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ABSTRACT Orthometric height datum systems are critical in the geodetic community. Nonetheless, indi-
vidual nations or local regions maintain their distinct height systems. These systems, primarily determined
by conventional spirit leveling, exhibit inhomogeneity, as the mean sea level does not represent an equi-
geopotential surface. As such, accurately unifying global height systems is a persistent challenge. The gravity
frequency shift equation provides a promising approach to this issue, offering a means to unify global height
systems by comparing the frequencies of two distant clocks via optical fibers. In this study, we develop
a model based on the Optical Fiber Frequency Transfer (OFFT) method, recognized for its unparalleled
precision. We simulated a network of optical clocks interconnected by optical fibers to unify the height
system across Southeast Asia. Our study suggests that the optical fiber clock network can realize height
propagation between any two height datums at the centimeter level, providing a favorable opportunity for
achieving regional height system unification.

INDEX TERMS Regional height system, optical clocks network, OFFT, gravity frequency shift, frequency
transfer, geopotential.

I. INTRODUCTION
Orthometric height (OH) is widespread in scientific and engi-
neering endeavors. The establishment of a uniform global
height system is crucial for applications such as studying
global sea-level rise, construction of cross-country tunnels,
and monitoring of global groundwater levels, among oth-
ers [1], [2], [3], [4], [5]. Currently, over 100 localized height
systems worldwide predominantly rely on classical spirit
leveling based on mean sea level. This reliance leads to
disparities between these systems, reaching 1-2 meters [1].
To unify the global height system, the International Associ-
ation of Geodesy (IAG) released two resolutions: resolution
No.1 in 2015, for the definition and implementation of the
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International Altitude Reference System (IHRS), and resolu-
tion No.3 in 2019, for the establishment of the International
Height Reference Frame (IHRF). Following these resolu-
tions, researchers have proposed various methods to establish
a unified global height system [2], [3].

Scientists have studied multiple methodologies to unify
the global height system [2], [4], [5], [6], [7]. These include
leveling combined with gravity data [2], oceanic leveling [6],
estimating the anomalous potential by solving the geodetic
boundary value problem [7], and utilizing a global gravity
model [8]. However, despite their advantages, these method-
ologies present significant limitations that inhibit their appli-
cation in establishing a precise global height system.

Recently, scientists proposed the relativistic geodetic
method (RGM) to address this challenge. The RGM is based
on Einstein’s general relativity theory (GRT) [9]. In GRT, a
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clock at a point with smaller gravity potential (namely larger
orthometric height) runs faster than one at larger gravity
potential. Thus, using a precise clock, the height difference
between two points can be determined based on the mea-
sured time difference between these points. This approach,
initially proposed by Bjerhammar [10], is called the clock
transport approach (CTA). Another approach uses the gravity
frequency shift, which is referred to as the gravity frequency
shift approach (GSFA), which determines the height differ-
ence between two points after measuring their frequency shift
[11], [12]. Both the CTA and GSFA are referred to as the
relativistic approach and have been extensively examined and
validated by scientists over several decades [4], [5], [12],
[13], [14], [15], [16], [17], [18], [19], [20]. To determine
the geopotential difference with an accuracy of 0.1m2/s2

(equivalent to 1 cm in orthometric height), it is required a
time (or frequency) measuring system with a stability of
10−18. However, for a long time, the accuracy of clocks
was a major barrier to applying the studies of relativistic
geodesy into practice. In recent years, atomic optical clocks
have obtained great improvements in accuracy, and frequency
transfer technique has also made breakthroughs. From 2012
to the present, clocks with a stability of around 10−17 to a
stability of around 1.0 × 10−18 were successively generated
[21], [22], [23], [24], [25], [26], [27], which provide potential
applications in geodetic science.

GSFA has been applied to determine the height difference
between two points, including clock transport between two
points, frequency (time) transmission between two clocks
connected by optical fiber, and signal transmission between
two stations via GNSS satellite. In those methods, the sig-
nal transmission method via fiber optic connection (opti-
cal fiber frequency transfer (OFFT) method) can achieve
the highest centimeter-level accuracy. Similarly, the satellite
frequency signal transmission (SFST) method can achieve
altitude determinations with decimeter-to-meter accuracy.

Many researchers have studied their application in geodetic
work, recognizing the considerable benefits of optical clock
networks [28], [29], [30], [31]. International proposals for
potential optical clock networks have emerged, including in
Europe [32], the United States [33], and Japan [34]. Some
recent proposals envision an optical clock network using fiber
optic links to establish an International Height Reference
Frame [5], [35], [36], while others propose a similar network
with satellite links [4]. These studies underscore the poten-
tial of relative geodesy in establishing the global elevation
system.

This paper presents a method using frequency signal trans-
mission over optical fiber to determine the height difference
between two points. We propose a clock network connected
by optical fibers to establish a global height system. Section II
elaborates on this proposal. Section III details a simula-
tion experiment designed to test the unification of Southeast
Asia’s height system using an optical-fiber clock network.
The results of the model are presented in Sections IV and the
final section will present conclusions and discussions.

II. METHODOLOGY
In this section, we first briefly describe the process of deter-
mining the frequency shift between two separate clocks using
the OFFT technique and the method of determining the
geopotential (as well as the orthometric height) through fre-
quency shift. We then introduce an optic-fiber clock network
model that can be used to unify the global height system.

A. GRAVITY FREQUENCY SHIFT EQUATION AND OFFT
METHOD
As previously delineated in various studies [4], [11], [36],
the GSFA employs the gravity frequency shift equation to
ascertain the geopotential difference and the corresponding
orthometric height difference between two terrestrial points.
Let us assume there is a transmitting station at point A, which
emits a frequency of fA. At point B, a station receives the
frequency, denoted as fB. According to the GRT, there is a
correlation between the frequency shift and the geopotential
difference between points A and B, as expressed in prior
research [10], [11], [12]:

1WAB = −
1fAB
f

c2 + O(c−3) (1)

where f is the intrinsic frequency of the clock, which is given;
c is the speed of light in vacuum; 1fAB = fB − fA; 1WAB =

WB − WA; WA and WB are the geopotential at points A and
B, respectively, and O(c−3) represents the order terms higher
than c−2. With small elevation differences (less than 3000m),
Eq. (1) guarantees the accuracy of one-centimeter level. For
substantial height differences (more than 3000m), to attain a
centimeter-level precision, it is imperative to utilize a formula
that takes high-order terms into account [36].

Equation (1) indicates that once the frequency shift 1fAB
is measured, the geopotential difference 1WAB can be
deduced. As mentioned in Section I, OFFT is currently
the most accurate method for determining 1fAB, given that
frequency transmission via optical fibers can significantly
mitigate environmental noise. Several error sources can
influence frequency transmission via optical fiber, including
the Doppler effect, material dispersion, polarization mode
dispersion, fiber nonlinearity effects, and random errors.
Methods for mitigating these error sources are detailed in
Hoang et al. [36]. For a comprehensive understanding of
the OFFT method, readers may refer to relevant litera-
ture [36], [37], [38]. However, we will briefly outline the
principle of the OFFT method for determining the gravity
frequency shift between two stations, A and B.

Let us assume that stations A and B’s atomic clock oscil-
lation frequencies are denoted as fA and fB, respectively. The
frequency signal fA is transmitted from station A to station
B. At station B, the received frequency signal, f ′

A, can be
expressed as follows:

f ′
A =

(
fA − fB

)
+ δclock1 + δtran1 + δtide1

+ δplanet1 + δram1 (2)
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where δclock1 is the sum of clock errors, including blackbody
radiation (BBR), Zeeman effect, etc.; δtran1 is the sum of all
frequency transfer process errors, including Doppler effect,
the material dispersion, etc.; δtide1 is the error caused by tidal
effects; δplanet1 is the sum of errors caused by the principal
planets in our solar system, including the Sun, the Moon and
other planets (Mercury, Venus, Mars, Jupiter, Saturn, Uranus,
Neptune); δram1 is the random error.
Similarly, frequency signal fB is transmitted from station B

to station A. At station A, the received frequency signal f ′
B is:

f ′
B =

(
fB − fA

)
+ δclock2 + δtran2 + δtide2

+ δplanet2 + δram2 (3)

From Eqs. (2) and (3), we obtain:

f ′
B − f ′

A =
(
fB − fA

)
− (fA − fB) + (δclock2 − δclock1)

+ (δtran2 − δtran1) + (δtide2 − δtide1)

+ (δplanet2 − δplanet1) + (δram2 − δram1)

= 21fAB + δclock + δtran + δtide

+ δplanet + δram (4)

where 1fAB = fB − fA; δclock = δclock2 − δclock1; δtran =

δtran2 − δtran1; δtide = δtide2 − δtide1; δplanet = δplanet2 −

δplanet1; δram = δram2 − δram1. Hence, the gravity frequency
shift between two stations A and B can be expressed as:

1fAB =
f ′
B − f ′

A

2
−

δclock

2
−

δtran

2
−

δtide

2

−
δplanet

2
−

δram

2
(5)

Then, combining Eqs. (5) and (1), the geopotential differ-
ence 1WAB can be determined.

Let us discuss each term on the right-hand side of Equation
(5):

The first term, f ′
B − f ′

A, is the observed frequency shift
based on the two-way transmission of optical signals between
locations A and B.

The second term, δclock , accounts for all clock errors. These
include errors from blackbody radiation (BBR) [39], [40],
the Zeeman effect [40], [41], and the Stark effect [40]. These
errors are minimized during the generation of optical atomic
clocks, but residual errors (systematic and random) persist.
These are termed clock errors and relate to the atomic clock’s
stability. Two-way signal transmission can eliminate system-
atic but not random errors, which can be reduced through
multiple observations.

The third term, δtran, refers to the sum of all errors from the
frequency transfer process. This term includes the Doppler
effect, nonlinear effects, polarization dispersion, and fiber
errors. The Doppler effect and fiber errors can be eliminated
by two-way techniques during frequency transmission [42].
The fourth term, δtide, represents the error due to the Earth’s
deformation from tidal effects. The changes in potential
induced by tides can be estimated from global tide models
(e.g., [43]) or calculated using specific software [44]. Earth
tide effects can reach up to 60 cm [45], but after corrections,

residual errors in the vertical direction are on the millimeter
scale [46], [47]. The magnitude of the solid earth tide is
related to the position. For instance, near the ocean, it is larger,
and far away from the ocean, it is smaller. Tide effects must
be considered for distant stations (thousands of kilometers
apart). If the clock stations are close, two-way techniques can
rule out these errors due to identical tidal regimes.

The fifth term, δplanet , is the sum of errors caused by the
major planets in the solar system. The positions of these plan-
ets can be obtained from the Ephemerides of Planets and the
Moon [48]. Similar to tidal effects, planetary influences can
be ignored due to two-way observation techniques when the
two clock stations are close. However, to achieve centimeter-
level accuracy, all celestial bodies (except Neptune) need to
be considered for distant stations. After these corrections,
residual errors δplanet fall below 1.0 × 10−20 [46].

The sixth term, δram, sums up all random errors. This term
includes errors from the first and higher-order lattice light
shifts, density shifts, line-pulling effects, frequency combs,
etc. These errors cannot be eliminated and persist in the
measurement results.

Once 1WAB is determined, we can ascertain the OH of
point B if the OH of point A is known, as per Heiskanen and
Moritz [49] and Hofmann-Wellenhof and Moritz [50]:

HB = −
1WAB - HA(gA + 0.0424 × HA)

gA + 0.0424 × H0
B

(6)

where gA is surface gravity measurement, in gal (cm/s2), H0
B

is an approximate orthometric height at point B in km, and
1WAB is in g.p.u (cm2/s2. g.p.u is geopotential unit, 1 g.p.u =
1,000 gal.m). H0

B is an approximation that does not affect the
final result, as theHB value will be determined by an iterative
process. From Eqs. (1) and (6), we obtain:

HB =
HA(gA + 0.0424 × HA)

gA + 0.0424 × H0
B

+
1fAB
f

c2 + O(c−3) (7)

Eq. (7) shows that given HA, the HB can be determined after
the gravity frequency shift 1fAB is observed.

B. CLOCK NETWORK FOR UNIFYING THE GLOBAL
HEIGHT SYSTEM
We present a novel proposal for an optical clock network
to accomplish a unified global height system. In alignment
with the IAG convention, the IHRF reference networks must
adhere to the hierarchy established by the ITRF. Accord-
ingly, our proposed optical clock network stratifies clocks
into three categories: base, master, and slave. This network
configuration establishes connections between the various
types of clocks through fiber optic frequency transmission.
As depicted in Fig. 1, the proposed clock network compris-
ing the master, and slave clocks, interconnected via optical
fibers, is designed to harmonize the global or regional height
systems. The clocks are distinguished based on their assigned
roles within the network: (1) Each country or region has
a designated master optical clock station and several sub-
sidiary slave optical clock stations. The master and slave
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FIGURE 1. Schematic representation of the clock network interlinked
through optical fiber frequency transfer methodologies to standardize the
Southeast Asia height system. Master clocks, denoted in red, dispersed
across different countries or regions, are interconnected via optical fibers,
forming a closed loop (yellow solid curve) extending from Vietnam (VIET)
to Singapore (SING) to the Philippines (PHIL) and back to Vietnam (VIET).
Each master clock is further connected to multiple subordinate clocks
(slave clocks), represented in purple, through optical fibers, thereby
establishing regional networks (illustrated by dashed yellow curves).

clocks are interconnected by optical fibers. (2) The net-
work also incorporates a clock identified as the base clock,
which provides a universal reference point for the entire
clock system within the network. (3) Master clocks are inter-
connected via optical fibers through intermediary stations,
forming closed loops with at least three clocks in each
loop. Each master clock functions as a nodal point in the
system. Meanwhile, the placement of slave clocks offers
greater flexibilitywithout the requirement of forming a closed
loop.

Before practical application, all clocks within the network
must undergo a preliminary calibration at a single site. Sub-
sequently, the clocks are strategically positioned at various
stations.

III. SIMULATION OF OPTICAL CLOCK NETWORK TO
UNIFY THE HEIGHT SYSTEM FOR SOUTHEAST ASIA
To test the viability of employing an optical clock net-
work for unifying the height system, we created a simu-
lation of this network using a fiber-optic link specifically
designed for Southeast Asia. This region comprises eleven
countries: Indonesia, Malaysia, the Philippines, Singapore,
Thailand, Brunei, Cambodia, Laos, Myanmar, Vietnam, and
East Timor. Since these nations are predominantly separated
by the sea, consisting of several islands and archipelagos
(Indonesia and the Philippines), establishing a unified height
system presents a challenge.

Most Southeast Asian nations utilize the mean sea level
as their initial height data, employing spirit leveling methods
to create national height systems. However, using mean sea

FIGURE 2. Illustration of the connection between the VIET and SING
stations, denoted by earth-yellow squares, connected by an optical fiber.
The optical fiber incorporates Erbium-doped fiber amplifier (EDFA)
devices designed to amplify the signal and guarantee the stable transfer
of the frequency signal. fV and fS are frequency signals from stations
VIET and SING, respectively. f ′

V and f ′

S are frequency signals obtained at
stations SING and VIET, respectively. The signal is transmitted by optical
signal oscillators and received by the receiver. The optical signal oscillator
and receiver are connected to the optical clock and the comparative
measurement device.

level as the baseline for height data inevitably results in
inconsistencies across the height systems of these countries.
Furthermore, the spirit leveling method proves insufficient
when the separation between nations is primarily water bod-
ies, making inter-country height system connection a daunt-
ing task.

Given these considerations, we propose a fiber-optic
optical clock network to streamline the height system
across this region. This approach seeks to offer a plau-
sible solution to the geographical and methodological
constraints in unifying the height system for Southeast
Asia.

We first select three datum stations from the eleven coun-
tries under consideration (as indicated in Fig. 1). Each of
these countries houses an optical clock station that maintains
a connection with one of the three datum stations via optical
fiber. The known coordinates of these stations serve as the
foundation for our calculations. Leveraging these coordinates
and the EGM2008 model, we calculate the geopotential val-
ues of the stations, which we regard as the true or model
values. Subsequently, we compute the corresponding grav-
ity frequency shifts between any two stations. The subse-
quent step involves the generation of simulated observations.
We introduce various models and random errors to these
gravity frequency shifts, enabling us to derive the simu-
lated frequency shifts observed in one-way frequency signal
transfer (refer to Table 2 for details). We deduce the grav-
ity frequency shifts from these ‘‘observed’’ frequency shifts
using a bi-frequency transfer combination. Then we can cal-
culate the geopotential difference between any two stations.
Finally, we evaluate our results by comparing the measured
geopotential difference with the corresponding EGM2008
model value. This comparison facilitates an assessment of the
accuracy of our measured results.

The conceptualization of our simulation proceeds as fol-
lows (Fig. 2). Figure 2 shows the connection between the
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VIET and SING stations. Optical signal oscillators enable the
transmission of signals at each station while receivers handle
the reception. Clock signals are converted into optical fre-
quency signals before transmitting via the optical fiber. Upon
reception, the optical frequency signal is converted into a
microwave frequency signal. Frequency fV is conveyed from
the VIET station to the SING station, with various models
and random errors introduced into the signal. As a result,
an ‘‘observation’’ or measured frequency f ′

V is obtained at the
SING station. Similarly, frequency fS is transmitted from the
SING station to the VIET station, undergoing the addition
of various models and random errors, yielding an ‘‘observa-
tion’’ f ′

S at the VIET station. By amalgamating f ′
V and f ′

S ,
the ‘‘measured’’ gravity frequency shift is derived, yielding
the ‘‘measured’’ geopotential difference between the two
stations. The accuracy of the measured result can be assessed
by comparing the measured geopotential difference with the
value calculated from the EGM2008 model. The connections
between the SING-PHIL and PHIL-VIET stations operate
similarly.

A. INPUT DATA OF THE SIMULATION
To unify the height system across Southeast Asia, we select
three datum stations: the VIET station in Vietnam, the SING
station in Singapore, and the PHIL station in the Philippines.
We consider the data from the VIET station as the source (as
shown in Fig. 1).
Employing the coordinates of these three stations and

the EGM2008 model [8], we determine the geopoten-
tial values W and the gravity values g of these sta-
tions. We calculate the orthometric height of the three
stations using the formula: H = h − N , where h is
obtained from the International GNSS Service (IGS) sta-
tion data available at https://igs.org/network, and the geoid
undulation N is computed from the EGM2008 model,
accessible from http://icgem.gfz-potsdam.de/calcpoints.
We consider these computed values as the true
values.

Given the extensive length of the fiber optic connection
(exceeding 3000 km), we can establish intermediate stations
along the optical fiber between each pair of stations. The
optical clocks utilized at these stations are Ca+-type, boast-
ing stability of 3 × 10−18 [27]. To establish a connection
between each pair of these three clocks, we employ single-
mode fiber and bidirectional signal transfer to minimize
dispersion errors and offset various other errors. Addition-
ally, we incorporate Erbium-doped fiber amplifiers (EDFAs)
within the optical fiber to augment the power of the signals.
Past experiments [51] have demonstrated the effectiveness of
EDFAs in transmitting frequencies over a distance of 920 km,
maintaining the stability of 4 × 10−19.

For our simulation, we allocate an observation time of
one hour with a sampling interval of five seconds. In total,
we acquire 720 observational values. Table 1 provides
detailed information about the clock stations and related
parameters of the simulation.

TABLE 1. Relevant parameters used in optical clock network simulation.

B. SIMULATION DATA PROCESSING
From Eq. (1), based on the geopotential values W of two
stations: i and j, we can calculate the frequency shift value
as follows:

1fi - j
f

= −
Wj −Wi

c2
(8)

We denote 1f(i−j)obs as the simulated observation value.
To obtain the value 1f(i−j)obs, we add the errors to the 1f(i−j)
value calculated from Eq. (8). In this simulation, we con-
sidered various errors sources in the OFFT method [36]:
clock errors δclock (including blackbody radiation effect δBBB,
Zeeman effect δZee, Stark effect δSta, density shift, line pulling
effect, etc.), dispersion error δDis, Doppler error δDop, fiber
nonlinearities errors δNon, equipment delay errors δdelay and
errors originating from the fiber itself δfib. In addition, the
effects of the Earth’s tides δtide, and the influence of planets
in the solar system δplanet are also considered. Assessing the
magnitude of these errors is crucial in generating observed
values, thus rendering the simulation more congruent with
reality. The total errors δtotal is calculated as follows:

δtotal = δclock + δDis + δDop + δNon + δdelay

+ δfib + δtide + δplanet (9)

As previously stated, we utilize Ca+-type optical clocks in
this simulation, boasting stabilities of 3×10−18, representing
some of the most precise timekeeping devices currently avail-
able. A detailed enumeration of clock errors is provided in
Table 2. The Doppler error δDop can be effectively mitigated
by applying the Doppler noise cancellation technique [42].
Hence, we consider the Doppler error δDop as effectively
nullified for this simulation. Similarly, fiber errors δfib can be
eliminated using the two-way frequency transmission tech-
nique [42]. In the context of this simulation, where we employ
the two-way frequency transmission technique, it is thus
reasonable to assume that the fiber errors δfib are eliminated.
The residual errors are addressed following the method-

ology outlined by Williams et al. [33]. Utilizing single-mode
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TABLE 2. Error magnitudes of different error sources in the simulated OFFT method.

FIGURE 3. Gravity frequency shifts observed between pairs of the three
stations (VIET, SING, and PHIL) for one hour, with measurements taken at
5-second intervals, yielding 720 observed values for each station pair. The
orange horizontal line represents the mean value. Sub-figure a depicts
the data between the VIET and SING stations, sub-figure b presents the
data between the SING and PHIL stations, and sub-figure c displays the
data between the PHIL and VIET stations.

fiber in the simulation has facilitated mitigating most disper-
sion errors. The polarization dispersion error is the remaining
component with significant influence, with an estimatedmag-
nitude of approximately 8.0×10−18 [33]. The nonlinear error
has been quantified at approximately 8.0 × 10−19, given a
clock laser stability of 8.0×10−16 [27]. Delay error has been
regulated to remain under 8.0 × 10−18. The tidal effect is
estimated at around 4.0 × 10−19, while the influence of the
planets within our solar system has been assessed to be less
than 1.0 × 10−20 [46]. The magnitudes of various errors are
enumerated in Table 2.
Upon quantifying the magnitude of these error sources,

we conceptualize these errors as noise and subsequently com-
bine them with random noises (white Gaussian noises) to the
corresponding true values to generate the simulated observed
values. For every station pair, denoted as i and j, two-way

measurements are taken: from i to j and vice versa. These
measurements yield two observational data series: 1f(i−j)obs
and1f(j−i)obs. Subsequently, the gravity frequency shift value
between the two stations is computed using Eq. (10). The
results of this computation are presented in Table 3.

1f g(i - j)obs =
1f(i - j)obs − 1f(j - i)obs

2
(10)

The observed gravity frequency shift values, as acquired
for the three pairs of stations under study, are illustrated in
Figure 3.
Building upon the observed gravity frequency shift value

and utilizing Eq. (1), we can proceed to compute the observed
geopotential difference:

1W(i - j)obs = −

1f g(i - j)obs
f

c2 (11)

Next, the orthometric height of the VIET station (HVIET )
can be determined through the application of Eq. (7). This,
in turn, enables the calculation of the orthometric heights
for both the SING and PHIL stations before circling back to
reassess the initial VIET station.

H (obs)
SING = −

HVIET (gVIET + 0.0424HVIET )

gSING + 0.0424H0
SING

−
1W(VIET−SING)obs

gSING + 0.0424H0
SING

H (obs)
PHIL = −

H (obs)
SING(gSING + 0.0424H (obs)

SING)

gPHIL + 0.0424H0
PHIL

−
1W(SING−PHIL)obs

gPHIL + 0.0424H0
PHIL

H (obs)
VIET = −

H (obs)
PHIL(gPHIL + 0.0424H (obs)

PHIL)

gVIET + 0.0424H0
VIET

−
1W(PHIL−VIET )obs

gVIET + 0.0424H0
VIET

(12)

Utilizing the observed heights, we can derive the discrep-
ancy between these observed values and the true heights
calculated from the EGM2008 model as follows:

δHi = H (obs)
i − H true

i (13)
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TABLE 3. Difference between the calculated value using the simulated observations and the corresponding model value (Unit: (m2/s2)).

TABLE 4. Deviation between the orthometric height determined by OFFT
using simulated observations and the true value (Unit: m).

IV. RESULTS
Eqs. (10) and (11) facilitate deriving the observed gravity
frequency shift value and the observed geopotential differ-
ence between stations. The disparity between the geopotential
difference, based on the optic fiber frequency transfer using
the simulated observations, and the genuine geopotential dif-
ference derived from the EGM2008 model is demonstrated in
Table 3.
From the data presented in Table 3, we compute the

orthometric heights of the stations as well as the variance
between the observed heights and the actual heights as per
the EGM2008 model, according to Eqs. (12) and (13). The
outcomes of these calculations are illustrated in Table 4.
The findings indicate that, within a closed loop, the height

difference for the VIET station transmitted via the SING
and PHIL stations and then reverting to the original VIET
station amounted to a discrepancy of approximately 1.6 cm.
Errors in the observed values were found to be roughly on the
order of centimeters. The results of this simulation further
validate that the OFFT method is capable of ascertaining
height differences with centimeter-level precision. This level
of accuracy substantiates that the OFFT method is currently
the most precise methodology within the gravity frequency
shift approaches. Consequently, the OFFTmethod holds con-
siderable potential for unifying the global height system at the
centimeter level.

V. DISCUSSION AND CONCLUSION
The challenge of realization of unifying the global height
system with centimeter-level accuracy remains an open issue
within the geodetic community. Given its superior accuracy,
this study proposes using the OFFT method as a viable
solution. The global height system could be unified at the
centimeter level by implementing an optical clock network
equipped with high-performance clocks (1.0 × 10−18 or
higher) and connected via optical fibers.

The OFFT method’s ability to connect remote stations
through intermediate stations renders it an ideal solution for
unifying the global height system. Even connecting points
separated by oceans is no longer an insurmountable problem.

Further enhancing the method’s flexibility is the division of
clocks into groups of master and slave clocks. Moreover,
the utilization of intermediate stations and slave clocks can
potentially reduce the overall cost of the method as the
accuracy requirements for auxiliary clocks and intermediate
stations are less stringent than for the master clocks.

A simulation was established to confirm the fiber-optic
optical clock network’s accuracy in unifying Southeast Asia’s
height system. This simulation showcases the method for
harmonizing the height system across Southeast Asia, which
involves comparing the frequencies of three clocks. The
results indicate that the discrepancy between the true ortho-
metric height (OH) as per EGM2008 and the simulated
observed OH is either at the centimeter level, with an overall
accuracy of the centimeter level. These findings suggest that
the OFFT method can potentially unify the global height
system with centimeter-level accuracy.

To achieve height determinations at the centimeter level,
the accuracy of the clocks should reach a minimum of 1.0 ×

10−18. As clock technology progresses, clocks with an accu-
racy of 1.0×10−19 have been developed in laboratories, while
transportable clocks have achieved the 10−18 level. This tech-
nological advancement boosts the potential applicability and
prospect of the OFFT method in unifying the global height
system.

Given the widespread availability of the fiber optic cable
systemworldwide, particularly in urban and residential areas,
this existing infrastructure can be utilized to establish a global
optical-fiber-clock network. This network could then serve
the purpose of unifying the global height system - an accom-
plishment that could feasibly be realized in the future.
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