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Technique for Measuring Longitudinal Distribution
of Raman Gain Characteristics in Optical Fibers

Kunihiro Toge, Kazuo Hogari, Member, IEEE, and Tsuneo Horiguchi, Senior Member, |EEE, Member, OSA

Abstract—T his paper proposesanovel technique for measuring
the longitudinal distribution of the Raman gain characteristics
in concatenated single-mode optical fibers. This technique has
an attractive advantage in that the Raman gain efficiency in
concatenated optical fibers can be evaluated individually. We
describe a measurement principle for obtaining the Raman gain
efficiency distribution in optical fibers. We carried out laboratory
and field measurements based on this principle, and confirmed
that the Raman gain efficiency distribution could be measured
easily and accurately.

Index Terms—Distributed amplifiers, optical fiber testing, op-
tical fibers, Raman scattering.

I. INTRODUCTION

HE demand for greater transmission capacity is growing

rapidly as aresult of the increase in the number of broad-
band services provided by the Internet. Wavelength-division
multiplexing (WDM) technology isapromising way of meeting
this demand and is now being actively developed.

Distributed Raman amplification (DRA) has been applied
to WDM systems as one approach to extending the WDM
channel wavelength range [1]{3]. DRA gain is available at
any wavelength by changing the pump wavelength, and a
broad bandwidth can be obtained by combining multiple pump
wavelengths [4], [5]. The design of the WDM systems using
the DRA requires a sufficient understanding of the Raman gain
characteristics in optical fibers that composes optical transmis-
sion lines, because the DRA utilizes optical transmission lines
as again medium.

There have been reports on a technique to estimate the DRA
performance in connected optical fibers using optical time-do-
main reflectometry (OTDR) [6], [7]. In their approaches, the
Raman gain efficiency, which depends on the fiber parameters,
was used asaconstant valuein longitudinal direction of the con-
nected optica fibers. In fact, the Raman gain efficiency some-
what varies in optical transmission lines composed of optical
fibers, which usually have differencesin fiber parameters, such
aseffective areaof fibers. The changein fiber parameters causes
avariation in the Raman gain efficiency [8], [9]. Therefore, de-
tailed design of the DRA is necessary to understand the Raman
gain efficiency in optical transmission lines.

A technique to measure the Raman gain efficiency has been
reported [10]. This technique has been used to investigate the
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average profile of the Raman gain characteristicsin longitudinal
direction of one optical fiber. Aswe described above, however,
it is desirable for detailed design of the DRA to measure the
Raman gain efficiency in each fiber that composes optical trans-
mission lines.

This paper proposes a technique with which to measure the
longitudinal distribution of the Raman gain characteristicsin op-
tical fibers. By using thistechnique, we can evaluate the Raman
gain efficiency in concatenated fibers individually. We present
the theoretical principle behind this technique. Using this prin-
ciple as abasis, we performed experiments on various types of
fiber and installed an optical transmission line composed of ca-
bled standard single-mode fibers (SMFs).

II. MEASUREMENT PRINCIPLE

A. Basic Equations

The basic configuration that we used for obtaining the Raman
gain characteristics is shown in Fig. 1. Pulse-modulated and
continuous-wave (CW) light were used as a pump and asignal
light, respectively. These lights were counterpropagated in test
fibers. The pulsed pump light was launched into the test fibers
a Z = 0 and propagated in the 7 direction, while the CW
light was launched into the other end of the test fibers (Z = L)
and propagated in the — 7 direction. At Z = z, the CW light
was amplified by the Raman interaction between the pump and
CW lightsin the test fibers.

The optical powers of the pump and the CW lightsat Z = 2
in the test fibers are given as follows:

R =r e |- [ a2 1

2

L—z
Pcw(z) = PCW(L) exp [_ /0 acw(Z)dZ

where P, (0) is the pump power at Z = 0, and F.,(L) isthe
CW power at Z = L. o,(z) and oy () are optical loss dis-
tributions including the fiber losses and the connection losses
at the pump and CW light wavelengths, respectively. The pulse
light amplifiesthe CW light with an interaction length of +77/2,
where v is the light velocity in the optical fiber and 7" is the
optical pulse width. Thisis similar to the interaction length for
Brillouin amplification in a Brillouin optical time-domain ana-
lyzer (BOTDA) [11]. Then, the Raman gain G(z) isasfollows:

6 = [+(:)P(2) g | 3
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Fig. 1. Basic configuration.

where ~(z) isthe Raman gain efficiency defined by the Raman
gain coefficient per unit of the effective cross-section g/A. ;.
When we deal with the small gain G(z) — 1 <« 1, (3) can be
approximated by

v
Glz) =1+ fy(z)Pp(z)T. (4
Then, the amplified CW light power G(z) P..,(») propagates
through the test fibers from = to zero with optical attenuation.
Therefore, the detected CW power P,(z) isgiven by

Py(z) = Poon + Pamp(z) ®)

where

L
P(‘,on = P(‘,VV(L) €Xp [_ / acw(Z)dZ . C(‘,VV (6)
0

Pan(e) = P, @ x| [ a2z ] 5 1)
0

and C.,, isthetotal transmission loss of the optical coupler, the
optical filter, and the optical switch. The first term in (5) indi-
cates the detected CW power without the Raman amplification
(which we call continuous power). The second term indicates
the increment in the power of the amplified CW light caused
by the Raman amplification (which we call amplified power),
which changes with time. These are illustrated in Fig. 2. Con-
sequently, we can derive the Raman gain efficiency distribu-
tion y(z) from measured amplified power P, (z) by mea
suring following items: @) the continuous power F..,, b) the
pump power launchedinto thetest fibers P, (0), and c) the pump
lossdistribution «,,( #). Additionally, we can measure the wave-
length dependence of the Raman gain efficiency by changing the
CW light wavelength.

B. Measurement of Each Item

Detector | in Fig. 1 is installed through an optical switch
and used to measure the continuous power F.,,,. The amplified
power P,.,,,(%) is measured at the detector and then averaged.

corresponding to fiber length

8
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Fig. 2. Schematic illustration of detected CW power.

The pump power launched into the test fibers can be obtained
as follows:

L
F,(0) = B,(L)exp /0 a,(Z)dZ (8)

where P, (L) is the pump power at Z = L and can be easily
measured at the fiber end. The pump loss distribution «;,(z) can
be obtained by two methods:

1) by using an OTDR that operates at pump wavelength;

2) from bidirectional measurement of amplified power.

For method 1), by using the OTDR, we measure two unidi-
rectional backscattering loss curves, one from each end of test
fibers, and obtain the fiber losses and the connection losses of
test fibers from average results of both loss curves.

On the other hand, for method 2), the pump loss distribu-
tion can be measured by bidirectional measurement of amplified
power using the same equipment that we used for the Raman
gain efficiency distribution. The amplified power includes two
contributions of the pump loss distribution and the Raman gain
efficiency distribution in test fibers, aswe can seein (7). There-
fore, the pump loss distribution can be obtained by distinction
between these contributions. Here we provide concrete descrip-
tion for the method 2).
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Fig. 3. Configuration employing a reference optical fiber.

When we reverse the test fibersends Z = 0 and L, the direc-
tionsinwhich the pulsed pump light and the CW light propagate
in the test fibers are reversed. In that case, (7) can be rewritten
as follows:

P:I?np(z) = Pclzn,}/(L - Z)PR(O)

p

X exp [— /0 ap(L — Z)dz} L

9)

- (0) are the continuous power and the pump
power launched into the test fibers after the fiber ends are re-
versed, respectively. Then, (7) and (9) yield the following equa-
tion:

where P2 and Pf

Pamp (Z)
PR (L—=x

amp

5
- (7)) (7w

20y

com |2 [ w2107 e [ /OL 0 (2)dZ

=k-exp [—2 /0 ’ ap(Z)dZ} (10)

where & isindependent of distance Z. From (11), the relation-
ship between P, (2) /PR, (L — z) and the distance Z on a
logarithmic scale shows a distribution of doubled optical loss
distribution (in dB) at the pump light wavelength. As a conse-
guence, the pump loss distribution can also be obtained by mea-
suring the amplified powers bidirectionally. This method has a
featurein that only the CW signal amplified by Raman amplifi-
cation is analyzed, and provides us with the pump loss distribu-
tion without using the OTDR. Therefore, we do not need to pre-
pare another OTDR even though we measure the Raman gain
efficiency distribution at another pump wavelength. But then,
the continuous power P, and the pump power launched into
the test fibers P, (0) are required for obtaining the Raman gain
efficiency distribution.

Averager I——-—-—

v

Display

C. Measurement Employing a Reference Optical Fiber

As we described above, amplified power also includes the
contribution of the Raman gain efficiency distribution in test
fibers. Equations (7) and (9) aso yield the following equation:

Pamp (Z) Z)

— P PR, P, (0) PE (0) <’7 (2)

PR

amp

(L-

X exp [— AL ap(Z)dZ

=m - (2)*

11)

where m is independent of the distance Z. Equation (11) indi-
cates that we can obtain the relative change in the Raman gain
characteristics in test fibers. Therefore, we can extract only the
contribution of the Raman gain characteristicsin test fibersfrom
measured amplified power based on (11).

Here we consider that the test fibers are connected to arefer-
ence optical fiber with aknown Raman gain efficiency distribu-
tion, as shown with the configuration in Fig. 3. We named this
method the reference method. Asdescribed in the above section,
we reverse the test fiber end Z = 0 and the reference optical
fiber end Z = L, and change the directionsin which the pulsed
pump light and the CW light propagate in the test fibers and the
reference optical fiber, as shown in Fig. 4. When a value of the
Raman gain efficiency at the position in the reference optical
fiber Z = z..¢ isknown, the Raman gain efficiency distribution
in test fibers normalized by that in the reference optical fiber is
expressed using (11) asfollows:

,V(Zt) amp(L - Zt)

2
<’Y(Zref)> - Pamp(zref)PaR;np(L - Zref)

where z; shows the position in test fibers (0 < 2 < [). There-
fore, the normalized Raman gain efficiency can be obtained
by measuring the amplified power bidirectionally. Then, the
Raman gain efficiency distributionin thetest fiberscan beeasily
obtained using (12) because the Raman gain efficiency in the
reference optical fiber v(z.er) is aready known. With this ap-
proach, we measure only the amplified powers bidirectionally

Pamp(zt)PR

(12)
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Fig.4. Schematicillustrationsof bidirectiona measurement with thereference
method.

and do not need to measure other items, namely, the pump power
launched into thefibers F,,(0), the pumplossdistribution «,,( z),
and the continuous power P.qy,.

I1l. EXPERIMENTS AND RESULTS

A. Experimental Setup

We used a tunable LD operated in the 1520-1580 nm wave-
length range at 5-nm intervals and a modulated LD operated at
1450 nm as the CW light and the pulsed pump source, respec-
tively. The pulse width and the pulse period were 1 and 720 45,
respectively. An optical filter wasused to eliminatethe Rayleigh
scattering caused by the pulsed pump light. To obtain the Raman
gain efficiency at the linear state of polarization (SOP) between
the CW and the pump light, the SOP was controlled by using a
polarization controller composed of a quarter-wave plate (\/4)
and a half-wave plate (A/2) that reduced the fluctuation in the
detected Raman amplified power caused by the SOP depen-
dence. This changed the SOP of the CW light by adjusting the
anglef1 of theaxisinthe \/4 plate and theangle, 62, of theaxis
in the \/2 plate. The angles (61, 82) were (0°,0°), (90°,0°),
(90°,45°), and (0°,45°) for scrambling the SOP[12]. The am-
plified power at the linear SOP was twice the average values
mesasured for four angles [13].

B. Laboratory Measurements of Various Types of Fiber

We examined the Raman gain characteristics of standard
SMFs, a dispersion-shifted fiber (DSF). We performed ex-
periments on the concatenated fibers using two methods. The
first was the method where we respectively measured the
continuous power, amplified power, pump power launched
into the test fibers, and pump loss distribution. The pump loss
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Fig. 5. Example of measured waveforms of the amplified power.

distribution was obtained by the OTDR and the bidirectional
measurement of amplified power based on (10) as described in
Section 11-B. The second was the reference method based on
(12) as described in Section |1-C.

Fig. 5 shows examples of measured waveforms of the ampli-
fied power. The solid and dashed linesin Fig. 5 show the respec-
tive waveforms before and after the measured fiber ends were
reversed. It is seen that the amplified power increased due to
the Raman amplification and decreased with distance due to the
attenuation of the pump light; and that the distribution of the
Raman gain characteristicsin fiberswasinverted because of the
changein the directions in which the pulsed pump and the CW
lights propagate. These two waveformsthus can provide uswith
both the pump loss distribution and the relative change in the
Raman gain characteristicsin longitudinal direction of fibers.

Fig. 6 shows the Raman gain efficiency distributions ob-
tained with several methods. In Fig. 6(a), the solid line shows
the Raman gain efficiency distribution based on the pump loss
distribution obtained by the OTDR; the dashed line shows the
Raman gain efficiency distribution based on (10). We found
that the Raman gain efficiency remained almost constant in
the longitudinal direction in each fiber and that the results
were very similar. In Fig. 6(b), the Raman gain efficiency
distribution, which is based on (12), is normalized by that in
the reference optical fiber. The DSF was used as a reference
optical fiber with a Raman gain efficiency of 1.97 W—1km™!.
The result obtained by the reference method, which can be
calculated from the Raman gain efficiency in the reference
optica fiber, 1.97 W—'km™!, is about 0.85 W—'km* for
SMFs. Thisis in good agreement with the result in Fig. 6(3).
We can thus confirm that the Raman gain efficiency distribution
can be measured with either method.

The method for the Raman gain characteristics in various
types of fiber has been reported by many researchers[10], [15],
[16]. Their method is widely used to evaluate the average pro-
file of the Raman gain characteristicsin longitudinal direction.
Here, we examined four kinds of nonzero DSF and apuresilica
core fiber (PSCF) in addition to the SMF and the DSF using the
reference method. We also prepared the configuration used in
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their method, and measured the Raman gain efficiency to ex-
amine the validity of this study.

With their method, a CW laser diode and a broadband
CW light-emitting diode are usualy used as pump and signal
sources, respectively, to measure the spectrum of Raman gain
efficiency. Amplified signals and amplified spontaneous emis-
sion are detected by an optical spectrum analyzer, and then the
Raman gain efficiency in atest fiber is obtained by measuring
the on/off gainin signal power, the length and losses of the test
fiber, and the pump power launched into the test fiber.

Fig. 7 compares results for the wavelength dependence of the
Raman gain efficiency intest fibersnormalized by that in the ref-
erence optical fiber at a wavelength of 1550 nm. The lines and
dots show the results measured by our method and their method,
respectively. Results obtained by our method are plotted in the
1520-1580 nm range at 5-nm intervals. We found that the re-
sults agreed well, and confirmed that we can measure the wave-
length dependence of the Raman gain efficiency in test fibers.
Compared with their method, ours has the following attractive
advantages. the Raman gain efficiency can be easily obtained
without measuring the length, the losses of the test fibers, and
the pump power launched into the test fibers if we employ the
reference method. Moreover, we can measure the Raman gain
efficiency in concatenated fibers individually.
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Fig. 8. Normalized Raman gain efficiency distribution of cabled SMFs
installed in an optical fiber network at a 1550-nm signal wavelength. The
connections contained 16 fusion splices and 1 SC connector.

C. Field Measurement of Cabled SMFs Installed in Optical
Transmission Line

We aso performed a field experiment on SMF cables
installed in an optical transmission line using the reference
method. The transmission line consisted of underground cables
with atotal length of about 16 km. The configuration was the
same as that shown in Fig. 3. We connected cabled SMFs to
the reference optical fiber, and then measured the Raman gain
efficiency distribution in the optical transmission line.

Fig. 8 shows the obtained Raman gain efficiency distribu-
tionin the cabled SMFs normalized by that in the reference op-
tical fiber. It is seen that the Raman gain efficiency in cabled
SMFs varies from about 0.70 to 0.85 W—tkm™!. This may be
due to differences in the fiber parameters, such as an effective
cross-section of the optical fibers. Thisresult is close to the re-
sult we obtained for SMF in our laboratory measurements. We
aso confirmed that our technique could be used to measure the
Raman gain efficiency distribution in the field.
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IV. CONCLUSION

We proposed a technique for measuring Raman gain charac-
teristics. We confirmed experimentally that this technique en-
abled us to measure the longitudinal distribution of the Raman
gain efficiency for connected optical fibers and the wavelength
dependence both easily and accurately. A comparison of this
technique with other techniquesdemonstrateditsvalidity for use
with various types of fiber. An experiment on cabled SMFsin-
stalled in an optical transmission line revealed the practicality
of our technique.
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