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AbstrAct

According to Einstein’s general relativity theory, a precise (atomic) clock runs 
faster at a position with higher gravitational potential than a clock at a position with 
lower potential. Here, we provide a direct clock comparison using a fixed hydrogen 
clock and a portable hydrogen clock for geopotential determination based on the 
two-way satellite time and frequency transfer (TWSTFT) technique. After synchro-
nizing the two hydrogen clocks at positions at the same height, the clocks were com-
pared for a height difference of 22 m over a period of 14 days using the TWSTFT 
technique. Interpretation of the observed time elapse implies a height difference of  
175 m +/- 59 m, which matches the frequency stability of our instruments. This study 
and relevant experiments provide a way of determining the geopotential using ultra-
high precise clocks based on the TWSTFT technique in the near future.
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1. IntroductIon

Gravity potential (geopotential) plays an important role 
in geodesy. Conventionally, we combine leveling and gra-
vimetry to determine the geopotential (Hofmann-Wellenhof 
and Moritz 2006), which is referred to as the classic method. 
The classic method has at least two drawbacks: the error ac-
cumulates as the length of the measuring line increases, and 
it is difficult or impossible to transfer the orthometric height 
with high accuracy between two points located in mountain-
ous areas or across the sea (Shen et al. 2016a, b).

To overcome the drawbacks of the classic method, 
Bjerhammar (1985) put forward an idea to determine the 
geopotential using a clock transportation approach (Shen et 
al. 2009) based on the general relativity theory (GRT) (Ein-
stein 1915). According to GRT, in a gravitational field, a 
clock at a position with higher geopotential runs faster than 
one at a lower geopotential. That is accounted for gravita-
tional redshift, which has been confirmed at different ac-

curacy levels by various physicists (Pound and Rebka 1959, 
1960a, b, 1965; Hafele and Keating 1972; Alley 1979; Ves-
sot et al. 1980; Turneaure et al. 1983; Krisher el al. 1993). 
Later, Shen et al. (1993) suggested that the geopotential 
could be determined by the gravity frequency shift due 
to the gravitational redshift effect. In addition, Shen et al. 
(1993, 2011) put forward a new approach, gravity frequency 
shift approach, suggesting that Global Navigation Satellite 
System (GNSS) satellites could be used as inter-transmitters 
to transfer frequency signals, and in this way, the geopo-
tential difference between two stations on the ground (even 
separated by the ocean) can be determined. This technique 
is also named chronometric leveling (Delva and Lodewyck 
2013; Mai and Müller 2013). Chronometric leveling in clock 
networks will provide completely independent and possibly 
very precise observations of the geopotential differences 
in specific points (Flury 2016), which may help determine 
gravity field and establish world height system (Shen 2017; 
Müller et al. 2018; Shen et al. 2018a).

To test gravitational redshift effect, Chou et al. (2010) 
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set two optical clocks in separated laboratories which were 
connected through a 75-m length of phase-stabilized opti-
cal fiber, and their experimental result of height difference  
37 ± 15 cm agrees well with the known value of 33 cm. 
Shen and Peng (2012) and Shen (2013a, b) proposed optical 
frequency fiber transfer (OFFT) approach to determine the 
geopotential. First, two optical clocks should be synchro-
nized at same site. Then they are transported to two different 
places. Just using the optical fiber frequency transfer com-
parison technique, one could determine the frequency shift 
Δf. In this way, we could determine the geopotential differ-
ence by gravity redshift equation. Later Lisdat et al. (2016) 
and Grotti et al. (2018) successively provided relevant ex-
perimental results which confirmed the OFFT approach 
(Shen and Peng 2012; Shen 2013a, b; Shen et al. 2018b).

However, the chronometric leveling is better expected 
for long-distance height differences (Flury 2016). Kopeikin 
et al. (2016) conducted an experiment using two hydrogen 
clocks in the Altai Mountains area. They compared the 
clock rate of two stations separated by a distance of about 
35 km based on the time elapse between the two clocks. 
The comparison was carried out using pseudo-range phase 
measurements of GPS/GLONASS navigation satellites, and 
their result is 859 m, with an uncertainty of 64 m, comparing 
with the actual height difference of 725 m.

In recent years, with quick development of high-pre-
cision clock manufacturing technology, the optical-atomic 
clocks (OACs) with relative instability around 10-18 in sev-
eral hours and inaccuracy of 10-18 level have been gener-
ated in the laboratory (Hinkley et al. 2013; Bloom et al. 
2014; Ushijima et al. 2015; Shen et al. 2017). Now an op-
tical clock network is to be constructed, aims to compare 
and link the optical atomic clocks with the highest accu-
racy, and OACs with such precision level are promising to 
be installed on satellites in the near future (Riehle 2017). 
Theoretically, if clocks or oscillators with an inaccuracy of  
1 × 10-18 are available, we may determine the height dif-
ference with an uncertainty of 1 cm (Shen et al. 2016a, b, 
2017, 2018b), providing a potential way to establish a world 
height system at 1 cm level.

Apart from GNSS satellites, geostationary satellites 
can also serve as a ‘bridge’. The technique of two-way 
satellite time and frequency transfer (TWSTFT, in earlier 
documents, the term TWSTT) is a promising tool using geo-
stationary satellites for accurate time and frequency transfer 
(Kirchner 1991; Jiang et al. 2013; Bauch 2015). Before GPS 
time transfer became popular in the 1980s, researchers at-
tempted to use geostationary telecommunication satellites 
to compare clocks, dating back to August 1960. In the ear-
liest years, the two-way satellite time transfer uncertainty 
was approximately 10 - 100 ns, but by the end of the 1970s, 
experiments proved that type A uncertainty [it was defined 
by JCGM 100 (2008) that this type can be evaluated by sta-
tistical methods] could be further improved to approximate-

ly 0.2 ns. In 1989, the 11th CCDS (Consultative Commit-
tee for the Definition of the Second, now the Consultative 
Committee for Time and Frequency, CCTF) encouraged 
the use of two-way time transfer and suggested the creation 
of an ad-hoc working group on the TWSTFT at the BIPM 
(International Bureau of Weights and Measures). Later, ten 
laboratories actively intended to join the experimental plan. 
In August 1999, a TWSTFT link was introduced for clock 
comparison in UTC, and the time transfer uncertainty was 
greatly improved.

Experiments show that TWSTFT can compare time 
and frequency with high accuracy. In 2009, ten timing labo-
ratories participated in an experiment to study the 1 MChip/s 
TWSTFT performance, and they obtained a short-term sta-
bility of 200 - 300 ps at 1 s and 20 - 40 ps when averaged 
over 128 s (Zhang and Parker 2009). In 2013, an experi-
ment using carried-phase TWSTFT was performed between 
the two stations of NICT (National Institute of Information 
and Communications Technology) and PTB (Physikalisch-
Technische Bundesanstalt), and a largely improved short-
term instability for a frequency transfer of 2 × 10-13 at 1 s 
was achieved (Fujieda et al. 2014). During the same cam-
paign, two 87Sr lattice optical frequency standards operated 
respectively at NICT and PTB were compared. Based on a 
total measurement time of 83640 s, relative frequency differ-
ence of (0.8 ± 1.6) × 10-15 was obtained, where the statistical 
measurement uncertainty is the biggest contribution to the 
combined uncertainty (Bauch 2015). The current TWSTFT 
may theoretically attain a stability of 0.1 ps, with the pros-
pect of reaching a long-term stability of 10-17 level (Jiang 
et al. 2013; Fujieda et al. 2016). And that is considered as 
a potential frequency transfer technique of optical clock 
networks (Riehle 2017). Kong et al. (2016) used TWSTFT 
observations released by BIPM to estimate the frequency 
difference of two stations, and obtained height differences 
with an accuracy of 10 m. In our knowledge however, until 
now we did not find any literature that addressed the actual 
TWSTFT experiment for the chronometric leveling.

In this study, to further investigate the feasibility of 
clock comparison using TWSTFT, we conducted a clock 
comparison experiment at the Beijing Institute of Radio Me-
trology and Measurement (BIRMM), Beijing. In section 2, 
we demonstrate a solution for determining the geopotential 
via TWSTFT, and in section 3, we discuss error corrections. 
Section 4 describes our experiment, section 5 presents the 
data processing, and section 6 provides the results. Conclu-
sions and relevant discussions are provided in section 7.

2. Methods
2.1 Geopotential determination based on time elapse 

between two clocks

According to GRT, in a gravity field, a clock at a po-
sition with a higher geopotential runs faster than one with 
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a lower geopotential (Shen et al. 2009). Suppose there are 
two stations, A and B, with an orthometric height difference 
ΔH. After a standard time T, accurate to 1/c2, this time dif-
ference can be expressed as (Bjerhammar 1985; Shen et al. 
1993; Pavlis and Weiss 2003; Dittus et al. 2007)

t t t W W
c
T

AB B A B A 2D = - = - -^ h  (1)

where WA and WB denote the geopotentials at stations A and 
B respectively, and c denotes the speed of light in vacuum. 
In the process of testing the Einstein equivalence principle, 
Eq. (1) has been confirmed to the 6.0 × 10-5 level by a Grav-
ity Probe-A (GPA) experiment using radio techniques (Ves-
sot et al. 1980).

In plane areas, we have the following equation (Hof-
mann-Wellenhof and Moritz 2006)

W W W g H g H HB A AB AB B A.D D- = - = - -^ h (2)

where suppose WA is known, g is a “mean value” of the 
Earth’s gravity between B and B’ that is the intersection 
point of the plumb line of B and the geopotential surface 
passing through A (Shen et al. 2018b), referring to Fig. 1. 
Thus, Eq. (1) can be written as:

H T
t

g
c

AB
AB

2

D
D=  (3)

In this way, we can obtain the orthometric height difference 

ΔH from the elapsed time difference Δt. As Eq. (3) shows, 
ΔH is proportional to Δt/T. We note that, for our experi-
ment’s purpose, the accuracy of Eq. (3) is sufficient. For a 
centimeter-level measurement, a more accurate formula is 
needed, as referred to Shen et al. (2017).

2.2 determination of time elapse of two clocks via 
tWstFt

The TWSTFT is based on the exchange of timing sig-
nals through geostationary telecommunication satellites, as 
schematically shown in Fig. 2, which illustrates various sig-
nal delays and elucidates how the time difference between 
the clocks at stations 1 and 2 can be determined.

For a standard TWSTFT system, the time-scale differ-
ence is given by the following two-way equation (ITU-R 
2010)
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where TS(k) denotes the local time-scale, and k stands for 
station k (k = 1, 2); TI(k), the time interval reading, and the 
counter gate is opened by a 1PPS signal related to the local 
transmission signal and closed by a 1PPS signal related to 
the received signal, with short-form designation of 1PPSTX 
- 1PPSRX; TX(k), the transmitter delay, including the mo-
dem delay; RX(k), the receiver delay, including the modem 

Fig. 1. Principle of determining the height difference between two points. Point B’ is on the plumb line of point B, and points A and B’ are on a same 
equipotential surface (horizontal dashed curve). Therefore, the length of plumb line segment (vertical dashed curve) denotes the height difference 
between A and B.
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delay; SPU(k) and SPD(k), the signal path uplink and down-
link delays, respectively; SPT(k), the satellite path delay 
through the transponder; SCU(k) and SCD(k), the Sagnac 
corrections in the uplink and downlink, respectively.

3. error correctIon

The observations include various errors, which should 
be cancelled or greatly reduced.

3.1 sagnac effect correction

The Sagnac effect is caused by the Earth’s rotation. 
Assuming a non-rotating Earth and a geostationary satel-
lite, the signal is transmitted from the station to the satellite; 
thus, the route of the signal is not time-varying (Tseng et al. 

2011). However, because the Earth rotates around its axis, 
the receiver located on Earth experiences uniform motion. 
Hence, during the signal propagation, the location of the re-
ceiver on the ground changes with respect to the satellite, 
and the corresponding influence is referred to as the Sagnac 
effect (Bidikar et al. 2016).

The Sagnac correction for a one-way path from satel-
lite s to ground station k is given in a model that provides 
sufficient accuracy by the following expression (ITU-R 
2010; Tseng et al. 2011; Bidikar et al. 2016):

( ) ( ) ( ) ( ) ( )SCD k c Y k X s X k Y s2X= -^ h6 @ (5)

It is demonstrated that the Sagnac correction for the one-
way path from ground station k to satellite s is exactly the 

Fig. 2. Scheme of the TWSTFT-GD (two-way satellite time and frequency transfer used for geopotential determination) principle. The phase modu-
lation is synchronized with the local clock, and the modem generates a one-pulse-per-second (1PPS) output, synchronous with the BPSK (Binary 
Phase Shift Keying) sequence, named 1PPSTX. This signal is the realization of a timescale named TS(k). Each station uses a dedicated PRN code 
for its BPSK sequence in the transmitted signal. The receiving equipment generates the BPSK sequence of the remote stations and reconstitutes 
a 1PPS tick from the received signal, named 1PPSRX. The difference TI(k) between the two 1PPS signals is measured by a time-interval counter 
(TIC) (modified after ITU-R 2010).
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opposite. Hence, we have the relation (ITU-R 2010):

( ) ( )SCD k SCU k= -  (6)

In our experiment, the two transmission antennas are 
quite close (within 5 m); hence the effect of the position 
difference on Eq. (5) can be neglected. In this case, we have 
SCD(1) = SCD(2) and SCU(1) = SCU(2), and the total Sag-
nac correction as expressed by Eq. (4) reads

. ( ) ( ) . ( ) ( )SCD SCU SCD SCU0 5 1 1 0 5 2 2 0- - + - =6 6@ @  (7)

3.2 Ionospheric and tropospheric correction

For the ionospheric correction, the uplink and down-
link signals at each station differ in carrier frequency, and 
the total ionospheric delay is expressed as (ITU-R 2010; 
Rose et al. 2014)

( ) ( ) .SPU k SPD k TEC c f f40 3 1 1 1ion ion d u
2 2- =- -^ ^h h (8)

where TEC is the total electron content, namely the total 
number of free electrons along the signal propagation path, 
and the carrier frequencies fu and fd of the uplink and down-
link signals are, respectively, 14.165 and 12.415 GHz. Simi-
lar to the situation described in section 3.1, since the two 
transmission antennas are quite close (within 5 m), the cor-
responding TEC values at each station are nearly the same. 
Hence, the ionospheric correction of each station is the 
same; namely, the effect of the ionosphere can be neglected 
in our experiment.

As for the troposphere, its influence on the difference 
between the up and down propagation delays is < 10 ps (ITU-
R 2010), far less than the experimental precision. Hence, the 
troposphere’s influence can also be neglected.

3.3 other corrections

The satellite delay difference, SPT(1) - SPT(2), is rel-
evant to the satellite receiving antenna, transponder channel 
and transmission antenna, and the difference of the trans-
mission and receiving section, TX(k) - RX(k), is relevant to 
the up and down converters, modulator and demodulator 
(modem), amplifiers, antenna, cabling, etc. (ITU-R 2010).

In our experiment, the satellite delay difference is a 
constant value, SPT(1) - SPT(2) = C1, and the time-varying 
effect of the ground station due to the Earth’s rotation can be 
neglected. Conversely, the propagation delay of the two sig-
nals remains invariant because the two receivers are located 
at the same site (environmental factors such as temperature 
are the same). Furthermore, the satellite transponder delay 
of a geostationary satellite that varies with diurnal period-

icity has no notable change (Liu et al. 2014), and hence, 
the satellite transponder delay of the two-way signals can 
be eliminated by a difference operation. Therefore, the dif-
ference of the transmission and receiving procedure in our 
experiment is also a constant value, which is expressed as

. ( ) ( ) . ( ) ( )TX RX TX RX C0 5 1 1 0 5 2 2 2- - - =6 6@ @  (9)

However, the relative position of the satellite used in 
our work is time-varying. ChinaSat 10 is the geostation-
ary satellite used in our experiment, and its subastral point 
moves in orbit with a diurnal period (Wei 2013). Therefore, 
different emission times will induce different path delays, 
SPU(1) and SPU(2), to the satellite (ITU-R 2010). We con-
sider that a path delay difference might exist in our mea-
surement. Hence, Eq. (4) can be written as

(1) (2) 0.5 ( ) 0.5 ( )
sin

TS TS TI TI
C a t T

1 2
2 0r {

- = -
+ + +^ h
6 6@ @

 (10)

where C denotes a constant delay, which consists of the satel-
lite delay difference, cabling delay and so on, T0 denotes the 
length of day, a and { are constant values, denoting the am-
plitude and initial phase of the diurnal pattern, respectively.

4. experIMents

To validate the geopotential determination based on 
GRT, we need to measure the elapsed time difference Δt of 
two clocks at different stations.

There are two key problems in realizing this mea-
surement. First, the clocks need to be of high stability to 
maintain a stable frequency standard. In our experiment, the 
instability of the frequency standard significantly limited 
the precision of the results. Second, we need a reliable time 
transfer technique to guarantee that when clock CA records a 
time duration ΔT, clock CB will record a corresponding time 
duration ΔT’ that obeys the GRT with high accuracy (Shen 
and Shen 2015).

To solve the first problem, two sets of equipment were 
used in our experiment, each of which contains a hydrogen 
atomic clock whose relative nominal frequency stability is 5 
× 10-15 in one day. As for the second problem, the TWSTFT 
technique was used. The TWSTFT technique is one of the 
most precise time transfer methods, other than the GNSS re-
lated techniques (Lin et al. 2014). In fact, direct time trans-
fer such as fiber link has higher stability than time transfer 
via satellite, but satellite time transfer is better expected for 
long-distance height difference determination.

Our experiment was conducted in a building at 
the BIRMM, Beijing. As mentioned above, two hydro-
gen atomic clocks were used in our experiment; one is a  
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non-transportable clock, CA (model H-MASTER VCH-
1003A), and the other one is a transportable clock, CB (mod-
el BM2101-02).

The experiment was carried out in two continuous 
periods. Before these two periods, for the purpose of syn-
chronization, we carried out a zero-baseline measurement 
from 6 December 2016 to 9 December 2016. As Fig. 3a 
shows, clocks CA and CB were both placed in a shielding 
room on floor B1 (ground floor) at position P. The shielding 
room was temperature-stabilized and controlled. Through 
connection cables, the two clocks, a pulse signal isolation 
amplifier (PSIA), a modulation and demodulation (modem) 
and a satellite antenna were connected.

In period 1, we carried out a geopotential difference 
measurement from 9 December 2016 to 27 December 2016 
(as shown in Fig. 3b). During this process, CB was moved 
to fifth floor at position Q (see Fig. 3), while CA remained 
fixed. The height difference between the ground floor and 
the fifth floor is 22.2 m. Clocks CA and CB were connected 
by 150-m length cables. Since there is a discontinuity of the 
time series in this period, we used a time series with 14-day 
length in practice.

In period 2, we carried out a zero-baseline measure-
ment (shown in Fig. 3a) for comparison with the formal 
geo-potential difference measurement. Clocks CA and CB 
were both placed in a shielding room on floor B1 at position 
P. This zero-baseline measurement was performed from 27 
December 2016 to 4 January 2017.

5. dAtA processInG

In our experiments, we obtained time-varying TI(P) and 
-TI(Q) every 1 second. At the beginning, due to a non-syn-
chronization problem, the two time series did not align well 
with each other. Clock CA ran several seconds ahead of the 
clock CB. However, this difference is insignificant. The key 
problem is that the running rates of the two clocks should be 
calibrated when they are located at the same level.

To make the data easy to process, we adopted the fol-
lowing three procedures:
(1)  Linear interpolation is adopted to ensure that the data are 

time coherent;
(2)  Data for a common time period are extracted to enable 

all data to be used in calculation;
(3)  As the two signals at P and Q are not transmitted at ex-

actly the same time, the series TI(P) is moved to align 
with -TI(Q).

After these procedures, we applied an averaging op-
eration and obtained a series of data with a diurnal pattern 
(blue lines in Figs. 4a and b). To clearly show the coordinate 
values in these figures, we used the operation t t t0d D= - , 
where t0 is the mean value of these observation data.

To remove periodic signals, we adopted a band-stop 
filter, specifically, a discrete-time FIR filter using a least-

squares error minimization method. This band-stop filter 
eliminated the periodic signals which are not interested in 
this study. As shown in Figs. 4a and b, the blue lines show 
the observations without signal processing, and the purple 
curves denote the data obtained from the original obser-
vations after filtering. We see that at the beginning of the 
purple curves, there are large oscillations. This phenomenon 
is known as the “phase delay” and end effects, which occur 
for all kinds of FIR filters.

To obtain a first-order approximation, we used a lin-
ear function to fit the patterns after filtering (black lines in  
Figs. 4a and b), and the parts of “phase delay” are ignored.

6. results

The slopes of the black lines as shown in Fig. 3 are 
reported in Table 1. To evaluate the frequency stability of 
each measurement, we adopted the modified Allan devia-
tion (MADEV, Bregni 1997), which is estimated from a set 
of frequency measurements for averaging time x , expressed 
as (Allan et al. 1991; Bregni 1997)

n N n
x x x

2 3 1
1 2y

M
i n i n i

i j

n j

j

N n

2 2 2

1 2

1

3 1

.v x
x - +

- ++ +
=

+ -

=

- +^ ^ ^h h h; E//  (11)

where n 0x x= , 0x  is the sampling interval, n is the number 
of the sampling interval from time 0x  to time t, and N de-
notes the total number of the sampling interval of the whole 
time series.

The results are shown in Fig. 5 and Table 1.
By differencing the two slopes, we finally obtained

.T
t k k 1 9060 10geo zero

14#D = - = - -  (12)

which indicates that clock CB runs faster than clock CA 
(fixed clock), with an uncertainty of

.6 47 10geo zero
2 2 15#v v v= + = -  (13)

where geov  and zerov  are the frequency stabilities of two 
measurements in period 1 and period 2, respectively.

Hence, the measured height difference is HPQD  = 

T
t

g
c2D-  = 175.10 m with an accuracy of 59 m.

7. dIscussIons And conclusIons

Our experimental results in period 1 (geo-potential dif-
ference measurement) provide a frequency stability 6.26 
× 10-15 (shown in Fig. 5a), which is a little worse than the 
nominal frequency stability of the hydrogen atomic clocks 
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(a) (b)

Fig. 3. (a) Zero-baseline measurement and (b) geopotential difference measurement. When the zero-baseline measurement was conducted, clocks 
CA and CB were both placed in a shielding room on floor B1 at position P. When the geopotential difference measurement was conducted, clock CB 
was placed on fifth floor at position Q, and clock CA was still placed on floor B1 at position P; they were connected with a satellite antenna through 
connection cables, modems, and a PSIA.

(a)

(b)

Fig. 4. (a) Data obtained by the zero-baseline measurement and (b) data obtained by the geopotential difference measurement. The blue curves show 
observation values without signal processing, and the purple curves are obtained after filtering. Based on the purple curves, we conducted linear 
fitting and obtained the black lines.
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(5 × 10-15 in one day). In period 2 (zero-baseline measure-
ment), the experimental frequency stability is 1.66 × 10-15 
(shown in Fig. 5b), which is better than the nominal fre-
quency stability of the hydrogen atomic clocks.

We obtained a height difference 175 m with an accu-
racy of 59 m. Though the bias between the measured height 
difference and the true value 22 m is 153 m, concerning the 
observation accuracy level of 59 m, the results are accept-
able. The results might be also influenced by other factors. 
One main concerning is that the environments are not well 
controlled. In fact, the temperature has a significant influ-
ence on the running rate of an atomic clock (Ascarrunz et 
al. 1996, 1997). When the clocks are placed on floor B1 
at position P, there is a shielding room; thus, the tempera-
ture and other parameters are stable. However, on fifth floor 
at position Q, the environmental factors are not well con-
trolled. In this case, the slope obtained (see Table 1) might 
not be reliable. The potential errors of the TWSTFT and 
the limitations by the observed diurnal variation may be 
also important factors besides the clock performance. In our 
experiment, the amplitude of the diurnal variation is much 
larger than the linear part (especially in zero-baseline mea-
surement), significantly affecting the gravitational redshift 
term. Moreover, the variation of the satellite’s trajectory 

also greatly influences the results. As mentioned in section 
3.3, the subastral point of ChinaSat 10 moves in an orbit 
with a diurnal period. In addition, the orbit is not fixed, 
which varies every day.

Here we used two hydrogen atomic clocks and TWSTFT 
technique to determine the geopotential difference. Results 
show that the precision of the TWSTFT that we use in this 
study is in the same accuracy level as the GNSS common-
view measurements provided by Kopeikin et al. (2016). Our 
experimental results are preliminary. Further experiments 
and investigations are needed to improve the results.
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Slope (Δt/T) long term frequency stability

Geo-potential difference measurement in 14 days (period 1) 2.23 × 10-15 6.26 × 10-15

Zero-baseline measurement in 8 days (period 2) 2.129 × 10-14 1.66 × 10-15

Table 1. Slope and frequency stability of two measurements between the fixed clock CA and the transport-
able clock CB.

(a) (b)

Fig. 5. (a) Frequency stability of data obtained by the geopotential difference measurement in period 1 and (b) frequency stability of data obtained 
by the zero-baseline measurement in period 2. These data are evaluated using the MADEV. The error bars indicate 1σ uncertainties.
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