frequency transfer via 
optical fibers. Notable results have been already achieved 
even with relatively long optical links [2–7]. Some of these 
projects are dealing with a high performance optical fre-
quency transfer [8–10], which is typically used for comparing 
optical frequency standards. However, in many applica-
tions high accurate time transfer is required as well [11–13].  
In cases where slightly subnanosecond accuracy is sufficient,  
the time transfer can be solved using the popular White 
Rabbit technique [14], but in other cases like the fundamental 
geodesy the accuracy requirements are much more severe.

With the aim to enlarge the area where time transfer with 
picosecond accuracy can be ensured, we started to work on 
a new Two-Way Optical Time Transfer (TWOTT) system 
implementing standard small form-factor pluggable (SFP) 
optical transceivers to transfer timing information between 
two or more terminals. The advantages of the economical 
solution based on the standard SFPs for the TWOTT have 
been already proved in past projects [15–18].

We focused on the potential applications where comparisons 
of two or more clocks deployed in a relatively small area are 
required. These cases are typically observatories and large labo-
ratory campuses where the typical length of the optical links is 
not longer than several kilometers. Thanks to this limitation, we 
do not need to consider effects like the fiber chromatic disper-
sion, large link attenuation, and relativistic effects [19], which 
play important roles in the TWOTT on very large distances.

On the other hand, when relatively short fibers are consid-
ered and the above-mentioned effects can be neglected, the 
dominant source of systematic measurement errors will be the 
temperature dependence of internal delays within the TWOTT 
terminal units. The TWTT technique [20] perfectly eliminates 
the influence of the large link delay including its variations, 
but it does not suppress the impact of some partial internal 
delays within the terminal units. These internal delays are usu-
ally not greater than several nanoseconds. They are relatively 
small, but not negligible, and their dependence on temperature 
can be a source of an unpleasant error and instability in the 
time transfer. Therefore, the key goal of the design of a very 
precise TWOTT system is keeping the impact of these effects 
as low as possible.

We have performed a detailed theoretical analysis of the 
influence of the partial internal delays and their temperature 
dependence on the TWOTT process. We investigated two dif-
ferent configurations of the TWOTT terminals with the feed-
back coupling in optical and electrical domains. The results of 
the analyses have been experimentally proved for both consid-
ered cases. Afterward, the achieved results have been used for 
the optimal design of the TWOTT system.

2. Two-way time transfer analysis

We will analyze the TWTT process with the aim to investigate 
the influence of the partial delays within the TWTT units on 
the resulting error of the time transfer. For the purpose of the 
analysis we consider the general setup of the TWTT system 
shown in figure 1. It consists of two units, A and B, intercon-
nected by a transmission link. Each of the units includes a 
timing signal generator and an event timer, which measures 
times of arrival of timing signals coming to its input. The 
output of the timing signal generator and the input of the event 
timer are connected to the transmission link via a network con-
sisting of five branches connected in three splitters/couplers. 
This network provides feedback coupling of the transmitted 
signals back to the event timer and the bidirectional use of the 
transmission line. The branches in the networks have delays 
τA1, τA2, τA3, τA4, τA5 and τB1, τB2, τB3, τB4, τB5. The transmission 
link has delay, τL.

Each of the branches represents a chain of opto-electronics 
and/or interconnection lines. The form of the individual 
branches depends on the arrangement of the units used in the 
particular TWTT system. Two basic concepts of the unit for 
TWOTT are shown in figures 2 and 3. The first uses the feed-
back coupling in the electrical domain, i.e. the generated timing 
signal is branched off to the event timer before it is converted 
to the optical signal. The second is based on feedback coupling 
in the optical domain. In this case, the generated timing signal 
is first converted into an optical signal and then branched off to 
the input of the optical receiver where it is processed like the 
signal received from the transmission link.

Each of the units uses its own local time scale for the time 
of arrival measurements. In the analysis we consider that the 
time scale A is delayed by ∆ with respect to the time scale B.  

Figure 1. General setup of the TWTT system consisting of two units, A and B, connected by a transmission link. Each unit includes a 
timing signal generator, TSG, and an event timer, ET. The output of the generator and the input of the event timer are connected to the 
transmission link via a network consisting of five branches and three splitters/couplers which provide feedback of the transmitted signals 
to the event timer and the bidirectional use of the transmission line. Each of the branches represents a chain of opto-electronics and/or 
interconnection lines.
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The goal of the time transfer is to determine the time differ-
ence ∆ between both time scales.

The time transfer process is initiated at the time ta when the 
unit A generates a timing signal. The signal propagates to the 
event timers in both units. After it arrives, the event timer A 
records the time of arrival:

τ τ τ= + + +tTOAAa a A A A1 3 4 (1)

and the event timer B records the time of arrival:

τ τ τ τ τ= +∆ + + + + +tTOA .Ba a A A L B B1 2 5 4 (2)

In the second step, unit B generates a timing signal at the time 
tb. In this case, event timer A records the time of arrival:

τ τ τ τ τ= −∆+ + + + +tTOAAb b B B L A A1 2 5 4 (3)

and event timer B records the time of arrival:

τ τ τ= + + +tTOA .Bb b B B B1 3 4 (4)

The desired time difference can be expressed from the mea-
sured times of arrival:
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In real cases the exact values of the internal delays are not 
known, and we must be satisfied with the time difference 
estimation:

[( ) ( )]∆ = − − −� 1
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thus this estimation is affected by an error:
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Evidently, the error will be zero when we ensure perfect 
symmetry of the internal delays in both units, i.e. τ τ=B A2 2, 
τ τ=B A3 3, τ τ=B A4 4, τ τ=B A5 5. Often, it is impossible to meet 
such a requirement with acceptable accuracy and the error 
must be eliminated by means of a common clock calibration.

Besides the time transfer we can also get the delay of the 
transmission link:
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or rather its estimation:

[( ) ( )]τ = − + −�
1

2
TOA TOA TOA TOA .L Ba Aa Ab Bb (10)

In this case, the error of the estimation is:

( )ε τ τ τ τ τ τ τ τ= − = − + + − +�
1

2
L L L A A A B B B2 3 5 2 3 5 (11)

and cannot be simply eliminated on the basis of the symmetry 
of the internal delays in the units.

From the point of view of keeping good temperature sta-
bility of the time transfer, it is important to know the sensi-
tivity of the time transfer results on changes of the internal 
delays. The sensitivity of the time difference and link delay 
estimations to the change of the temperature in the unit A are:
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and the sensitivity to the change of the temperature in the unit 
B are:
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The largest temperature dependence of the delay can be 
expected in the optical transmitter and the optical receiver, 
which include relatively complex electronics unlike the elec-
trical and optical interconnections formed by passive links. 
Therefore, the branches including the optical transmitter and 
receiver are dominant sources of the temperature dependence 
and the other branches can be usually neglected.

In the optical TWTT unit with feedback coupling in the 
electrical domain (see figure  2), the optical transmitter is 
situated in branch 2 and the optical receiver in branch 5.  

Figure 2. TWOTT unit with feedback coupling in electrical 
domain.

Figure 3. TWOTT unit with feedback coupling in optical domain.
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If the temperature coefficients of the delays in these branches 
are replaced by the temperature coefficients of the delays of 
the optical transmitter and the optical receiver /RXτ ϑ∂ ∂  and 
τ ϑ∂ ∂/TX , respectively, and the temperature dependences of the 

other delays are neglected, the approximations of the resulting 
temperature coefficients are:
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In the TWOTT unit with feedback coupling in the optical 
domain (see figure  3), the optical transmitter is situated 
in branch 1 and the optical receiver in branch 4. Therefore 
the resulting temperature coefficients can be approximately 
expressed:

,
A

RX

Aϑ
τ
ϑ

∂∆
∂
≈−
∂
∂

�
 (20)

τ
ϑ
∂
∂
≈

�
0,L

A
 (21)

,
B

RX

Bϑ
τ
ϑ

∂∆
∂
≈
∂
∂

�
 (22)

0.L

B

τ
ϑ
∂
∂
≈

�
 (23)

The conclusion from the previous is that the temperature 
dependence of the TWOTT using feedback coupling in the 
electrical domain is mostly given by the difference of the 
temperature dependences of the optical transmitter delay and 
the optical receiver delay. On the other hand, the temperature 
dependence of the optical time transfer with feedback cou-
pling in optical domain is approximately equal to the tempera-
ture dependence of the optical receiver delay.

3. Experimental setup

The experiments have been performed on an in-house devel-
oped TWOTT system based on standard small form-factor 
pluggable (SFP) optical transceivers. The single mode SFPs 
were operated at the wavelength of 1550 nm.

The system allows the time transfer between two or more 
terminals (see figure 4). Two terminals are simply intercon-
nected by a fiber. When three or more terminals are involved 
in the system, optical splitters are employed in the fiber infra-
structure (see figure 5). The objective of the time transfer is 

to compare time scales represented by a 1PPS time mark and 
a 100 MHz frequency reference. These signals generated by 
external clocks are connected to each of the terminals. The 
TWOTT terminals make it possible to use the feedback cou-
pling both in the optical domain and the electrical domain.

A proprietary communication protocol has been imple-
mented in the TWOTT system to ensure proper communica-
tion between the terminals. One of the terminals is designated 
as a Master, while the others are Slaves. The Master manages 
the operation of the entire system.

Figure 4. The inside of the TWOTT terminal. In front, from left 
to right, there are the event timer, the TWTT board, and optical 
splitters.

Figure 5. When three or more terminals are involved in the system, 
optical splitters are employed.
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The sharing of the optical link by two or more TWOTT ter-
minals is based on Time Division Multiple Access (TDMA). 
The TDMA frame of the length of 1 s is divided into 10 time 
slots of the length of 100 ms which are allocated to individual 
terminals. The allocation scheme depends on the number of 
terminals sharing the optical link. In figure  6, there is the 
TDMA scheme for the simplest case when the Master keeps 
communication with the only Slave. The slot number 5 is 
always reserved for measuring times of arrival of the external 
1PPS. Therefore, this slot is centered at integer seconds of 
the external time scale connected to the Master terminal. This 
time scale serves as the system time used for the synchroni-
zation of operation of all terminals in the system. The time 
scales connected to other terminals can differ from this system 
time not more than 50 ms.

In each allocated slot, the terminal sends 45 timing signals 
and the data messages necessary for TWOTT system opera-
tion. To avoid a DC component in the waveform, the data are 
encoded using the Manchester code. The bit rate of the data 
transmission is 50 Mb s−1.

The timing signal is represented by a 16-bit pseudorandom 
sequence. On the basis of its detection, the control logic of the 
terminal opens a gate, which selects the next rising edge out 
of the received signal forming a pulse, which is time tagged by 
the event timer with respect to its local time scale based on the 
external frequency reference of 100 MHz. Thanks to the use 
of a new event timing technique [21–26], the times of arrival 
can be measured with subpicosecond precision, thus the influ-
ence of the event timer on the resulting TWOTT precision is 
negligible.

From the times of arrival collected in the 1 s TDMA frame, 
the resulting time difference between the time scales (Slave-
Master) is computed:

Fit FitTOA TOA TOA TOADif
1

2

TOA TOA

Sm Mm Ms Ss

MP SP

[ ( ) ( )]= − − −

+ −
 

(24)

where TOAXy (Xy  =  Sm, Mm, Ms, Ss) is a vector of times of 
arrival of timing signals sent by the terminal y measured by 
the event timer in the terminal X, TOAXP (X  =  M, S) is the 
time of arrival of the 1PPS time mark measured by the event 
timer in the terminal X, and the operator Fit stands for the 
determination of the fitted value at the integer second of the 
system time (the mid of the slot 5) using linear fit.

Although the external time scale and the local time scale 
used by the event timer are based on the same frequency ref-
erence, the difference between the time scales can slightly 
change because of the temperature dependence of the delays 
of the distribution paths. Since these changes are very slow, 
the times of arrival of the 1PPS time marks can be effectively 
filtered. This allows suppression of the 1PPS jitter, which is 
usually significant in comparison with the TWOTT precision.

During the experiments, 1PPS time marks with a slew rate 
of 5.7 V ns−1 were split into both terminals (see figure  7). 
These time marks were generated directly from the 100 MHz 
frequency reference used in both terminals. The terminals 
were interconnected with a single mode optical fiber 20 m in 
length. The interconnection coaxial cables were not longer 
than 2 m. The setup was installed in a common laboratory 
environment with relatively stable temperature (±0.5 K).

4. Measurement of temperature dependence

The model of the sensitivity of the TWOTT to a temperature 
change has been verified in a common clock experiment. We 
kept the temperature stabilized in both terminals and then we 
changed the temperature by approximately 6 K in the Master 
terminal. After the temperature was steady again, we changed 
the temperature in the Slave terminal. The length of the tem-
perature transitions was around 30 min. The temperatures 
inside the terminals were measured using built in temperature 
sensors situated inside the SFPs. We performed this experi-
ment both for the optical and electrical feedback coupling.

The temperature coefficients of the resulting time differ-
ence and of the link delay estimations were determined from 
their responses to the relatively slow temperature changes 
by linear fits. The results are summarized in tables 1 and 2. 
The temperature coefficients of the receiver delay and of the 

Figure 6. Time division multiple access (TDMA) pattern used for TWOTT between two terminals.

Figure 7. Common clock experimental setup. The same 1PPS time 
marks and 100 MHz frequency reference were connected to both 
TWOTT terminals.

Table 1. Temperature coefficients of TWOTT using optical 
feedback coupling.

Temperature coefficients
Master 
(ps K−1)

Slave  
(ps K−1)

Time difference −1.28 1.42
Link delay 0.19 0.13
Receiver delay 1.28 1.42
Transmitter delay — —

Metrologia 53 (2016) 18
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transmitter delay presented in the tables were estimated from 
the simplified models of the temperature dependence (20)–(30)  
for the optical feedback coupling, and (16)–(19) for the elec-
trical feedback coupling.

When the optical feedback coupling was used, the temper-
ature dependence of the link delay results were much lower 
in comparison to the temperature dependence of the time dif-
ference results. It is in agreement with the theoretical model, 
which supposes that the temperature dependence of the link 
delay results is near zero, while the temperature dependence 
of the time difference results are fully determined by the tem-
perature dependence of the optical receiver. The temperature 
coefficients of the receiver delays computed from this meas-
urement are both near 1.35 ps K−1. The temperature coeffi-
cients of the transmitter delays cannot be determined in this 
case because the measurement results do not depend on the 
transmitter delay.

When we used the electrical feedback coupling, the temper-
ature dependence of the resulting time difference was consid-
erably lower and the temperature dependence of the resulting 
link delay was much higher in comparison with the previous 
case. It is again in agreement with the theoretical model. The 
temperature coefficients of the receiver delays computed from 
these results are both near 1.50 ps K−1, which is not far from 
the previous results.

In the data messages transmitted between the terminals, in 
addition to the measured times of arrival, other parameters also 
included the temperature measured inside the terminals which 
can be used for a temperature correction of the TWOTT results. 
The necessary temperature coefficients must be determined on 
the basis of a calibration measurement before the terminals are 
used in the system. When the temperature correction is applied, 
better performance can usually be achieved using the optical 
feedback coupling, where the optical receiver is the only domi-
nant source of the temperature dependence. When the tempera-
ture correction is not applied, better temperature stability can be 
expected using the electrical feedback coupling.

5. Tests of TWOTT system

The properties of the TWOTT system were evaluated in a 
series of common clock experiments. The feedback coupling 
in the optical domain was used during these experiments, i.e. 
the timing signal was first converted into the optical signal 
and then branched off to the input of the optical receiver and 
processed like the signal received from the transmission link.

The first experiment was focused on testing of the 
TWOTT performance under stable temperature conditions. 

The development of temperatures in both terminals during the 
8 h measurement is shown in figure 8. The resulting time dif-
ference is shown in figure 9. Each point represents the result of 
a 1PPS time comparison. The line represents time difference  
estimations computed by a linear fit on consecutive 5 min 
intervals and related to midpoints of these intervals. The 
standard deviations of the individual 1 s comparisons and of 
the 5 min linear fits are 415 fs and 82 fs, respectively.

The time transfer stability characterized by TDEV com-
puted from the results of the 1 s comparisons is plotted in 
figure 10. The TDEV curve is composed of three regions. In 
the first region, the TDEV follows the white phase noise slope 
up to averaging intervals of several tens of seconds. In this 
region the influence of the 1PPS time mark jitter is suppressed 
by filtering and the TDEV represents the optical time transfer 
noise only. On the other hand, in the third region, which starts 
around 1 h, the 1PPS jitter filtering is no longer effective and 

Table 2. Temperature coefficients of TWOTT using electrical 
feedback coupling.

Temperature coefficients
Master 
(ps K−1)

Slave  
(ps K−1)

Time difference −0.59 0.52
Link delay 0.87 1.06
Receiver delay 1.46 1.58
Transmitter delay 0.28 0.54

Figure 8. Development of temperatures in both terminals during 8 h 
measurement.

Figure 9. Resulting time difference during 8 h TWOTT 
measurement under stable temperature. Data are centered, i.e. 
average value was subtracted from all the data. Each point 
represents the result of an individual 1PPS time comparison. Solid 
line represents 5 min linear fits. Standard deviations of individual 
1 s comparisons and of 5 min linear fits are 415 fs and 82 fs, 
respectively.

Metrologia 53 (2016) 18



J Kodet et al

24

the TDEV represents mainly the 1PPS jitter, which is domi-
nant with respect to the time transfer noise. In the transition 
region the TDEV is leveling around 50 fs.

Using the same measurement data, we also assessed the 
performance of the TWOTT system in the regime when the 
external 1PPS time marks are fully omitted and the TWTT 
is used just for the frequency comparison of the external 
reference frequency sources. In this case, the 1PPS jitter 
has no influence on the frequency transfer precision and the 
precision is given only by the TWOTT performance. The 
resulting frequency transfer stability characterized by Allan 
deviation (ADEV) computed from the results of the 1 s 
comparisons is plotted in figure 11. The ADEV plot follows 
the white/flicker phase noise slope in the entire considered 
range of averaging intervals up to 10 000 s where the ADEV 
falls under −10 16.

In the next experiment we introduced an intentional tem-
perature change by 5 K inside the Slave terminal. The meas-
ured temperatures inside Master and Slave terminals during 
the 90 min experiment are plotted in figure 12. The resulting 
time difference without the temperature correction and with 
the temperature correction is plotted in figure 13. The tem-
perature dependence coefficients without the correction and 
with the correction determined by linear fits are 1.38 ps K−1 
and  −0.08 ps K−1, respectively (see figure 14). The tempera-
ture correction was based on an independent calibration meas-
urement performed six months before the experiment.

6. Conclusions

Two basic configurations of the TWOTT terminals with the 
feedback coupling in optical and electrical domains were 
analyzed with the aim to investigate the influence of the par-
tial internal delays and their temperature dependence on the 
TWOTT process. The analyses demonstrate that the tempera-
ture dependence of the TWOTT using feedback coupling in 
the electrical domain is mostly given by a half of the differ-
ence of temperature dependences of the optical transmitter 
delay and of the optical receiver delay. On the other hand, the 
temperature dependence of the optical time transfer with the 

feedback coupling in optical domain is approximately equal to 
the temperature dependence of the optical receiver delay. The 
results of the analyses have been experimentally verified for 
both considered cases.

Figure 10. Time transfer stability characterized by TDEV 
computed from the results of 1 s comparisons. Figure 11. Frequency transfer stability characterized by Allan 

deviation (ADEV) computed from results of 1 s comparisons.

Figure 12. Temperature inside the Master (solid line) and Slave 
(dashed line) terminals during the test.

Figure 13. Resulting time difference without temperature 
correction (solid line) and with temperature correction (dashed 
line).
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The achieved theoretical results have been used for the 
optimal design of a TWOTT system aimed at applications 
using optical links up to several kilometers in length. The 
properties of this system have been evaluated in a series of 
common clock experiments. The resulting standard deviation 
of the time transfer is 415 fs for 1 s comparisons, the standard 
deviation of 5 min linear fits is 82 fs, and the time transfer sta-
bility characterized by TDEV is better than 60 fs for the range 
of averaging intervals from 100 s to 10 000 s.

We also assessed the performance of the TWOTT system 
in the regime when it is used just for the frequency compar-
ison of the external reference frequency sources. The resulting 
frequency transfer stability characterized by ADEV follows 
the white/flicker phase noise slope in the entire considered 
range of averaging intervals up to 10 000 s where the ADEV 
falls under −10 16.

Finally we tested the temperature stability of the TWOTT, 
i.e. the response of the time comparison results to a change in 
the temperature of the terminal. Using a temperature correction 
based on a calibration performed several months ago, the sensi-
tivity to the temperature change was kept lower than 100 fs K−1.
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