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Abstract 

Orthometric height (H) is an important geophysical parameter widely applied in scientific research, civil 

planning, and engineering projects. However, when oceans separate the two points or the measurement points 

are on islands, it is not easy to connect the heights between them using classical measurement methods (such 

as spirit levelling combined with gravimetry). This study aimed to simulate the transfer of height datum from 

the mainland to an island using the Optical Fiber Frequency Transfer (OFFT) method, based on the principles 

of relativistic geodesy. A simulation was performed with two points approximately 200 km apart: one on the 

mainland (Hanoi station) and one on an island (Bach Long Vi Station). The optical clock Ca+ with a stability 

of 3.0 × 10-18 was placed at each point, and the two clocks were connected by an optical fiber. The main purpose 

of the simulation was to determine the geopotential difference, and consequently the orthometric height 

difference, between the stations from the measured relativistic frequency shift, providing an alternative to 

classical methods. The simulation utilized geopotential data and existing height control points as input data 

for the model setup. Besides, errors that affect the frequency difference measurement results have been added 

to the model. Through a numerical simulation, the obtained orthometric height for the Bach Long Vi island 

station was 13.968 m ± 0.022 m (its true height is 13.965 m). The simulation results presented in this study 

demonstrate the potential of the OFFT method for transmitting height datum from the mainland to an island or 

for connecting height systems between islands. However, real-world implementation faces practical challenges 

related to connecting the optical fibers and deploying ultra-stable optical clocks. 
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1. Introduction 

Height is one of the important geographical 

parameters in life, widely used in construction, traffic, 

scientific research, etc. Some of the activities 

requiring precise height have high societal impacts, 

such as: a) sea level rise [1], b) storm surges and 

coastal inundation [2], c) floods and evacuation route 

planning [3], d) crustal motion [4], and e) subsidence 

and other surface deformations due to seismic, 

mining, or other events [5]. To successfully monitor 

and manage such events regionally (e.g., floods) or 

globally (e.g., sea level rise), height information 

needs to be not only accurate but also refer to the 

same zero-height reference surface (vertical datum) 

[6] and [7]. Depending on the reference surface, there 

are several types of heights, such as orthometric 

height, normal height, dynamic height, and geodetic 

height. Each type of height has its advantages, and 

the method of determining it is also different.  

Among these types of heights, orthometric height is 

crucial and frequently used in practice due to its 

physical significance in engineering works [8]. 

There are many methods to determine the 

orthometric height of a point. The first method is to 

use a levelling instrument. The levelling method, 

combined with gravity data, yields high-accuracy 

results, at the centimeter to millimeter level [9]. Most 

countries use spirit levelling methods to establish 

height systems based on mean sea level.  However, 

this method can accumulate significant errors when 

the two measurement points are far apart. The second 

method, the GNSS method, emerged in the 1900s 

and provides more rapid height data between distant 

points. However, the height that GNSS provides is 

ellipsoidal height, which is of limited use to 

surveyors and builders.  
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To obtain the orthometric height from GNSS results, 

geoid undulation must be determined. However, 

accurately determining this value is complex and 

typically requires the use of geoid models to provide 

an approximate value [10]. 

Recently, determining the height of points on 

islands has become very important. This involves the 

construction of structures on islands, marking a 

nation's sovereignty over the islands, etc. However, 

sea level cannot be used to transfer height from the 

mainland to the islands or to connect the height 

systems between islands. The ocean surface is not 

flat due to the influence of many factors, including 

waves, wind, tides, and gravity. Therefore, each 

country that uses mean sea level as the basis for its 

national height system will have different, non-

uniform height systems. Currently, there are over 100 

different local height systems around the world [11]. 

Scientists are constantly looking for new high-

precision measuring methods to solve these 

difficulties, and applying relativistic geodesy is a 

promising method. 

Relativistic geodesy is based on Einstein’s 

general theory of relativity (GTR). According to 

GTR, there is a close relationship between clock 

frequency and gravity, called gravitational redshift.  

This means that a clock at a higher position will run 

faster than a clock at a lower position. Thus, when 

comparing the frequencies of clocks at two points, 

the geopotential difference between those two points 

can be determined. There are various methods to 

determine the gravity frequency shift between two 

points: transporting clocks between two stations 

[12][13][14] and [15]; connecting two stations by an 

optical fiber (optical fiber frequency transfer - OFFT) 

or a coaxial cable [16][17][18][19][20][21] and [22]; 

and transmitting frequency signals among different 

stations on the ground via GNSS satellites 

[23][24][25][26][27] and [28]. Among these 

methods, at present, the OFFT method offers the 

highest accuracy [20][21] and [22]. The advantage of 

transmitting light signals via optical fiber is that it 

can cancel out significant environmental noise, 

which would otherwise greatly influence 

measurement quality. An experiment using a pair of 

transportable clocks to determine the geopotential 

difference as well as the orthometric height 

difference between two points was conducted at 

Tokyo Skytree [29]. One clock was kept at the 

tower’s base, and the other was transported to the 

observation deck 450 meters up. The two clocks were 

connected by an optical fiber. After about 6 months 

of measurements, the height difference measured by 

frequency shift was 452.596±0.013 m while by the 

GNSS method was 452.650±0.039 m, by laser 

ranging was 452.631±0.013 m. Another experiment 

was conducted using a portable Ca+ optical clock 

with a systematic uncertainty of 1.3×10-17 [30]. First, 

the transportable clock was compared to the 

stationary laboratory clock. The two clocks were 

connected by an optical fiber with a length of 100 m 

at the same site. Then, the two clocks were separated 

with an orthometric height difference of 4.3 m. The 

result showed that the orthometric height difference 

calculated from the frequency shift according to 

general relativity was 4.22±0.33 m. This value was 

in consistent with the result 4.34±0.03 m measured 

by the conventional approach (spirit levelling). 

This study is a simulation that applies the OFFT 

method to determine the height difference between 

two points separated by the ocean or sea. Based on 

this, an optical fiber clock network to connect height 

systems between islands is proposed in Section 2. 

The results of the simulation of the transfer of a 

height datum from Hanoi to Bach Long Vi island are 

presented in Section 3. Discussions are presented in 

Section 4 and the final section is Conclusion. 

 

2. Method 

2.1 Gravity Frequency Shift Method 

The basic principle of the relativistic geodesy method 

is based on Einstein's GTR: the frequency of an 

electromagnetic wave changes during its propagation 

due to the effect of the gravity field, this change is 

called the gravity frequency shift [31]. 

The relativistic geodesy method uses the gravity 

frequency shift equation to determine the 

geopotential difference (as well as the orthometric 

height difference) between two points on the ground. 

Suppose a transmitting station located at point P 

emits frequency signal fP. A station at point Q 

receives the frequency fQ. According to GTR, the 

relationship between frequency shift and 

geopotential difference of the two points P and Q, 

expressed in Equation 1 [32][33] and [34]: 

 

Q Q

2

P Pf f W W

f c

− −
= −  

Equation 1 

 

Where f is the nominal frequency of the station clock, 

c is the speed of light in a vacuum, WP and WQ are the 

geopotentials at points P and Q. In this study, the 

definition of geopotential in physical geodesy is used, 

which means W is always non-negative (W ≥ 0), 

unlike the definition in physics. Thus, if point P is 

above the geoid, then WP < W0 (W0 is the geopotential 

of the points on the geoid). Equation 1 is the gravity 

frequency shift equation. From Equation 1, the 

geopotential difference ΔWPQ can be determined 

using Equation 2 [20]: 
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PQ 2

PQ

f
W c

f


 = −  

Equation 2 

 

Where ΔWPQ = WQ – WP; ΔfPQ = fQ – fP = f’ – f. 

Equation 2 shows that, after the frequency shift ΔfPQ 

is measured, the geopotential difference ΔWPQ can be 

determined. After obtaining the geopotential 

difference value, the orthometric height difference is 

determined as follows. 

 

The orthometric height HP of the point P on the 

Earth’s surface is defined in Equation 3 [35]: 

 

P
P

P

C
H

g
=  

Equation 3 

 

Where 
Pg  is the mean value of the gravity along the 

plumb line between the geoid (P0) and the surface 

point (P); CP is the geopotential number. 

 

Accurate determination of the value of Pg  is a 

significant challenge because it requires complete 

knowledge of the crust's mass density. Therefore, an 

approximation is given to calculate this value using 

Equation 4 [35]: 

 

1
2

2
P P P Pg g G H

h




 
= − + 

 
 

Equation 4 

 

Where gP is the observed gravity at each levelling 

station, G is Newton’s gravitational constant, ρ is 

density of the Earth's crust, ∂γ/∂h is normal gravity 

gradient. By substituting nominal values: G = 

66.7×10−9 cm3g−1sec−2; ρ = 2.67 g/cm3; ∂γ/∂h = 

0.3086 mGal/m, one obtains Equation 5 [35]: 

0.0424P P Pg g H= +  

Equation 5 

 

In this study, the impact of the approximation error 

on the results due to Equation 5 being an approximate 

equation is ignored. Substituting Equation 5 into 

Equation 3 yields the resulting height, which is often 

referred to as the Helmert orthometric height and 

used in practice for numerical computations of 

heights above the geoid, as shown in Equation 6 [35]: 
 

0.0424

P
P

P P

C
H

g H
=

+
 

Equation 6 

 

Since Equation 6 has HP on both sides, therefore it 

is usually solved through iteration. 

 

Figure 1 shows the frequency comparison method. In 

this figure, the black dashed lines represent the 

equipotential surface passing through points P and Q, 

the black line is the geoid. P’, Q” are the intersection 

points of plumb lines passing through P, Q and the 

geoid; HP and HQ are the orthometric heights of 

points P and Q; WP, WQ, and W0 are the geopotentials 

at points P, Q, and on the geoid; fP is the frequency 

transmitted from the optical clock set at point P, fQ is 

the frequency obtained by the optical detector set at 

point Q. Suppose at two points P and Q two optical 

clocks are placed, the frequency determined at each 

clock is fP and fQ, respectively. From Equation 6, one 

obtains Equation 7 [20]: 

 

0

0.0424 0.0424

PP
P

P P p P

W WC
H

g H g H

−
= = −

+ +
 

Equation 7 

 

Where gP is surface gravity measurement at point P, 

in m/s2, and W in m2/s2.  

 

 
 

Figure 1: Determination of the orthometric height difference by comparing clock frequencies [20] 
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Suppose the height of point P is known, and one 

needs to determine the height of point Q. Combining 

Equation 2 and Equation 7, the orthometric height of 

the point Q can be determined using Equation 8 [20]:  

 
2

PQP 0

Q Q0.0424 0.0424
Q

Q Q

fW W c
H

g H g H f

−
= − +

+ +

 

Equation 8 

 

Where gQ is surface gravity measurement at point Q, 

the frequency shift ΔfPQ is determined by the gravity 

frequency shift method. 

 

Therefore, according to Equation 7 and Equation 8, 

one obtains Equation 9 [20]: 

 
2

PQ

Q Q

( 0.0424 )

0.0424 0.0424

P P P
Q

Q Q

fH g H c
H

g H g H f

+
= +

+ +

 

Equation 9 

 

From Equation 9, if HP is known, and measure the 

frequency shift value ΔfPQ, then HQ can be 

determined. 

 

With the development of optical fiber 

manufacturing technology [36][37] and [38] and the 

accuracy of the optical clock [39] and [40], 

currently, the optical fiber frequency transfer 

technique is the best accuracy method in frequency 

shift determining methods [21][22][26] and [41].  

 

2.2 Connecting Height Systems Between Islands 

The OFFT method has many advantages in 

determining height differences, such as high 

accuracy, the frequency signal is not affected by 

environmental errors, and no limitation due to the 

distance between stations. However, when stations 

are far apart, the frequency transmission process will 

suffer from attenuation. If the distance is greater than 

the guaranteed length, there must be reasonable 

signal compensation through the use of amplifiers 

[16] and [42]. In a study in Germany, nine EDFAs 

(Erbium-doped fiber amplifiers) were used along a 

920 km fiber link connecting Max-Planck-Institut für 

Quantenoptik (MPQ) in Garching, Germany, and 

Physikalisch-Technische Bundesanstalt (PTB) in 

Braunschweig, Germany [16]. Another study used 

broad-band amplifiers and bidirectional amplifiers 

for a 1400 km of fiber optic cable connecting LNE-

SYRTE in Paris, France and PTB in Braunschweig, 

Germany [42].  

How is the OFFT method used to connect the 

height system between the islands? Suppose on the 

mainland there are SA and SB stations that already 

have height and stations S1, S2, S3, ..., Sn are on the 

islands (Figure 2).  

 

 
 

Figure 2: Schematics connecting height systems between islands 
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In Figure 2, stations SA and SB (yellow squares) are 

located on the mainland, separated by the ocean; Si 

(blue squares) are located on islands, connected by 

optical fibers (red dashed line). The height of these Si 

stations needs to be determined. Suppose station SA 

emits a signal with frequency fA, and S1 receives this 

frequency, then the frequency shift between SA and 

S1 can be determined as ΔfA1 = f1 - fA. Station S1 emits 

a signal with frequency f1, station S2 receives this 

frequency, and the frequency shift between S1 and S2 

is determined as Δf12 = f2 - f1. Finally, station Sn emits 

a signal with frequency fn, station SB receives this 

frequency, and the frequency shift between Sn and SB 

is determined as ΔfnB = fB - fn. 

From the Δfi values, the height difference 

between the stations (ΔhA1, Δh12, Δh23, ..., ΔhnB) can 

be determined. Starting from the height of station SA 

is HA, the heights of other stations can be determined 

based on the obtained height differences. At station 

SB, the height HB is determined using Equation 10: 

 

HB = HA + ΔhA1 + Δh12 + … + Δh(n-1)n + ΔhnB 

Equation 10 

 

Applying the principle of weighted error distribution 

as with the classical method (This means that 

measurements with smaller errors will have larger 

weights), the heights of station SB can be determined 

after the adjustment of the stations. 

 

3. Simulation Transfer of Height Datum from 

Hanoi to Bach Long Vi Island 

In this study, a simulation is established using two 

optical clocks connected by an optical fiber link to 

transfer height from Hanoi to Bach Long Vi island. 

In this simulation, an optical clock station is placed 

at each point (Hanoi and Bach Long Vi island) and 

connect them by an optical fiber. These stations have 

a known H value. Simulated observations are 

generated, and from there, the simulated H values are 

calculated. This value is then compared with the true 

H value to determine the differences of method. The 

geopotential values of the stations are determined by 

the EGM2008 model, which then calculates the 

frequency shift values.  Random errors are added to 

these values to obtain new frequency shift values, 

which are called observed values. From this observed 

value, use the H value of Hanoi station as a datum, 

recalculating the new H value of Bach Long Vi 

station. The difference between these two H values 

of the Bach Long Vi station is the accuracy of height 

transmission using the OFFT method. The scheme of 

the simulator is in Figure 3. Suppose the two stations 

A and B are connected by optical fiber. The frequency 

fAB is transmitted from station A to station B, the 

errors are added to create observation value f’AB, 

obtained at station B. Similarly, the frequency fBA is 

transmitted from station B to station A, resulting in 

the observation value f'BA at station A. By combining 

f'AB and f'BA, the simulated gravity frequency shift 

value is obtained, from which the simulated 

geopotential difference between the two stations and 

the simulated H value of station B are calculated. The 

accuracy of the OFFT method is evaluated by 

comparing the simulated H value to the true H value. 

 

3.1 Input Data of the Simulation 

To transfer the height datum from Hanoi to Bach 

Long Vi island (Figure 4), two datum stations are 

used: Lang station in Hanoi (is a height reference 

station in Vietnam's height system) and BLV station 

in Bach Long Vi island (is a national CORS station 

of Vietnam). In Figure 4, the yellow points are 

optical clock station and red curve is optical fiber. 
 

 
 

Figure 3: The scheme of the simulator 
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From the coordinates of the two stations, the 

EGM2008 model [43] is used to determine the 

geopotential values W; the gravity values g; and the 

geoid undulation N values at the stations. The 

orthometric height of the stations will be calculated 

according to the formula: H = h – N, in which, h is 

taken from information of the national CORS 

stations. These values are considered true values 

(These values are the best available geodetic value 

derived from the EGM2008 model). The optical 

clock used in the simulation is a Ca+ optical clock 

[44] with a stability of 3.0 × 10-18. This is a liquid 

nitrogen-cooled optical clock to reduce the 

temperature of the blackbody radiation (BBR) shield 

in the vacuum chamber. The liquid nitrogen tank, 

which is approximately 0.8 m high and 5 mm thick, 

is constructed from oxygen-free copper, offering 

good thermal conductivity. The hyper-Ramsey 

method and a high-order servo algorithm are 

employed to reduce the uncertainty caused by the 

laser light shift of the probe and the servo error. More 

details of the optical clock are presented in [44]. One 

assumes that the two stations use the same type of 

clock and have the same stability. To connect two 

clocks, single-mode fiber is used to limit dispersion 

errors. The distance of about 200km between the two 

stations is not too long, so intermediate stations and 

EDFAs are not needed. Information about the clock 

stations and related parameters of the simulation is 

listed in Table 1. A total of 720 observation values 

has been generated for this study. 

 

 
 

Figure 4: Height datum transfer from Hanoi (Lang station) to Bach Long Vi island (BLV station) use 

comparing optical clock frequency signals via OFFT technique 
 

Table 1: Relevant parameters used in optical clock network simulation 
 

Station Abbreviation Values of Parameters 

LANG (Hanoi) Coordinate 21.0251210N, 105.8047810E 

 H 27.435 m 

 W 6.2636583E+07 m2.s-2 

 g 9.7864383 m.s-2 

BLV (Bach Long Vi) Coordinate 20.129170N, 107.722660E 

 H 13.965 m 

 W 6.2636715E+07 m2.s-2 

 g 9.7862585 m.s-2 

Optical clock Ca+ stability 3.0 × 10-18 

Number of observed values  720 
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3.2 Simulation Data Processing 

From Equation 2, based on the geopotential values 

W of two stations (LANG and BLV), the frequency 

shift value can be calculated using Equation 11 [20]: 

 

2
BLV LANG

LANG BLV

W W
f f

c
−

−
 = −  

Equation 11 

 

Where Δf(LANG – BLV)obs is the simulated observation 

value. To obtain the values of Δf(LANG – BLV)obs, the 

errors are added to the Δf(LANG – BLV) value calculated 

from Equation 11. In this simulation, the error 

sources of the OFFT method are considered [20]: 

clock errors δclock, dispersion errors δDis, Doppler 

error δDop, fiber nonlinearities errors δNon, equipment 

delay errors δdelay and fiber itself errors δfib. 

Determining the magnitude of these errors plays an 

important role in generating observed values, making 

the simulation closer to reality. The total errors δtotal 

is calculated using Equation 12 [22]: 

 

δtotal = δclock + δDis + δDop + δNon + δdelay + δfib 

Equation 12 

 

In this simulation, the Ca+ optical clock as introduced 

in [44], with a stability of 3 × 10-18, is used. This is 

considered one of the most precise clocks available 

today. Therefore, the clock error is set to 3 × 10-18. 

The Doppler error δDop can be removed by using the 

Doppler noise cancellation technique [41]. Therefore, 

in this simulation, the Doppler error δDop is assumed 

to be canceled. Similarly, the fiber itself errors δfib 

will be eliminated if the two-way frequency 

transmission technique is used. Since the two-way 

frequency transmission technique is employed here, 

the fiber itself error δfib is excluded. The remaining 

errors were presented in [45]. With the use of single-

mode fiber in the simulation, most of the effect of 

dispersion error has been eliminated. The remaining 

highly influential component is polarization 

dispersion error. The magnitude of polarization 

dispersion error is determined to be about 8 × 10-18 

[45]. The nonlinear error was determined to be about 

1 × 10-19 with a clock laser stability of 1 × 10-16 [44]. 

Delay error is controlled below 1 × 10-18. Details of 

the errors are listed in Table 2. 

After determining the magnitude of the error 

sources, these errors are treated as noises and are 

added to the true value to make the observed values. 

A random noise generation method with white 

Gaussian noise is used to make observed values. The 

observed values were generated using a random 

noise model implemented in MATLAB. The total 

observation period for this simulation was set to 30 

days, with data collected at one-hour intervals. 

Consequently, 720 observation values were obtained. 

The final result obtained is the series of two-way 

observed values, as shown in Figure 5. The blue line 

illustrates the frequency data variation, revealing that 

the simulation data is relatively stable, with no 

sudden fluctuations. The average value of the two 

observed directions was the frequency shift value 

between two stations. From the observed frequency 

shift value, the observed geopotential difference 

(ΔW(LANG-BLV)obs) can be calculated according to 

Equation 2. Next, from the orthometric height of 

LANG station (HLANG), the orthometric height of 

Bach Long Vi station (H(BLV)obs) can be calculated 

according to the Equation 9. 

Compare H(BLV)obs and HBLV, the difference 

between these two values can be calculated using 

Equation 13 [22]: 

 

δH = H(BLV) – H(BLV)obs 

Equation 13 

3.3 Simulation Results 

From the observed values, Equations (2) and (9) were 

used to calculate 720 orthometric height values for 

Bach Long Vi station, as presented in Figure 6. In 

Figure 6, the blue points represent the observed 

orthometric height values for Bach Long Vi station, 

while the red line indicates the true orthometric 

height value for this station.  

 

Table 2: Error magnitudes of different error sources in simulate OFFT method 
 

Error sources Error magnitudes 

Optical clock ~ 3 × 10-18 [44] 

Polarization 

dispersion 
~ 8 × 10-18 [45] 

Delay effect ~ 1 × 10-18 [20] 

Nonlinear effects ~ 1 × 10-19 [44] 

Doppler effect Removed by using the Doppler noise cancellation technique [41] 

Fiber itself effect 
Removed by using use two-way frequency transmission 

technique [41] 

Total 1.21 × 10-17 
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Figure 5: The two-way observed values. Figure 5a is the frequency transmission from the LANG station to 

the BLV station, and Figure 5b is the opposite, the frequency transmission from the BLV  

station to the LANG station 
 

 
 

Figure 6: The 720 orthometric height values of the BLV station 

 

To increase the accuracy and generality, the 

simulation was performed 10 times, with each time 

generating 720 observation values using different 

random noise. The final result is determined by 

calculating the weighted mean and the standard error 

of the mean for measurements with varying standard 

deviations. The final results are shown in Table 3 and 

Figure 7. 

The data in Table 3 show that the change in the H 

value, as well as its STD, is minimal, remaining only 

at the centimeter level. This level of accuracy is 

sufficient to meet the requirements for establishing 

National levelling network (Fourth-Order) [46]. The 

difference in the H values across the 10 observations 

is due to random noise generated by the simulation. 

The values of the standard deviations demonstrate 

consistency with the assumptions regarding the 

model's input errors (in Table 2). If these errors were 

better controlled in practice (e.g., by using higher-

precision clocks, improved frequency transmission, 

etc.), the overall accuracy of the results would be 

significantly enhanced. From Table 3, the difference 

between the two orthometric height values H(BLV)obs 

and HBLV can be calculated. The results are shown in 

Table 4.  From Table 4, it can be seen that the 

difference between the orthometric height 

determined by the OFFT method and the true 

orthometric height of Bach Long Vi station is at the 

centimeter level. Figure 7 demonstrates that the error 

in the observations is largely uniform.  
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Table 3: Results of 10 observations 
 

Observed No. Observed orthometric height (m) STD (m) 

1 13.969 0.056 

2 13.967 0.053 

3 13.964 0.053 

4 13.968 0.080 

5 13.961 0.080 

6 13.964 0.083 

7 13.965 0.073 

8 13.976 0.077 

9 13.974 0.062 

10 13.970 0.070 

Average 13.968 0.022 
 

Table 4: Difference between the two orthometric height values 

Station 
True orthometric 

height (m) 

Observed          

orthometric height (m) 

Difference between the 

two values (m) 

BLV 13.965 13.968 ± 0.022 0.003 

 

 
Figure 7: The orthometric height values of the BLV station and its STD values in 10 time observations 

 

The results of this simulation once again prove that 

the OFFT method can determine the height 

difference with an accuracy at the centimeter. With 

this accuracy, it can be confirmed that the OFFT 

method is currently the method with the highest 

accuracy among the gravity frequency shift 

approaches. 

 

4. Discussions  

Currently, optical clocks are the highest-precision 

clocks (the stability at 10-19 to 10-18 level). According 

to relativistic geodesy, this accuracy guarantees the 

determination of orthometric height at the centimetre 

level. Moreover, this method allows the 

determination of geopotential differences and thus 

enables the determination of height differences in 

any reference system. This capability is an important 

application for connecting height systems across 

oceans where classical methods are infeasible. In this 

simulation, utilizing two optical clocks with a 

stability of 3 × 10-18 over a 200 km distance, the 

orthometric height determination yielded a standard 

error of the mean of ± 0.022 m across 10 simulation 

runs. The resulting uncertainty of ±2.2 cm, over the 

200 km distance, is acceptable for national 

establishment levelling network standards (second-

order) [46]. For individual measurements, the 

accuracy ranges from 5.6 cm to 8.3 cm, which meets 

the requirements for establishing a fourth-order 

national levelling network [46]. This confirms the 

potential feasibility of the OFFT method for critical 

national geodetic infrastructure. 
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The results of this simulation align closely with real-

world experimental results, such as those in Tokyo, 

Japan [29] (achieving ± 0.013 m), demonstrating that 

our model accurately reflects state-of-the-art clock 

performance. Furthermore, this accuracy 

significantly surpasses the results obtained by the 

GNSS-based time-frequency transfer, which yielded 

deviations up to 0.59 m [47]. In addition, this result 

also shows that the OFFT method has higher 

accuracy than the GPS levelling method (achieving 

±0.169 m [48] and ±0.286 m [49]), which has been 

widely studied and used. It is important to note that 

simulation errors are controlled, unlike the complex 

error sources encountered in real-world conditions. 

Nevertheless, the simulation results demonstrate the 

potential of the OFFT method for determining 

orthometric height with centimeter-level accuracy, if 

the technical challenges are effectively managed. 

The most significant constraint of the OFFT 

method is the requirement for a dedicated, high-

stability fiber-optic connection, which involves 

substantial implementation and maintenance costs, 

particularly for submarine installations. Fortunately, 

single-mode cables are commonly used for data 

transmission in today's information transmission 

work due to their ability to transmit data over 

distances of hundreds of kilometers with low optical 

loss. However, it is crucial to note that most existing 

telecommunication fibers are not built to the phase 

noise and stability specifications (10-18) required for 

relativistic frequency transfer. Overcoming these 

technical challenges requires complex and expensive 

upgrades (e.g., bi-directional stabilization systems, 

Erbium-doped fiber amplifiers) to the cables 

currently used to transmit information data. To 

overcome this limitation, alternative solutions such 

as clock comparison by frequency propagation in 

free space [50][51] and [52] and the development of 

optical clocks that can operate stably outside the 

laboratory [53] are promising areas of research to 

overcome the infrastructure limitations. 

 

5. Conclusions 

Simulation results demonstrate that the OFFT 

method is a promising technique for determining the 

orthometric height difference between points 

separated by the ocean.  With an optical clock with a 

stability of 3 × 10-18, the standard deviation of the 

orthometric height difference result between two 

points 200 km apart is ± 2.2 cm. This precision makes 

OFFT the ideal tool for transferring national height 

datums from the mainland to islands and for unifying 

regional height systems. The findings support the full 

applicability of optical clocks for geodetic 

measurements. However, this method also faces 

many difficulties when deployed in practice, such as 

the requirements for clock stability, the need for a 

dedicated fiber optic connection between measuring 

points, and the technical challenge of high-stability 

frequency transmission. The large initial investment, 

the high stability requirements of the clock, and the 

technical challenges in ensuring the stability of the 

frequency transmission process in optical fibers over 

long distances are still the main practical barriers to 

large-scale OFFT method application. 

Therefore, the next step should address the 

technical and economic feasibility of implementing 

this technology. Specifically, future research should 

focus on solving the technical and cost issues 

associated with upgrading existing submarine fiber 

optic infrastructure or deploying stable dedicated 

fiber optic lines for a pilot national OFFT network. 

In parallel, research into the fabrication of highly 

stable and compact optical clocks is also an important 

task in the effort for the practical deployment of the 

OFFT method.  
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