302 Journal of Measurement Science and Instrumentation

Vol. 7 No. 3, Sept. 2016

Precise measurement method of optical fiber length

based on timestamp technique
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Abstract: A measurement method of optical fiber length using timestamp technique is demonstrated. Based on IEEE1588 pre-

cise clock synchronization protocol, the principle that time delay asymmetry on two path results in synchronization time devia-

tion is used, and the difference between two-path delays could be deduced by measuring the synchronization time deviation re-

versely. Then the length of optical fiber on one path could be calculated if that on the other path is known. Due to the fact that

the path of Sync and Delay_Req message is symmetric, the optical pulse dispersion and the asymmetry of photoelectric detector

performance on two paths are averaged by exchanging two optical fibers. The time difference between master and slave clocks is

eliminated by sharing the same time base. At last, the lengths of two single-mode optical fibers are measured with the uncer-

tainty of 0. 578 m for 3 227. 722 m and 0. 758 m for 25 491. 522 m, respectively. Thus this method has high precision and long

range.
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For fiber optical communication and fiber optical
sensing research, measuring fiber length precisely
and feasibly becomes more and more important. The
common method is optical time domain reflection
(OTDR)M,

structive, but there are some measurement errors

This method is single end and non-de-

such as the front end positioning deviation, receiving
deviation and the blind zone. The schemes of optical
frequency domain reflectometer (OFDR)®* and opti-

cal coherent domain reflectometer (OCDR)P™

can e-
liminate the front end positioning deviation and re-
ceiving deviation, and have high resolution. But they
have trade-offs in range and sensitivity, and have

high demand on laser source.

1 Main research work

In this paper, a method using timestamp is pro-
posed to overcome the above disadvantages. The bi-

directional measurement technology of IEEE1588
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precision time synchronization protocol™ is used to
eliminate the front end positioning deviation and re-
ceiving deviation. The separation of optical sending
signal and receiving signal is adopted to avoid blind
area. High precision hardware timestamp technolo-

(911 s utilized to make the measurement more pre-

gy
cisely. Besides, this method has long range because
the signal is based on Ethernet and it has long trans-
mission distance and easy relay. In the experiment,
the optical fibers with lengths of 3 227. 722 m and
25491.522 m are measured with uncertainty of
0.578 m and 0. 758 m, respectively. Comparing the
length result with that issued by National Communi-
cations Metrology Station (NCMS), the deviation

between ours and NCMS’s is within the uncertainty.
1.1 Measurement principle and design of ex-
perimental apparatus

The experimental apparatus is shown in Fig. 1.
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Time synchronization protocol analyzer with the
model of XG7050 (SN: 007050140536) is used as
master and slave clocks, and two optical fibers with
the same length of 1. 039 m are used to connect the
master and slave clocks. The master and slave clocks
share the same time base to eliminate their time devi-
ation, At the same time, the clock is set to free state
to avoid the jitter introduced by global navigation sat-

ellite system (GNSS) taming.
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Fig. 1 Schematic of optical fiber length measuring apparatus

The principle of picture transfer protocol (PTP) is
shown in Fig. 2.
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Fig. 2 Schematic of PTP

The time deviation between the slave and master
clocks is
A— (& +t) — (g +t) + (T, — T ,)
2

where ¢, is the time when master clock sends Sync

, (D)

packet to slave clock, and z; is the time when slave
clock receives this packet. ¢; is the time when slave
clock sends Delay Req packet to master clock, and
this packet is used to calculate the reverse transmis-
sion delay. t, is the time when master clock receives
the Delay_Req packet. Ty, and Ty, are path delays
of L, and L, , respectively.

Due to L, =Ls, =L, the time deviation between

the slave and master clocks is

— (lz+t3)§([1+l‘4). (2)

A

Since master and slave clocks share the same time
base and their transmission path is short, the meas-
urement error caused by chromatic dispersion can be
ignored. So the time deviation mainly depends on the
timestamp accuracy of master and slave clocks.

First, L, is replaced by L., as shown in Fig. 3.
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Fig.3 L, is replaced by L.

It can be obtained as

(ot — ) (T =T )

A 5 (3

In order to eliminate the asymmetry of optical
pulse dispersion and photoelectric detector’ s per-
formance in bidirectional measurements, L, is re-
placed by L, for the other measurement on the basis

of Fig. 1, as shown in Fig. 4.
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Fig. 4 Ls, is replaced by L,
It can be obtained as

(t, +1t3) — (ty+1)+ (T, — T
Ay = 2 * . 4)

The following formula can be obtained by subtrac-
tion of Egs. (4) and (3), that is

Dy — A = TLJ_ —T, = LI(*‘*Ls &)

n

where ¢ is the speed of light, and n is the index of re-

fraction. And then

Lﬁﬂ&—AJ§+L (6)
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1.2 Experiment and results

The sending frequency of PTP analyzer’s Sync and
Delay Req packet is set to 1 Hz, and the time devia-
tion between the slave and master clocks is also cal-
While L4,

Ly, =—L=1.039 m, the time deviation is recorded for
13 437 s, as shown in Fig. 5.

culated one time per second.
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Fig. 5 Time deviation of slave and master clock using
1. 039 m fiber at 1 550 nm

From the above figure, it can be obtained that the
average time deviation is — 2. 999 ns, which repre-
sents the inherent deviation of the PTP analyzer.
The resolution is 1 ns and standard deviation is
0. 027 ns.

Then G. 655 optical fiber with the length of L, =
25 487.3 m and refractive index of n = 1. 46 at
1 550 nm is measured in the experiment. Adding fi-
ber jumper of 2. 111 m on both ends, the total length
of fiber is 25 491. 522 m calibrated by NCMS with
uncertainty of 1 m.

The configuration of PTP is the same as above.
First, Ly; is replaced by L., as shown in Fig. 3.
Time deviation is measured for 108 s as shown in
Fig. 6. From the above figure, it can be obtained that
the average time deviation A; is — 62 075 ns and

standard deviation is 0 ns.
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Fig. 6 Time deviation of slave and master clocks on condi-

tion that L,, is replaced by L. with length of 25 491. 522 m

Second, Ls, is replaced by L., as shown in Fig. 4.

The configuration of PTP is also the same. Time de-

viation is measured for 129 s as shown in Fig. 7.
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Fig.7 Time deviation of slave and master clocks on condi-
tion that L, is replaced by L, with length of 25 491. 522 m

From the above figure, it can be obtained that the
average time deviation A, is 62 069 ns and standard
deviation is O ns.

Substituting results into Eq. (6), it can be ob-
tained that L,=25 492. 433 m.

In order to verify the universality of this measure-
ment method, G.652 optical fiber with the length of
L.=3 223.5 m and refractive index of n=1.46 at
1 310 nm is also measured. Adding fiber jumper of
2. 111 m on both ends, the total length is L, =
3 227.722 m calibrated by NCMS with uncertainty of
1 m. The configuration of PTP is also the same. L,
is replaced by L, firstly, and the time deviation be-
tween the slave and master clocks is measured for
174 s as shown in Fig. 8. It can be obtained that the
average time deviation A; is —7 867 ns and standard

deviation is O ns.
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Fig. 8 Time deviation of slave and master clocks on condi-

tion that L, is replaced by L, with length of 3 227,722 m

Then L, is replaced by L. and time deviation is
measured for 362 s, as shown in Fig. 9. It can be ob-
tained that the deviation A, is
7 853. 006 ns and standard deviation is 0. 074 ns.

According to the above measurement results and
Eq. (6), it can be obtained that L, =3 228. 943 m.
The deviation between ours and NCMS’s is 1. 221 m.

average time
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Fig. 9 Time deviation of slave and master clocks on condi-
tion that L, is replaced by L, with length of 3 227,722 m

2 Analysis of measurement uncertainty

The uncertainty of time deviation A in the experi-
ment mainly depends on the time deviation between
master and slave clocks, time base error, disper-
sion''?), detection error of photoelectric detector and
measurement resolution.

For measuring the optical fiber length of
25 492. 522 m, the master and slave clocks share the
same time base, so the time deviation between master
and slave clocks can be ignored. Since the time base
is not tamed by the GNSS, there will be time base er-
ror in the measurement. The time base is measured
as —1.18X107", so the uncertainty due to time
base error is — 0. 118 ns within one second. Single
mode small formfactor pluggables (SFP) optical
module is used as light source in the experiment, and
its spectrum width at —20 dB is about 1 nm. The at-
tenuation coefficient of fiber is 0. 191 dB/km. and it
can be obtained that the attenuation is 4. 869 dB.
Thus the uncertainty due to narrowing of optical
pulse’s width is about 0. 5 ns. The dispersion coeffi-
cient is 17 ps/(nm * km), so the uncertainty due to
dispersion is 0. 433 ns. The error of photoelectric de-
tector is very small, so it can be ignored. The meas-
urement resolution is 1 ns, so the uncertainty due to
measurement resolution is 0. 5 ns. The larger one be-
tween measurement repeatability and resolution is a-

dopted. A; and A; has the same measurement errors,

as shown in Table 1.

Table 1 Influence factors in A; and A, . while 25 492, 522 m

optical fiber is measured

Influence factors Value (ns)
Time base 0.118
Attenuation 0.5
Dispersion 0. 433
Resolution 0.5

Based on the above influence factors, it can be ob-
tained that the uncertainty (A=2) of time deviation A
is 3. 690 ns. As the speed of light and refractive in-
dex is known, it can be obtained that the length
measurement uncertainty (k=2) of 25 492, 522 m is
0. 758 m. Comparing the measurement result L, with
that of NCMS, it can be obtained that the deviation
between ours and NCMS’s is 0. 911 m. The sum of
this uncertainty and that of NCMS is 1. 758 m. Be-
cause 0. 911 m is less than 1. 758 m, the measure-
ment error is within uncertainty.

For measuring the optical fiber length of
3227.722 m, A, and A, have the same measurement
errors, as shown in Table 2. Based on these influ-
ence factors, it can be obtained that the uncertainty
(F=2) of time deviation A is 2. 817 ns and the meas-
urement uncertainty (k= 2) of 3 227. 722 m is
0.578 m.

The sum of this uncertainty and that of NCMS is
1.578 m. Since 1. 221 m is less than 1.578 m, the

measurement error is within uncertainty.

Table 2 Influence factors in A; and A, , while 3 227, 722 m op-

tical fiber is measured

Influence factors Value (ns)
Time base 0.118
Attenuation 0.5
Dispersion 0. 055
Resolution 0.5

3 Conclusion

This paper presents a method to measure optical fi-
ber length using timestamp technique. The method is
high precise and dead zone is free. The principle that
the difference between two-path delays could be de-
duced by measuring the time deviation between the
slave and master clocks is adopted to calculate the
length of optical fiber. The optical pulse dispersion
and the asymmetricity of photoelectric detector per-
formance on two paths are eliminated by exchanging
two optical fibers. Sharing the same time base is used
to eliminate the time difference between the master
and slave clocks. The state of the clock is set to free
to avoid the jitter introduced by GNSS taming. Be-
sides, the bidirectional measurement is on separate

path, so the dead zone is free. Finally, the lengths of
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two single-mode optical fibers are measured with the
uncertainties of 0. 578 m for 3 227, 722 m and 0. 758
m for 25 491. 522 m. The measurement results are
compared with that of NCMS, It can be concluded
that the measurement error is within uncertainty.
This method could be useful in the measurement of
optical fiber length and calibration of optical fiber

length measurement device.
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