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Abstract—In this paper, an intensive theoretical and experi-
mental investigation is conducted on the dispersion-compensating
Raman amplification module configured in double-pass geometry.
An analytical model is developed to study the gain/pump efficiency
improvement and the noise performance in a novel double-pass
discrete-Raman-amplifier (DCRA) system. This paper demon-
strates that the gain and pump efficiency can be improved
significantly by using the double-pass configuration and the pump
light reflector. The impairments of multipath-interference (MPI)
noise due to the Rayleigh scattering and the external reflection
are analyzed in order to balance the high gain efficiency and the
enhanced MPI noise in the double-pass DCRA. Furthermore,
the nonlinear penalty in the DCRA system is investigated and a
10-Gb/s nonreturn-to-zero (NRZ) signal transmission in a 4
100-km fiber system is simulated. The signal quality and bit-error
rate are examined, and the optimization is done with reference
to the input signal level and Raman gain; hence, the impact of
double-pass DCRA on the dispersion-compensated optical com-
munication systems is explored.

Index Terms—Discrete Raman amplifier (DCRA), double-pass,
fiber nonlinearity, multipath interference (MPI), optical fiber am-
plifiers, Raman effects, Rayleigh scattering.

I. INTRODUCTION

I N RECENT years, the optical telecommunications industry
has seen a unique explosion in growth largely driven by

technology and massive increases in data-traffic bandwidth de-
mand. To provide sufficient cost-efficient network capacity for
future bandwidth demand, higher bit-rate and higher channel
density systems are being rapidly developed. The discoveries in
novel optical fiber amplifier devices especially enable the evo-
lution of the optical network infrastructure [1]. Among the var-
ious competing candidates for next-generation optically ampli-
fied transmission systems, fiber Raman amplifiers (FRAs) with
the distributed gain along fiber transmission lines offer the nec-
essary low-noise amplification for economical field-deployed
systems [2]–[4]. The Raman amplifier has been proven to be
an effective amplifying device for providing relative flat gains
over wide bandwidth in the band (1530–1565 nm) and
bands (1565–1625 nm) [1] and is being deployed in almost
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every new long-haul or ultralong-haul fiber-optic transmission
systems, making it one of the widely used nonlinear optical de-
vices in telecommunications [3].

Raman amplifiers can appear in a distributed, lumped, or dis-
crete structure, or optionally in a hybrid amplifying structure
when used in combination with erbium-doped fiber amplifiers
(EDFAs). Discrete Raman amplifiers (DCRAs), mostly in the
form of a pumped dispersion-compensating fiber (DCF), over-
come the bandwidth limitations created by the discrete energy
levels of erbium in EDFAs [3], [5]. Moreover, appropriately de-
signed all-Raman systems combining distributed and discrete
amplifiers could reduce numbers of discrete components com-
pared with EDFA-based systems. The DCF is a particular con-
venient gain medium [6], as it can be used not only as a disper-
sion-compensating medium but as an amplifying medium with a
Raman gain efficiency five to ten times larger than that of stan-
dard single-mode fibers (SSMFs) as well. By using a modest
amount of pump power, the DCRA can be used to offset the
loss of the dispersion compensation module and to extend new
gain bandwidth such as band (1480–1530 nm) or band
(1625–1675 nm).

However, there are two problems associated with DCF as
an amplification medium. One is that the DCF length is fixed
when it is used to compensate the dispersion of a specific fiber
span. On the other hand, when the amplifier acts only as a dis-
crete amplifier to open a new bandwidth window, rather than
being used for dispersion compensation, the fiber length can
only be adjustable within a limited range to avoid additional
dispersion accumulation. Therefore, DCF is normally limited
to be less than 10 km as an amplifying device. The short DCF
length reduces the amount of available gain for a given pump
power, thereby decreasing the pump efficiency. The high pump
power needed for sufficient signal amplification increases the
fiber nonlinearity and the system costs. At this power level (such
as 1 W), some fiber components such as connectors and wave-
length-division-multiplexers (WDMs) are highly vulnerable to
damage. Thus, an optimum gain distribution of amplifier must
be found, and the improvements in pump efficiency are needed
to make the DCRAs competitive with the performance of new
types of EDFAs [7].

In this paper, the gain/pump efficiency improvement and the
noise performance in a novel design of double-pass DCRA
system, in which a narrow-band or wide-band reflector is
used to retroreflect the signal or pump light, are investigated.
Different geometries are discussed without additional expense
of extra pump lasers. The system is evaluated with regard to the
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gain enhancement, noise figure, and fiber nonlinearity in com-
parison with the typical backward-pumping Raman amplifier.
The requirement of components according to the performance
optimization is also illustrated. Section II presents the novel
DCRA design and the analytic model to describe the gain
and noise performance considering the effect of signal/pump
double-pass geometry. The multipath interference (MPI) noise
due to the Rayleigh scattering and external reflection is dis-
cussed in detail. In addition, experiments are implemented
to validate the modeling method and prove the feasibility of
double-pass DCRA. Section III discusses the requirements of
various components in this system, such as pump stability, fiber
dispersion, and reflection ratio of reflector. In Section IV, the
fiber nonlinear effect in this DCF-based double-pass DCRA
is analyzed to compare the nonlinear impairments with the
conventional counterpumped Raman amplifier. Further, the
10-Gb/s nonreturn-to-zero (NRZ) signal qualities in the trans-
mission span employing double-pass DCRA are numerically
studied. Bit-error rate (BER) performance related to the input
signal power and Raman gain of DCRA is discussed to evaluate
the impact of this device in practical optical communication
system. Discussions and conclusions are given in Section V.

II. SYSTEM DESIGN AND SIMULATION MODEL

Fig. 1 shows the schematic of the double-pass DCRA used
in theoretical analysis and experiments. The input signal from
a tunable laser source (TLS) is injected into 3-km DCF through
the optical circulator (OC) port 1. The dropped signal from the
circulator copropagates with the pump power in the DCF and is
reflected to counterpropagate with the pump. Both narrow-band
fiber Bragg grating (FBG) and wide-band chirp-FBG (CFBG)
(reflection ratio 99 ) can be used here as the reflector. In
addition, the CFBG can provide a flexibility to compensate the
dispersion of the fiber span dynamically [8]. Thus, the length
of the gain medium is not restricted by the required amount of
accumulated dispersion in transmission lines. Moreover, a wide-
band reflector or FBG at pump wavelength can be deployed at
the fiber end to reflect the residual part of the pump power to
increase the gain efficiency further [9].

A. Raman Gain Characteristics With Small Pump Depletion

At the steady-state operating condition, there are four types
of lightwaves traveling in the amplifier, which determine the
gain profile: the forward signal, the forward pump, the reflected
signal, and the reflected pump. The power evolution of light-
waves can be described by the following coupled equations [10]:

(1)

(2)

Here, or is the forward or backward signal
power, and or is the forward/backward pump
power, respectively. or is the fiber loss at the signal or
pump wavelength. is the propagation distance from the fiber
input and is the effective Raman gain coeffi-
cient where is the Raman gain coefficient between signal and
pump, is the effective fiber area, and is the polarization

Fig. 1. Schematic system setup.

scrambling factor between pump and signal light. The temper-
ature dependence is not considered because it is negligible [1].
The Rayleigh backscattering and amplified-spontaneous-emis-
sion (ASE)-induced system noise can be included additively
(see hereafter).

In this double-pass system, by neglecting the pump deple-
tion and using , the pump power distribution

can be described as

(3)

where is the input pump power, and
. It is an equivalent bidirectional pumping

scheme. Using the boundary condition , the
forward- and backward-transmission ON–OFF signal gain can
be derived analytically as

(4)

(5)

where is total fiber length. Thus, the output signal will expe-
rience the total ON–OFF Raman gain of
(note that is the Raman gain experienced from
to ).

B. ASE Noise Characteristics

With the same notation, the ASE noise spectral density in
each state of polarization of a double-pass system can be de-
scribed as .
Using the Raman gain (4), (5), the backward and forward ASE
noise spectral density can be obtained, as follows:

(6)
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(7)

where is the passive fiber
loss; thus, the forward net gain from distance to is

, and the backward net gain from dis-
tance to is .

C. MPI Noises Induced by the Rayleigh Scattering

Unlike the white noise random process feature of ASE, the
MPI noises induced by Rayleigh backscattering are distributed
over the same wavelength band of the transmitted signal, which
is generated by the beating of multiple differently delayed
replicas of the signal itself. The contribution from signal-MPI
beat noise is more serious in our system with the introduction
of external reflection. We will examine the Rayleigh-backscat-
tered (RB) and double-Rayleigh-backscattered (DRB) light
of forward- and backward-propagating signals. The flows of
signal and RB/DRB light are shown in Fig. 2. We derive the
RB and DRB noise power separately as

(8)

(9)

(10)

(11)

where , and are
net gains, and is the Rayleigh-backscattering coefficient. Since
the Rayleigh scattering of light occurs continuously in fibers,

and will be reflected by the FBG and expe-
rience the Raman gain. Considering all these factors, we can ob-
tain a general expression of noise figure (NF) of the double-pass
DCRA in which ASE and MPI noises are generated simultane-
ously. In the beat-noise-limited detection, one can write the ef-
fective NF of DCRA [11] as

(12)
Here is the overall ON–OFF Raman gain, and
is the total MPI noise at the output port. Notice that ASE light
is randomly polarized but the degree of polarization of RB light

Fig. 2. Signal and noise (ASE and MPI) flows.

is 5/9. If we replace the ON–OFF gain by the net gain
, which includes the

transmission loss, (12) represents the real total NF of the ampli-
fication system.

D. Theoretical and Experimental Results

The double-pass DCRA is designed to cost effectively com-
pensate the dispersion and loss of conventional single-mode
fiber (SMF) or nonzero-dispersion fiber (NZDF). The param-
eters of different fiber types are listed in Table I. Nowadays, the
transmission systems require amplifier spacing of at least 80 km
in NZDF with five to six spans between electrical regeneration,
while the span of standard telecommunication SMF is about
40–50 km. In double-pass geometry, the DCF length required
for an 80-km NZDF span is less than 2 km, regardless of the
use of CFBG. It is well known that the effective length of pump

determines the effective fiber length for the Raman interac-
tion and is defined as . Since the length
of DCF is quite short, the pump reflector is certainly needed
to increase the effective Raman interaction length and improve
the gain efficiency. In order to compare with the experimental
results, we design and implement the DCRA module to com-
pensate the 40-km SMF span. A 3-km DCF is needed in the
double-pass scheme, and the is about 2.4 km.

If the input light power of a signal at 1554 nm in SMF is
10 dBm, after transmission in SMF, the input signal power in

DCF is 17.2 dBm. First, we analyzed the gain performance of
double-pass DCRA without the pump reflector. A pump light
downshifted 13.2 THz from the signal frequency was used to
provide the maximum Raman gain. Fig. 3 shows the calculated
signal and pump power distributions along the DCF for our
double-pass configuration and the traditional single-pass back-
ward-pumping amplifier. Both cases were simulated to provide
the same net gain of 17.2 dB. The double-pass amplifier was
pumped with 458 mW, and the backward-pumping single-pass
amplifier was pumped with 848 mW. Clearly, the double-pass
configuration achieved the same gain performance with 46%
less pump power in the same fiber length. The normalized pump
power transmitted in the single- and double-pass system (calcu-
lated by numerical simulation) is shown in Fig. 4. The pump
power calculated by neglecting pump depletion in double-pass
geometry is also plotted, which matches the numerical results
very well. We can observe that although the gain efficiency is
much higher in the double-pass system, a significant fraction
of pump power exits at the end of DCF. The fact that there is
more than 60% of unused pump power in the 3-km double-pass
system suggests that the gain efficiency could be improved by
adding a pump light reflector.
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TABLE I
PARAMETERS OF DIFFERENT FIBER TYPES

Fig. 3. Signal and pump power distributions along the 3-km DCF for double-
and single-pass schemes.

Fig. 4. Normalized pump power distribution along the amplifier fiber for
single- and double-pass system. Simulation and analytical results are compared
for double-pass system.

We then calculated the gain of the double-pass DCRA
with the pump reflector using the theoretical models (3) to

Fig. 5. Comparison of Raman net gains in single- and double-pass system.

(5) and evaluated the results in experiments. The experi-
ment configuration implemented is illustrated in Fig. 1. A
1455-nm Raman fiber laser (RFL) with relative intensity noise
RIN 124 dB/Hz was employed as the continuous-wave

(CW) Raman pump source and was injected through a WDM.
The measured 3-dB gain bandwidth of this pump was 20 nm,
and the peak Raman gain wavelength is 1554 nm. The FBGs
were replaced by a wide-band reflector (reflectivity 90% from
1260 to 1650 nm) to simplify the setup. It is worth noting that
the average total polarization-mode dispersion (PMD) value
of our DCF is measured as 0.82 ps, which is high enough to
neglect the polarization dependence of the Raman gain [12],
and it is reasonable to avoid the depolarization of the pump
source. In Fig. 5, Raman net gains in the same 3-km DCF were
plotted for the single- and double-pass system with the pump
reflector. The net gain of the double-pass system without the
pump reflector was also plotted for comparison. The insertion
loss caused by the reflector and the connector were taken
into account. The input signal condition was the same as that
in Fig. 3. With the pump reflection, a 3 5-dB gain increase
was obtained when the pump power exceeded 300 mW in the
double-pass geometry. Our theoretical model presented a good
prediction of the gain performance, especially at the high-gain
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Fig. 6. ASE and RB/DRB noise power versus Raman gain of double-pass
DCRA. Input signal: �17.2 dBm at 1554 nm.

region, and the double-pass amplifier exhibited much higher
gain efficiency compared with the typical single-pass amplifier.
Due to the considerable pump depletion, there were relatively
large discrepancies between the theoretical and experimental
results when the pump power was less than 100 mW in the
double-pass DCRA.

In order to evaluate the noise performance of the double-pass
system, we plotted the ASE and all of the RB/DRB noise powers
versus Raman gain in Fig. 6. The input signal condition was as-
sumed to be the same as that in Fig. 3. The ASE noise power
was integrated within the optical filter bandwidth of 0.2 nm. For
comparison, we also plotted the ASE noise power of a tradi-
tional backward-pumped 6-km DCF single-pass system. It was
clear that the ASE noise in our double-pass system was sup-
pressed by the equivalent bidirectional pumping scheme. How-
ever, the MPI noises due to the reflection played an important
role in the double-pass system. As shown here, the double-RB
light was quite weak because of the short fiber length and very
low input signal power. However, the RB light of the signal
induced by the reflection of the FBG was a key component
when considering the noise performance. The output RB noise
of the forward signal in (8) is of the same order as
ASE, but the output RB noise of the backward signal
in (10) increases with the Raman gain rapidly and overwhelms
ASE power at the high-gain region. That is, the MPI noise is
the main limitation factor of the double-pass Raman amplifier.
We compare the total NF performance versus Raman ON–OFF

gain with and without considering MPI noise contribution in
Fig. 7. When calculating the NF, we use the optical signal band-
width 10 GHz and the receiver electrical bandwidth

10 GHz [13]. In general, the NF can be reduced with
the increasing distributed Raman gain, which fits to the curve
of ASE-induced NF in Fig. 7. However, unlike the NF in tradi-
tional DCRA, the NF in the double-pass system increases drasti-
cally due to the MPI impairments when the Raman gain exceeds
14 dB, limiting the high-gain usage of the double-pass DCRA.
Although the total NF is less than 8.5 dB at the 20-dB Raman
gain, the tradeoff between the pump gain efficiency and NF tol-
erance must be taken into consideration according to the system
requirements.

Fig. 7. Total NF with/without considering the MPI noise.

Fig. 8. Total NF with different reflection ratio (R) of signal reflector.

III. DESIGN ISSUES OF DOUBLE-PASS DCRA

This section discusses the design issues of some key com-
ponents in the double-pass systems. Requirements and condi-
tions that complied with the system performances are specified
to make the double-pass DCRA a practical and feasible ampli-
fier module.

A. Optimization of the Signal Reflector

Since most of the Rayleigh-backscattering-induced noise is
due to the RB light of the backward-propagating signal (shown
in Fig. 6), we can try to vary the reflection ratio of FBG to con-
trol the reflected power of the backward amplified signal and,
hence, reduce the total NF in the high-gain region. The tunable
FBGs provide more flexibility to control the dispersion and net
gain of the double-pass DCRA module. Fig. 8 shows the total
NF for the reflection ratio of 1, 0.75, and 0.5 of FBG,
respectively. The lower the reflection ratio, the higher the NF
at the zero gain operating point due to the additional insertion
loss of FBG. By increasing the pump power and, consequently,
the ON–OFF Raman gain, we observed the NF reduction in the
high-gain region, and, hence, the minimum NF can be achieved
at the higher gain. The minimum NF of 0.75 or 0.5 can
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Fig. 9. Estimated Q penalty for different values of pump RIN at the
copumping situation.

be obtained when the DRA is operating at the ON–OFF gain of
11 or 13 dB. It is clear that we can achieve less NF and higher
Raman gain simultaneously by reducing the reflection ratio of
FBG. Note that the required pump power in this case increases
as well (such as the input pump power at 0.5 is 15% larger
than that at 1). Indeed, if we set 0, which indi-
cates the absence of a reflector, the signal will be received at
the reflector end, and the DRA is a typical single-pass amplifier
system. The RB noise has no effect on the system noise perfor-
mance, but the advantages of double-gain and high pump effi-
ciency are sacrificed.

B. Pump–RIN Transfer

Traditionally, Raman amplifiers are operated in the back-
ward pumping geometry to minimize the pump-to-signal
crosstalk and polarization-dependent gain. However, with
the available low-noise pump sources, the copumping and
bidirectional pumping schemes are feasible in practice [14].
Because there is a certain amount of copumping in our
double-pass DCRA, it is important to consider the effects of
pump-to-signal RIN transfer. Although the counterpumping
scheme has a larger tolerance of pump RIN compared with
the copumping scheme, the chromatic dispersion in the fiber
causes the signal and pump wavelength to “walk off” and
average the noise transfer from pump to signal. Analysis
shows that fibers with high dispersion between the signal
and pump wavelengths present a greater potential for the use
in copumped Raman-amplified systems [15]. We follow the
analysis procedures in [15] to study the performance degra-
dation due to RIN transfer in copropagating Raman pump
using the parameters listed in Table I and obtain the estimated
quality ( -factor) penalty in our DCF with varying Raman
gain. The results are presented in Fig. 9. The copumped
Raman amplification can tolerate up to 112 dB/Hz without
suffering a 0.1-dB penalty with 20-dB Raman gain, and
the double-pass DCRA can be made feasible using the pump
sources with RIN 112 dB/Hz. Thus, it is suitable to use
our pump source RIN 124 dB/Hz in this double-pass
geometry with respect to system performances.

Fig. 10. Equivalent light path of double-pass DCRA.

IV. NONLINEAR IMPAIRMENTS IN DOUBLE-PASS DCRA

The double-pass DCRA has been proven to outperform the
conventional counterpumped DCRA in the gain efficiency. The
decrease of pump power requirements is extremely meaningful
to make the Raman amplification competitive with the perfor-
mance of EDFAs and recent thulium-doped fiber amplifiers
(TDFAs) [16]. However, nonlinear impairments can occur for
relatively high signal powers in DCFs with a small-effective
area, even inside rather short fibers (in our case, 3-km DCF).
Interchannel effects such as four-wave mixing (FWM) or
cross-phase modulation (XPM) are mitigated by the high local
dispersion of the DCF, but self-phase modulation (SPM) can
still lead to signal distortion. The integrated nonlinear phase of
a signal power evolution over a fiber segment of length
is given by , where
is the fiber nonlinear coefficient, and is the center angular
frequency of signal [11], [17]. We assume that different signal
power evolutions on a transmission fiber of given constant
dispersion produces the same signal distortion if they have the
same integrated nonlinear phase. Our double-pass DCRA can
be viewed as a bidirectional-pumping amplifier with a signal
propagation distance twice the fiber length. A fair comparison
can be made between the double-pass DCRA and the typical
backward-pumping DCRA with the same total dispersion
experienced. Since , where is
the net gain, the signal nonlinear phase accumulation in the
double-pass system can be modeled using (3) to (5) in the
equivalent light path illustrated in Fig. 10. Here, we define
the , where is the equivalent local
loss-amplification factor, and it can be derived [17], [18] from

(13)

(14)

where the parameters are defined in Section II, and the
equivalent local loss-amplification factor of typical back-
ward-pumping DCRA can be given as [18]

(15)

where is the input pump
power at the fiber output port that supplies the same gain as the
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Fig. 11. Fiber equivalent loss of transmitted signal in double- and single-pass
DCRA system with 20-dB ON–OFF Raman gain. The nonlinearity enhancement
R is plotted versus distance.

double-pass geometry. The calculated equivalent fiber loss-am-
plification factor of the double-pass DCRA is shown in Fig. 11,
and the equivalent fiber loss of typical backward-pumping
DCRA is plotted as well for comparison. It is evident that both
amplifiers provide 20-dB ON–OFF gain. A flat distribution of
Raman gain in the double-pass system is achieved. Since there
is significant forward pumping in double-pass geometry, the
fiber nonlinearity of this type of amplifier will be larger than
that of the conventional counterpumped DCRA with the same
input conditions. For the constant nonlinear impairments, we
define to be the ratio of the overall nonlinear phase of the
signal experienced in the double-pass DCRA relative to that
experienced in the typical counterpumped DCRA

-

(16)

The signal input power of the double-pass system should be
, where is the input power of conventional

single-pass system, to insure the same cumulative nonlinearity.
The as a function of transmission distance is plotted in
Fig. 11. The initial increase of (in decibels) is due to
the forward pumping, and the decrease near the fiber end is
caused by the backward gain of counterpumping. Less than
1.5-dB power nonlinearity enhancements can be obtained in the
double-pass DCRA with 20-dB ON–OFF gain (an approximately
17-dB net gain). This indicates the possibility to employ the
double-pass DCRA as a preamplifier in a transmission system
where the signal is attenuated during the transmission in span.

A comprehensive numerical simulation of the signal trans-
mission characteristics in the fiber span employing double-pass
DCRA is demonstrated in the following section. The system is
considered as a cascade of four spans. In each span, the signal
propagates in the 100-km SSMF span and acquires the loss and
dispersion compensation in the DCRA module configured in
double-pass geometry. An 8-km DCF is employed as the gain

medium, and the ideal dispersion and dispersion slope com-
pensation is assumed. Pseudorandom-binary-sequence (PRBS)
64-b NRZ signals are assumed for intensity modulation at
10 Gb/s. The total signal envelope propagated through the
fiber span is modeled by the modified nonlinear Schrödinger
equation (NLSE) [17]

(17)

where is the group-velocity dispersion (GVD) coefficient,
and is the third-order dispersion, respectively. The wave-
form evolutions can be obtained by numerically solving this
equation with the split-step Fourier method (SSFM). Since the
signal quality degradation caused by the pump depletion and
RIN transfer is negligible according to the discussion in Sec-
tion II and III, we can replace the attenuation coefficient by the
equivalent local loss-amplification factor defined in (13) and
(14) to incorporate the Raman amplification [18]–[20]. We con-
sider the effects of the double-pass DCRA on the single-channel
signal transmission properties. The signal is output by means
of a bandpass optical filter with a 3-dB bandwidth of 40 GHz
and is then photodetected and filtered by a 12-GHz bandwidth
low-pass electrical filter. The demodulated eye diagram can be
obtained, and the BER can be estimated by following the steps
in [18].

At the receiver, the signal and delayed signal will beat
together; thus, the phase noise is converted into intensity
noise by the incoherent mixing (since the Rayleigh-scattered
pulse signal is produced along the long length of the amplifier
cavity) [21]. In order to incorporate the MPI noise effect in
the performance estimation, we study the electrical properties
of Rayleigh-scattered light. Fig. 12 shows the electrical power
spectrum of 10-Gb/s NRZ signals back to back, the signal after
transmission, and the RB light, respectively, as measured by
the electrical spectrum analyzer. The measured signal transmits
through a 50-km SSMF span and is amplified by the counter-
pumped 3-km DCF, in which the 10-dB Raman gain is applied.
The intensity noise of the Rayleigh component presents a
wide-band white noise feature, and it has a similar power level
with a transmitted signal component in the high-frequency
region (above 40 GHz). This property suggests that a low-pass
electrical filter would be necessary for the double-pass DCRA
system, and we can include the MPI noise in the system by
adding a wide-band electrical noise source at the receiver side.

The total loss in one span is about 26 dB (18 dB in the SMF,
and 8 dB in the DCF). We calculate the BER and Q factor
with respect to the input signal mean power for transmission and
present the results in Fig. 13, where Raman gains of different
values are only applied in the double-pass DCRA. At low input
power where ASE noise dominates, the performance is better
with increasing input power, whereas it starts to degrade when
the input power exceeds an optimum value, as a result of the
fiber nonlinearity overwhelming the signal-to-noise ratio (SNR)
improvement. For the error-free condition (BER of ), the
power margin achieved by using double-pass DCRA is signif-
icant with the increasing Raman gain (an 8-dB power margin
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Fig. 12. Electrical power spectrum of three types of light: back-to-back 10-Gb/s NRZ signal source, signal after transmission, and Rayleigh-scattered signal light,
respectively.

Fig. 13. (a) BER and (b)Q factor as a function of mean input signal power for
the transmission span with different ON–OFF Raman gain in double-pass DCRA.

result can be obtained when an 11-dB Raman gain is applied).
Furthermore, the minimal BER performance is obtained for a
particular combination of input signal power and Raman gain (a
16-dB Raman gain and a 0-dBm input signal). Since the Raman
amplification is provided only in the DCF module, the nonlinear
penalty is mainly due to the SPM effects where high input power
and high Raman gain are present. The degradation of BER per-
formance at the high-Raman-gain regime is also due to the MPI
noise because it is more strongly dependent on Raman gain and,
hence, results in the noise floor [22]. The Rayleigh-scattered
light is proportional to the transmitted signal power, and the en-
hanced MPI noise degrades the total noise performance at the
high-power signal input condition, which should be avoided in
the real applications.

In order to explore the optimal BER performance for the
transmission span using the double-pass DCRA, we estimate the
BER with respect to the input signal power in the span and the
ON–OFF Raman gain in the DCRA. The contour map of calcu-
lated BER is plotted in Fig. 14. The best BER of the system can
be achieved when the ON–OFF Raman gain in DCRA is 18 dB
and the input signal power is 0 dBm. The corresponding input
signal at the DCF is about 18 dBm to ensure a low-level MPI
noise.

V. CONCLUSION

The DCFs are excellent gain mediums for DCRAs be-
cause of high Raman gain efficiency due to a mall effective
area and high Ge concentration. Compared with the conven-
tional discrete EDFAs, the DCRA can be used to develop an
all-Raman-amplified system not limited to EDFA bands and to
give additional flexibility to extend the available bandwidth.
Since the cost/efficiency relation for Raman amplifiers is one of
the major concerns for wide commercial use, the DCRA with a
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Fig. 14. Contour map of the log (BER) as a function of the ON–OFF Raman
gain in DCRA and the input signal power.

double-pass configuration to provide gain/pump efficiency im-
provement and acceptable noise performance was investigated.
A theoretical model was developed for the transmitted signal,
pump, and enhanced MPI noise due to the Rayleigh scattering
and reflection in the double-pass system. Experiments were
implemented by using a 3-km DCF to prove the feasibility of
the proposed model. Both theoretical and experimental results
represent significant enhancement in gain efficiency. With the
appropriate FBG, in the same length of DCF, the double-pass
DCRA generated the same net gain with 46% less pump
power compared with the typical backward-pumped DCRA
and achieved double dispersion compensation ability. For fixed
dispersion compensation management, the double-pass geom-
etry reduced the required DCF length/cost and made the gain
distribution more evenly in the DCRA. With cascaded FBG or a
wide-band reflector covering pump wavelength, a large amount
of pump power was able to be reused and a 3 5-dB gain
increase obtained with the same pumping conditions. It was
also proven that MPI noise is the dominating source of noise
impairments in the proposed double-pass DCRA system. From
the NF performance, it can be seen that the MPI noise limits the
usage of the proposed double-pass system in the very-high-gain
regime. The tradeoff between high gain/efficiency and MPI
noise impairments has been discussed with regard to the reflec-
tion ratio of the external reflector. The wideband white noise
feature of MPI in the electrical domain suggests that a low-pass
electrical filter should be needed to maintain the signal quality
in transmission.

In order to evaluate the system transmission property with
the noise and nonlinear impairments, a 4 100-km SSMF span
with double-pass DCRA has been simulated for a 10-Gb/s NRZ
signal channel. The optimal performance is discussed according
to the Raman gain and input signal power level. For large input
power and high Raman gain, the quality penalty originates from
both the nonlinear effect and the MPI noise. The compact, low-
cost, high-efficient double-pass DCRA module is quite con-
venient for all-Raman-amplified dispersion-managed systems,

where low input power and moderate Raman gain in the DCRA
are preferred to ensure the best signal quality.
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