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1. Introduction

The development towards more services in the digital domain, based on computers and
server logs at different locations and in different networks, increases the need for high
precision time indication. Even though GPS can support this with sufficient precision, many
users do not have access to outdoor antennas. Furthermore, there is vulnerability in the
weak radio-transmission from the satellites (NSTAC) as well as the dependence on the
continuous replacement of old and outdated satellites (Chaplain). Therefore, alternative
systems to support precise time are needed. Standardization of time transfer of a master
clock is done for example in the IRIG system, but this one-way time transfer system do not
take variations in transfer time into account, mainly because it is supposed to work on short
distances (IRIG). In additional efforts to meet this request, several time and frequency
transfer methods using optical fibers have been developed or are under development, using
dedicated fibers (Kihara; Jefferts; Ebenhag2008; Kéfélian), dedicated capacity in existing
fiber networks (Calhoun) or already existing synchronization in active fiber networks
(Emardson, Ebenhag2010a). A similarity of all these techniques is the need for two-way
communication to compensate for the inevitable variations of propagation time, such as
variation of temperature and mechanical stress along the transmission path. A two-way
connection may however be undesirable when many users are connected in one network, or
when user privacy is requested. As an alternative, a one-way transmission over fiber optic
wavelength division multiplexing network with detection of variation in propagation time
has been presented (Ebenhag2010b, Hanssen).

The general conception of fiber optic communication is the transmission of digital data from
one user to another, and through recovery of the phase variation of the bit-slots after
reception, the exact time it has taken to transfer the data is of low importance. The
individual packets of the data may even follow different paths with different propagation
time, and still be interpreted correctly at the user end. Physical effects such as noise,
dispersion and polarization dependence are important, but as long as each bit can be
detected correctly, slow variations in propagation time do not affect the communication.
When the fiber is used to transmit time or frequency however, the physical properties of the
transmission link become very important. Even though time and frequency may appear as
two faces of the same parameter, there are differences in the requirement of a transmission
link. For time transfer, any variations in the delay through the link must be compensated
for, either in a real time compensator or through post processing. For frequency transfer, the
frequency shift caused by the rapidity of a change in the fiber delay must be handled.
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During the last years of the 20th century, the development and installation of optical fiber
communication systems increased rapidly, and after a few slow years, the deployment has
gained new speed. All continents are connected with submarine fiber networks, and all
major cities have installed fibers at least for their long distance communication. In regular
optical communication however, the propagation time through the fiber is of no major
concern. Slow variations are handled through clock recovery at the receiver end. Therefore,
little or no efforts have been made to develop transmission links with stable net
transmission time. The development of synchronous networks, e.g. following the first
version of Synchronous Digital Hierarchy (SDH), was left as soon as the control system
could handle asynchronous routing between different links. With the increase of the need
for precise time and frequency transfer over optical fibers, the time and time variations is
however of outmost importance. This chapter will be a review of the published work,
covering both the transfer of low frequency and time, and the necessary techniques for
accurate optical frequency transmission. Even though the similarities are apparent, the
transmission of frequency and the transmission of time require completely different
properties.

1.1 Definition of time
When the definition of time was changed in 1972 from Greenwich Mean Time (GMT) to
Universal Coordinated Time (UTC) (OICM), the need to compare clocks became more
imminent. While GMT is determined from observations of the sun, UTC is the addition of
seconds from Cesium oscillators around the world. These devices are to be compared
constantly, and since there are more than 300 oscillators on almost 60 different locations
around the world (BIPM), the preferred technique has been over radio transmission, and
presently utilizing satellites. As the society moves into an ever increasing request for
connectivity, with the subsequent needs for verification, identification, encryption etc. many
systems rely on the time signal given. To ensure the quality of time information, and to
make it robust towards radio based disturbances, there have been several suggestions on
how to communicate between the participating clock laboratories using alternative
techniques, and with the long distances at hand, the choice of optical fibers is obvious.

One second is presently defined as the duration of 9 192 631 770 periods of the radiation

corresponding to the transition between the two hyperfine levels of the ground state of the

Cesium 133 atom (OICM). This definition has been official since 1967, and it does also

correspond to the realization of a second. To increase the accuracy further, is there ongoing

research on optical clocks. Optical clocks are defined by the output of an optical frequency
standard and can offer an extremely high frequency precision and stability, exceeding the
performance of the best Cesium atomic clocks. A challenge in the early years of optical
clocks was to relate the stable optical frequency to a microwave frequency standard such as

a Cesium atomic clock. This was solved with the realization of frequency combs from

femtosecond mode-locked lasers (Paschotta). Optical clocks compared to microwave

standards such as Cesium atomic clocks have some key advantages:

e  There are certain atoms and ions with extremely well-defined clock transitions that
promise higher accuracy and stability than the best microwave atomic clocks. The
anticipated (but not yet demonstrated) relative frequency uncertainty of atomic optical
clocks for long enough averaging times (possibly a few days) is of the order of 10-18
(Paschotta).
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e The high optical frequencies themselves are of high importance because these allow
precise clock comparisons within much shorter times. For example, a 10-15 precision can
be achieved in a few seconds if the compared frequencies are in the optical range,
whereas a full day would be required for microwave clocks.

e Optical signals can easily be transported over long distances using fibers whereas
microwave cables are more expensive and have much higher losses.

Therefore, it is to be expected that in the near future the Cesium clock as the fundamental

timing reference will be replaced with an optical clock, although it is at the moment not

clear which type of optical clock would be used as such a standard. The definition of the
second will then be changed to refer to an optical frequency rather than to a microwave
frequency. However, even after that profound change, Cesium clocks (and other non-optical
atomic clocks, such as Rubidium clocks) will continue to play an important role in
technological applications as they can be simpler and more compact than optical clocks

(Paschotta). In the purpose to be able to compare two optical clocks, the optical wave must

be compared. To manage this, the optical link must be stable when it comes to frequency.

1.2 Temperature of trunk fiber

In all utilization of optical fiber, the influence of the environment must be handled, even
though the solutions depend on the application, knowledge about which properties to take
into account, and their magnitudes, is of equal importance. In time and frequency transfer,
the surrounding temperature is the main source for variations and to estimate the size, some
data is analyzed.
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Fig. 1. Soil temperature at 40” depth, at five US locations.

Most fiber in the terrestrial networks is buried in the ground, at a depth of about 1 - 2m. A
common misconception is that this would be a stable environment with respect to
temperature. Figure 1 shows the measured soil temperature at 40” depth (approx. 1 m) at
five different US locations, measured daily during 2010 (NRCS). The locations are all in the
northern part of the country, with warm summers and cold winters, and represents
examples of the worst conditions within the dataset with respect to temperature variations.
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1.3 Temperature of fiber in amplifier stations

The temperature of the fiber when it is installed into a repeater station, for amplification,
routing, or any other process, cannot be presumed stable unless verified. While many end
nodes are in rooms with controlled temperature, most inline amplifiers reside in small
buildings with less stringent environment control. Figure 2 shows the temperature detected
at 9 of the power supply cards of the amplifiers along one of the routes between Boras and
Stockholm, Sweden. The actual temperature is high since the sensor is located close to a heat
emitter, but the variations are caused by a variation in room temperature. In these stations,
the affected fiber length is short, but the variations are fast. Furthermore, if the link is
equipped with dispersion compensated fiber, these spools will be affected by the local
indoor temperature variation and may cause a difference in propagation time for signals in
opposite directions (Ebenhag2007).

Node temperatures

Temp
&
&

Time

Fig. 2. Temperature measured in power supply in 9 telecom amplifier stations.

2. Time transfer

The unique characteristic of time, which also complicates the transmission, is that it is ever-
changing, and the required information is both the actual time-of-day, (TOD) and the time
that has passed since this information was created. It can for many applications be sufficient
to estimate an approximate delay, and accept the variations, but for better accuracy than ps,
the transmission time must be constantly estimated or measured and taken into account.
The output time tow(t) from an uncompensated fiber can be described by eq.(1)

tout () = tin (t) + Tfiber(t) @

Where ti, is the time information from the transmitter clock and tsper(t) is the varying delay
through the fiber. For increased accuracy, the equation can be elaborated to:

tout(t) = tin (t) + Triper,0 T Tfiber,det(t) + Tfiver,nd ®) 2
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Where Tiber0 is the delay through the fiber at t=0, Tfier,det(t) includes any delay variations that
can be determined, and Tiber,md(t) are the remaining, random variations of transfer delay.
The main effort of any time transfer is to minimize the undetermined variations of the delay,
through complementary measurements to the actual signal transfer.

2.1 Two-way time transfer

Two-way time transfer presumes that the system is bidirectional, and that the propagation
time is equal in both directions (or at least with a deterministic and measurable difference).
It can be schematically described through figure 3.

Tsibert Tiber, det (t}

A >
< B
Ttipert T-"iber.ciet{t}
ta(ta) t(ta) ti(ta) ty(ta)

Time interval Counter Time interval Counter

Fig. 3. Schematic system for two-way time transfer.

A well-defined signal is transmitted from point A, and the time it leaves the sender is
measured with respect to the master clock A; ti(ta). When it arrives at point B, the arrival
time is measured with respect to the local clock B; ti(ts). In addition, another well-defined
signal is transmitted back from B to A, resulting in the time stamps tx(tg) and ty(ta).
Assuming that the delay through the fiber, in both directions, is Tfiber+ Tfiber,det(t), equations
(3) - (5) is derived

ti(tg) = t1(ta) + Triver T Tfiber,det ® (3)
to(ts) = to(tp) + Tfiper T Tfiber,det(t) 4
t1(tg) = t1(ta) + t2(ta) — t2(tp) ©)

Thus, the relationship between signal emitters A and B can be determined from measured
data, and the calculations can be made at either end of the link.

Time transfer over optical fibers includes two-way transfer based on transmission on a
dedicated fiber, a dedicated channel, and the piggy-back technique on existing traffic. Even
though most of these techniques is based on measurements of delay, and corrections
afterwards, some short distance transfer is achieved in real-time, were the output signal is
corrected as the transmission characteristics change (Ebenhag?008). One-way time transfer
based on two-wavelength transmission is also described in detail in this chapter.

2.1.1 Time transfer over dedicated capacity

Any transmission of a signal over a dedicated capacity requires that the network owner
allocate bandwidth for the connection. It could be a channel space in a wavelength division
multiplexed (WDM) system, or a whole fiber. Transmitting a signal over a dedicated fiber is
to some extent the simplest technology, since there are no interference from adjacent
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channels that has to be taken into account, and the modulation format can be chosen
arbitrarily.(Smotlacha; Amemiya). There are no major differences to transmit over a
dedicated channel, i.e. using one wavelength in the vicinity of others, with the exception of
any constraints induced by interchannel interference.

2.1.2 Time transfer over shared capacity

To minimize any unnecessary bandwidth allocation, it is advantageous to operate on an
active channel, where data-communication uses all, or at least most of, the available
capacity. An early approached used the data transmission of SONET OC-3 at 155,52 Mbit/s
and locked this repetition rate to the master 5 MHz. Furthermore, a synchronization signal
was generated in the data-stream at 1 pps (Calhoun). Thus, it would be possible to share the
time and frequency transfer capacity with active communication, where time transfer only
need a well defined sequence once per second.

An even less bandwidth consuming technique uses an existing well defined sequence of a
digital communication protocol for time transfer (Emardson, Ebenhag2010a). It can thereby
be called a ‘piggy-back’ technique. Time transfer using this technique relies on an existing,
continuous transmission of digital data. In this case, a sync sequence is detected in all
locations of the two-way transmission, and the time stamp defining of the occasions is
transfer separately, as a low bandwidth signal. The piggy back technique has been
presented at 10 Gbit/s on the SONET and SDH protocol, where data is transmitted in 125 us
long frames and every frame start with a sequence of 192 Al bytes, followed by 192 A2
bytes!. If every occurrence of a frame start sequence is detected at both transmitters and
both receivers of a fiber link, and all data is sent to a computational node, the necessary
timing information can be calculated for accurate time transfer. The repetitive structure of
the transmission enables a simplification, where it is sufficient to detect one sequence/s, and
with the knowledge of 125 ps interval between sequences, time transfer can be extracted
even though the four measurements correspond two four different sequences.

2.2 One-way time transfer

When the surrounding temperatures of the fiber vary, it affects both the transfer time and
the dispersion, which can be measured at the receiving end of the fiber. Since there is an
unambiguous relationship between these two parameters, the correlation between them can
be used to estimate one from the other. The measurement technique for fiber dispersion is
well known (Vella) and the variation with respect to temperature has been studied
previously (Hatton; Walter). This property is utilized in the one-way time transfer, and the
scale coefficient for a specific fiber link must be individually characterized.

In a fully operational solution, the time from the Master clock is distributed to a Slave clock,
with a precision better than what it would be in the case of a single signal was transmitted.
The system is described schematically in figure 4.

At the transmitting end, a Master clock controls two lasers, and at the receiving end a slave
clock makes an interpretation of the two signals, received after transmission over two
wavelengths, to enhance its precision. The thin and thick lines are electrical cables and
optical fibers, respectively, and the open line on top symbolizes the outdoor transmission
fiber of arbitrary length while the dashed regions indicates indoor environment.

T A1 =[11110110], A2 = [01101000]
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Fig. 4. Schematic system for one-way fiber based time transfer.

2.2.1 Theory

The theory for one-way dual wavelength optical fiber time and frequency transfer is based
on the transit time 1 for propagation of a single mode in a fiber (Cochrane) expressed as the
group velocity for a certain distance L and the wavelength A.

zg[n_z% (6)

where 7 is the refractive index and c is the speed of light in vacuum. The transit time T,
sometimes known as the group delay time, in a fiber is thus dependent on the refractive
index and the wavelength. This means that two different wavelengths will propagate at
different velocity in the same fiber. A standard single mode fiber is temperature dependent,
to an extent shown in previous studies (Walter), and the most important factor to include in
the calculations. By calculating the derivative of the transit time with respect to temperature,
both wavelength and refractive index will be taken into account as follows:

2
1 @( 2 d”) dn_, @n N=1,2 @)
5, cldT di AT " dTdA
The variation in transit time as a function of temperature can thus be calculated where Ay

N=1,2; represents the two wavelengths. The equations for the two wavelengths are
subtracted from each other, resulting in:

dL dn dn d dn dn
(dTUM n@)+ﬂgﬁ* dﬂf] dT[<m“ 1%)+/12 d;; ﬂqd;;D ®)

This expression shows how the refractive indices of the two wavelengths are influenced by
temperature, and based on this the variations in propagation time can be calculated. The
time transfer technique uses the property that the variations are different, but correlated,
which also is supported by experimental results later on.

dr
dT

dr
dr, .

2.2.2 Numerical simulations

The difference in transit time through the fiber will, as shown in eq (8) depend on the
variation of length, L, and the variation in refractive index, n. Both these effects will affect
the chromatic dispersion of the fiber, but through different properties.
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2.2.2.1 Variations in refractive index

The refractive index of the fiber can be described by eq. (9), called the Sellmeier equation
(Sellmeier; Ghosh)

B D
oz T e )

n?=A+

Where A is the wavelength in pm and the Sellmeier coefficients A, B, C, D and E have been
empirically fitted with respect to temperature, T, for different glasses. Using the data for
fused Silica (Ghosh), results in:

Sellmeier coefficient Fitted constants (SiO»)

A 6,90754*10-6T + 1,31552

B 2,35835*10-5T + 0,788404

C 5,84758*107T + 1,10199*10-2
D 5,48368*107T + 0,91326

E 100

Table 1. Empirically fitted values for Sellmeier coefficients

From these equations, the material dispersion can be calculated as?:

1 4 BC? DE? dn\?2 dn
Dy(@) =2 [_ ,1_5{<1—c/12)3 + (1—5//12)3} +4 (ﬁ) +3na (10)

where

dn 1 BC DE
a _ﬁ(u—c/mz + (1—5/,12)2) (1)
Using these parameters, the material dispersion of SiO; is calculated and shown in figure 5.

It may vary slightly in communication fibers where the silica is doped with small amount of
other substances. Nevertheless the overall behavior is comparable.

30 - Material dispersion

20 -

10

Disersion (ps/nmkm)

1,2/ 13 1.4 15 16

-10

Wavelength (um)

Fig. 5. Calculation of material dispersion in Fused Silica at 20°C.

2 This equation is corrected with respect to the reference, where the left side of the equation begins with

“ o
a -.
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From the equations (6)-(11), it is possible to estimate the amount of propagation time
variations with respect to temperature. Assuming a fiber where material dispersion is
dominant (as is the case in standard single mode fiber), at a length of 20 km and
measurement at 1530 nm and 1560 nm, the result is shown in figure 6. The slope of the
calculated dispersion is -0,0016 ps/nmkm°C, which is comparable to previously reported
results -0,0025 ps/nmkm°C for NZDSF (non-zero dispersion shifted fiber) and -0,0038
ps/nmkm°C for large core fiber (Walter).
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Fig. 6. Temperature dependence of transfer time (solid blue, left axis) and arrival time
difference (dashed red, right axis).

The solid curve (left axis) shows the transfer time for a signal at 1530 nm, and the dashed
curve shows the arrival time difference for two signals at 1530 nm and 1560 nm. Both curves
are normalized with respect to the value at 20°C, and it is apparent that the propagation
time within a single, 20 km long fiber varies with almost 30 ns when affected by 40°C
temperature difference. The calculations also suggests that this variation can be detected
and compensated for, using transmission at two wavelengths and a measurement system
that can measure time variations on ps level with sufficient precision.

2.2.2.2 Variations of length

This evaluation assumes that the cabling or mounting will stretch the fiber at increasing
temperature, however leaving the volume intact. The variations in dimensions of the glass
are assumed to be negligible. If the core of the fiber is modelled as a glass cylinder, of length
L and diameter d, a geometrical approach gives that the variation in temperature will change
the length with AL(T-Tj) and the diameter with Ad(T-Ty), such that

Ad(T-Ty) _ _ AL(T-Ty)
a 2L (12)

where T is the temperature and Ty is the reference temperature.

This change in diameter will change the dispersion according to the variation in waveguide

dispersion (Gloge; Keiser):

n,4 ., d2(Vh)
Dw(M) = _ﬁ av?

(13)

where n; is the refractive of the cladding and A is the relative difference of refractive index
in the core and in the cladding. V and b are the normalized frequency and the normalized
propagation constant, respectively, and can be found through:
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V = kaJn? — n2 = kan,V2A (14)
(B/K)*-n?
b= (15)

where k is the free-space propagation constant, f is the propagation constant and a = d/2 is
the fiber core radius. From these equations, it is apparent that fibers with notable waveguide
dispersion, e.g. dispersion shifted fibers, dispersion compensating fibers etc, will have
different response to a change in diameter d, than standard fibers where material dispersion
is dominant. However, this response must be evaluated for each fiber design, since the term
V(d2(Vb)/dV?) is between 0 and 1,2 with a maximum at V~1,2. These equations show
nevertheless that the system of detecting a variation in propagation time through a fiber
with substantial waveguide dispersion is possible, but must be optimized for the actual fiber
parameters.

2.2.3 Experimental setup

The experimental setup for the verification of the proposed time and frequency transfer
technique is shown in figure 7. Two lasers at wavelengths 1530 nm and 1560 nm are directly
modulated by a 10MHz reference oscillator and the light is launched into the SMF through a
50/50 power combiner. The reference oscillator is a frequency stabilized H-maser used as
Master clock. In the experiment, the oscillator is also used as reference to the measurement
equipment, connected as indicated by the lower line, in order to evaluate the technique.
Furthermore, to increase sensitivity, the signal from the oscillator is connected to the LO-ports
of the two double balanced mixers at the output of the transmitted signal paths. The
equipment within the dashed frame is held within a controlled environment, and the spools of
SMF are placed outdoors together with a temperature sensor for monitoring and comparison
with transfer time variations. The total sum of fiber length is 12,761.5 m, including 187.6 m of
transfer fiber between the lab and the outdoor fiber spools. At the receiving end, the two
wavelengths are separated in a 50/50 power splitter, filtered in optical band-pass filters and

) R |

Fig. 7. Experimental setup. Recl and Rec2 include optical pre-amplification, optical band
pass filter, photodiode and electrical trans-impedance amplifier. Ampl and Amp?2 are
electrical amplifiers, DVM digital voltmeter and TIC is time-interval counter. Thin lines
symbolize electrical wires and thick lines optical fibers.
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detected in two 10 Gb/s p-i-n receivers. The signals are amplified and connected to the RF
ports of two double balanced mixers. One of the signals is also divided and connected to the
reference time interval counter (TIC), which measures the total propagation time between
the transmitter and the receiver. The output of the TIC is interpreted as the precision of an
uncompensated one-way time and frequency transmission. By measuring the voltages of the
two output ports of the mixers in a digital voltmeter (DVM), a correction signal is achieved
and can be used for a real-time delay control of the uncompensated signal.

2.2.4 Experimental results

In Figure 8, the result from six days of measurement is plotted over time with the one-way
method (blue, left scale), and the estimated delay from the two-wavelength time difference
(red, left scale). The estimated transfer time T.; is made through empirical fitting, and
follows the equation:

T.st = Fyarccos(ly — 1) + F, (16)

where I; and I, are the output voltages from the two mixers, normalized with the maximum
level of each output. The numerical values of the fitting parameters, F; and F, resulting in
the lowest residual error (rms) are shown in table 2.

Compensation parameter Fitted constant
F1 1,58*10-8 s
F> 1,71*10° s

Table 2. Empirically fitted compensation constants.
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Fig. 8. Measured variations during six days. The uncompensated one-way transfer time
(blue, left axis) is compared with the compensation signal from two-wavelength difference

measurement (red, left axis). The residual error (green, right axis) is an order of magnitude
lower.
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The difference between the measured time delay and the compensation signal is shown in
the final curve (green, right axis). The stability of the output signal is thereby enhanced from
7,7 ns rms to 0,9 ns rms.

3. Frequency transfer

While time transfer stability is compensated for the actual difference in optical path length,
the frequency transfer is sensitive for how fast the delay changes. In comparison to equation
(1), the output frequency of an uncompensated fiber is described by:

faut(t) = fin(t) + diit) (17)

where fin(t) and fou(t) are the momentaneous input and output frequencies, respectively,
and t(t) is the time varying delay through the fiber. The derivative dg(t)/dt arises from the
change in t(t) with respect to the period of the microwave frequency, such that

de(t) dz(t)
T = O

(18)
3.1 Optical transfer of microwave frequency

When the fiber link is used to transfer a microwave frequency modulated on top of an
optical carrier, this variation will only be notable over long distances, or if the fiber is
installed in harsh environment (open air, sunlit roofs etc.). A two-way frequency transfer
will then schematically be implemented as shown in figure 9. The control equipment adjusts
the input signal to the phase modulator of the transmitted and returned signal, such that the
total phase variation after a round-trip in the fiber link is cancelled out.

Control and analysis
equipment

Master oscillator Slave oscillator

Modulated laser

Bidirectional phase modulator

Frequency modulator

Photodetector

Optical fiber link

Fig. 9. Schematic frequency transfer in microwave domain.

3.2 Optical comb

One key invention for optical frequency transfer, as well as for other techniques, is the
optical comb (KVA). By generating short optical pulses with a constant repetition rate, the
corresponding spectrum will consist of a comb of equidistant peaks. T. Hansch and J. Hall
managed in to broaden this spectrum to exceed one octave of optical tones, which enabled
new measurements (Hall; Holzwarth).

Figure 10 illustrates the comb structure of the optical spectrum. If one of the lowest
frequencies in the spectrum, vy, is doubled, it will create a new frequency, 2vy, close to one of
the highest in the comb, vq4. Since the difference between the two frequencies is known,
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Fig. 10. Schematic spectrum of optical comb spanning one octave.

every optical frequency in the comb can be determined at comparable accuracy of a
microwave frequency. With the parameters f. and fgir describing the repetition frequency of
the pulses creating the comb, and the measured difference frequency between 2v; and vq,
respectively, equations (19) and (20) results in the determination of an arbitrary optical
frequency vi.

191' = 191 + Nlﬁ,- (19)

Yy = Nafr + fairr (20)

3.3 Optical frequency transfer

To be able to compare two optical clocks at different locations, optical frequency transfer
over fiber is the only option. Figure 11 shows the basic technique, but does not cover all
details. It can be described as follows. The optical clock A emits a wavelength corresponding
to the atom or ion in use, usually not within the telecommunication bands. Therefore, an
ultra-stable wavelength at approximately 1550 nm is also created in lab A. Through an
optical comb, the frequency relation between these two wavelengths can be determined.

Optical clock A Optical clock B

Control and analysis Analysis
| equipment equipment

Frequency comb 1 Frequency comb

Frequency modulator

Ultrastable laser

Frequency modulator

Semi-reflecting mirror

Optical fiber link
Signal generator

Fig. 11. Schematic setup for optical frequency transfer.

The light from the ultra-stable laser is launched through an optical frequency modulator
(usually an acousto-optical modulator) and transferred through the fiber to lab B, where
another frequency modulator is passed. A semi-reflecting mirror (often the Fresnel-
reflection of the glass-air interface is sufficient) lets the light return along the same path.
After the return to lab A, the received signal is compared with the transmitted, and the
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modulation is adjusted to counteract any phase variations induced through the fiber. The
modulator in lab B is used to offset the return signal, whereas scattering effects in the fiber
will deteriorate the signal when sent at the same wavelength in both directions.

Finally, the light entering lab B is stable with respect to variations in the fiber, and can be
compared with the light emitted from Optical clock B, through another optical comb. Since
all this comparison must be performed through analog signal interference in the optical
domain, the ultra-stable frequency transfer must be performed in real-time, where any
perturbation in the fiber must be corrected on the fly. It is also significant that where a
microwave frequency can be transferred between two labs through a fiber pair, with the
addition of an increased uncertainty, optical frequency transfer must be performed through
a bi-directional two-way transfer in a single fiber.

Successful experiments with optical frequency transfer has been reported from several
groups, bridging distances up to 480 km and connecting labs with optical clocks. (Jiang;
Foreman; Terra).

4. Conclusion

In conclusion, fiber optics is shown to be an advantageous channel for precise time and
frequency transfer, both for comparing next generation optical clocks and to support the
emerging users of network time with high precision. For long baseline comparisons, there
may however be a need for new components and connection schemes, and the development
towards better and more precise links is in its beginning. The ultimate target to reach trans-
Atlantic and trans-Pacific distances will require much future effort, however definitely
achievable.
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