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Extending Transmission Distance of High-Density
WDM Systems Using Post Transmitter Fiber
Raman Amplifiers

Ming-Seng Kao and Jingshown Wu

Abstract—We investigate the behavior of the multichannel signals in
a high-density WDM system with the consideration of stimulated Ra-
man scattering. We provide a parameter to evaluate the depth of Ra-
man crosstalk and analyze the transmission distance limitation imposed
by Raman crosstalk. To extend the system transmission distance, a
post transmitter fiber Raman amplifier is employed. The allocation of
signal channels on the pump gain profile is discussed. We found that
there exists an optimum pump power which results in a maximum am-
plifier gain. The example shows that the transmission distance limita-
tion imposed by Raman crosstalk can be extended by 20 km for a 30-
channel system with 0.25-dB /km fiber loss.

I. INTRODUCTION

INGLE-MODE optical fibers present various nonlinear op-

tical effects due to their small cross section. These optical
nonlinearities can be used for many device functions and useful
optical components [1]. However, they also present limitation
on optical fiber systems, in particular on multichannel systems,
because of nonlinear conversion of lightwaves [2], [3]. At
present the . high-density wavelength division multiplexing
(HDWDM) technique is a potential candidate to fully exploit
the vast bandwidth provided by a single-mode fiber [4], the lim-
itation caused by optical nonlinearities in an HDWDM system
is an important issue [5]. Stimulated Raman scattering (SRS)
with its much wider bandwidth than stimulated Brillouin scat-
tering is likely to be a critical limitation on an HDWDM system
[6], [7]. On the other hand, direct optical amplification by using
SRS [8], [9], called fiber Raman amplifier, which eliminates the
need of optical/electrical/optical conversion, wavelength mul-
tiplexing, and complicated electronics in conventional optical
repeaters, is of great interest in a multichannel system [10]-
[12].

This paper investigates the application of post transmitter fi-
ber Raman amplifier (PTFRA) in an HDWDM system. The
PTFRA is formed by simply employing a strong pump at the
transmitting end as a Raman amplifier to boost the signals in an
HDWDM system. The idea stems from two viewpoints. First,
with a PTFRA the signal power is expected to increase by ob-
taining power from the pump via SRS so that the system trans-
mission distance can be extended. Second, since tens of signal
channels are transmitted, the crosstalk caused by SRS is known
to be a limiting factor for an HDWDM system. In an intensity
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modulated HDWDM system, which is considered here, the Ra-
man crosstalk is manifested as the power depletion of those
shorter wavelength. channels and most severe for the shortest
wavelength channel [6]. So that the signal power of the shortest
wavelength channel is carried away which limits the system
transmission distance. By employing a PTFRA, the depleted
powers, in particular that of the shortest wavelength channel,
can be compensated. Therefore the Raman crosstalk limitation
can be extended.

In Section II, we study Raman crosstalk in an HDWDM sys-
tem. The dependence of Raman crosstalk on the system param-
eters including signal powers, channel numbers, and channel
spacings is illustrated. In Section III we investigate the signal
propagation with and without a PTFRA. We have discussed the
influence of channel allocation within the pump gain profile in
Section IV. An optimum pump power which results in a maxi-
mum amplifier gain is shown. We also estimate the extension
of transmission distance with the use of PTFRA and finally con-
clude the article.

II. RAMAN CROSSTALK

Here we consider the crosstalk caused by SRS in an N-chan-
nel HDWDM fiber transmission system. Let A and o denote the
effective core area and loss coefficient of the fiber, respectively.
The effective fiber core diameter can be calculated through ap-
propriate overlap integrals. Here we assume a 6-um effective
core diameter and take o as 0.25 dB/km. We use a piecewise
linear function as shown in Fig. 1 to approximate the measured
gain profile [13] and take the Raman gain peak as 8 X 107"
m/W at Raman shift v, = 440 em™!' (1 em™! = 30 GHz).

In an HDWDM system the signal linewidths are much smaller
than the bandwidth of Raman gain profile (about 58 nm at 1.55
pm), hence the Raman gain for a signal channel can be taken
as a constant. The Raman gain constant coupling the ith and
mth signal channels g,,, can then be obtained from the piecewise
linear function shown in Fig. 1 with Raman shift vz = v, —
v,., Where v; and v, denote the lightwave frequencies of the
ith and mth channels and v; > vy,

Let the signal powers S;(0) (i = 1, 2, * -+ - N) be injected
at z = 0 and travel in the +z direction. We assume all the sig-
nals are pulse modulated and deal with the worst case that all
the channels are in the ON state. In a pulse modulated HDWDM
system, fiber dispersion can cause group velocity mismatch
among the different wavelength signal pulses which results in
walk-off effect in the Raman processes. However, a system with
pulse duration beyond about a nanosecond, where the effect of
group velocity mismatch is essentially negligible, can be treated
as a continuous wave (CW) case [14]. For high-speed systems
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Fig. 1. The measured and approximated Raman gain profile in fibers.

operating in subnanosecond range, the group velocity mismatch
among the signals can somewhat reduce the mutual Raman in-
teractions so that the crosstalk decreases. Here for simplicity
we merely consider a system with pulse duration beyond a na-
nosecond so that the Raman interactions are treated as a CW
case. For the high-speed systems with pulse duration less than
a nanosecond the results of this paper can be viewed as an over-
estimate.

Considering Raman crosstalk, the coupled equations govern-
ing the propagation of the multiwavelength signals are formu-
lated as

ds;(z) [ ' giSi(2)
SRR o - + —
dz * j§l 24

Vg g.-kSk(z)]
k=i+1 Vg 24 Si(z),

i=1,2,---N (1)

where we assume v, > vy, - - © > vy and the N channels are
equally spaced with channel spacing Av. The second and the
third terms in the parenthesis of (1) should be omitted for i =
1 and i = N, respectively. The first term denotes the fiber loss
while the second and the third terms express the cross coupling
among the signal channels. The factor 2 in the second and the
third terms of the denominator accounts for the random polari-
zation of the signal waves [15].

These cross coupling terms results in crosstalk among the sig-
nals. As a result, optical powers of the shorter wavelength chan-
nels will be depleted by the longer wavelength channels. This
occurs most severe for the shortest wavelength channel, Chan-
nel 1 (CH 1). Therefore, the transmission distance will be lim-
ited by CH 1 if equal signal powers are launched at the
transmitting end. For the sake of clarity, we consider equal
transmitted signal powers hereafter. We introduce a variable
change to simplify the coupling equations. Let

Si(z) = exp (Vi(z) — oz) (2)

where the term e ~* accounts for linear fiber loss and e"(* de-
scribes the variation of the ith signal power due to mutual cou-
plings. If no Raman interaction exists, e"? is a constant. We
have

s, :
) (D - o) 50 (3)

substituting (3) into (1) becomes

dV;(Z) _ [iil gﬁeVi(Z) ~ N
dz =1 24

Vi
gs_igike x(z)

k=i+1vg 24

} e . (4)
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Fig. 2. The variation of signal powers versus fiber length. For familiarity
we use wavelength unit for Av.

In the region far from the transmitting end e ~** = 0 then

aVi(z) _
T = 0. (5)

From (3) and (5) it is apparent that in the far end region all the
signals are expected to propagate nearly with fiber loss and ex-
perience little cross coupling because of low signal levels. Fig.
2 shows the variation of signal powers along a fiber for CH 1
and CH N. In addition to fiber loss, CH 1, being the shortest
wavelength channel, is depleted by the other channels due to
Raman crosstalk while CH N, being the longest wavelength
channel, obtains power from the other channels particularly
when the initial signal powers are large. It is clear that CH 1
will limit system transmission distance. Hence, in the following
we consider CH 1 only. At the transmitting end (z = 0), e ~*
= 1, then

Vi(0y N

_ [zg___
z=0 j=1 24

Vi (0)
Vs e

k=i+1vg 24

dvi(z)

4 bo

Let S, denote the initial transmitted signal power for the
channels, i.e., 5;(0) = So. Since S;(0) = ¢"?, expression (6)
for CH 1 is written as

W) s, (1)
dz z=0
where
N v g
s1 &1k
= —_ = 8
¢ k§2 vy 24 ®)

Expression (8) indicates that C, is a system parameter which
depends on the number of channels, signal frequencies, cross
coupling constants, as well as the effective core area. If C, S,
<< a, it is apparent from (3) that S, (z) will propagate nearly
with fiber loss and negligible cross coupling. In this case the
Raman crosstalk is small. For the case where C; S, >> «, it is
expected that strong cross coupling occurs so that CH 1 is se-
verely depleted by the other channels. We define a parameter R
as

_GS

o

R

9)
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Fig. 4. The relation between T, and R for several channel spacings.

which is essentially the ratio of cross coupling to fiber loss for
CH 1. We also define a crosstalk coefficient for CH 1 as

Si(L)

T,=-10 logs p=— (10)
0

where S; (L) is the received signal power of CH 1 atz = L.

Figs. 3 and 4 show the relation between T, and R for various
channel numbers and channel spacings, respectively. Here nu-
merical analyses are carried out to solve the coupling equations.
In the examples S, is equal to Ra/C; where C, is calculated
from (8). We see that T; increases with R and increases rapidly
when R > 1. Hence, the parameter R can be used to evaluate
the depth of Raman crosstalk. For a system to operate with little
Raman crosstalk, the parameter should be kept small.

There exists a maximum received signal power for CH 1, as
depicted in Fig. 5, at a distance L from the transmitting end. At
low transmitted signal power level, S;(L) increases with Sp;
after reaching a maximum value, S, (L) decreases as S, further
increases. This is due to Raman crosstalk and we cannot further
increase the received signal power if the maximum point is
reached. Therefore the system transmission distance is limited.
The departure from the linear loss curve accounts for the amount
of Raman crosstalk. Depending on system parameters, the max-
ima occur at different transmitted signal levels as shown in Fig.
6. This limitation can be relaxed if narrow channel spacing is
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Fig. 5. The received versus transmitted signal power of CH 1 for two
channel numbers.
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Fig. 6. The received versus transmitted signal powers of CH 1 for two
channel spacings.

used. But it requires narrower linewidth DFB lasers and higher
resolution wavelength demultiplexers which restrict the use of
such scheme.

III. SIGNAL PROPAGATION IN AN HDWDM SYSTEM
witH PTFRA

In this section we consider the use of PTFRA to extend the
transmission distance limitation imposed by Raman crosstalk.
The PTFRA can be constructed by employing a strong contin-
uous pump light at the transmitting end. The pump frequency
v, is chosen so that v, > v, hence optical power of the pump
can be coupled to the signals through SRS. With a strong pump
power P(0) injected at z = O with the signals, the coupled
equations become

dsi(z) _ | _ & o 8i5(2)
5 = [ @+ P(2) +,§1 4
N
k}ilﬂl’j—”‘;&‘—‘;#] S(z), i=12---N
(11)
dP(z) _ _ o &g,-s,«(z)]
2 l:a+i§1 vy 24 P(2) (12)
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Fig. 7. The allocation of signal channels within the pump gain profile. (a)
Place the channels within the high-gain region. (b) Locate CH 1 at the gain
peak.

where g; is the Raman gain constant between the pump and the
ith signal which can be obtained from Fig. 1 with vz = v, —
vy

Every signal channel is expected to gain power from the pump
through the coupling constant g/ s so that the allocation of the
signals within the pump Raman gain profile, which determines
& s, will therefore strongly influence the PTFRA performance.
A straightforward assignment is shown in Fig. 7(a) in which the
signals are placed at the high-gain region of pump gain profile.
With such assignment, the pump power is expected to be fully
utilized. In this case g, = gy and they are the smallest gain
constant coupling with the pump. Thus CH 1 is still the lowest
power channel since it gains least power from the pump and is
depleted most by the other channels.

The relation between the transmitted and received signal
powers at z = L for CH 1 with and without a PTFRA is shown
in Fig. 8. In the example we see that the received signal power
with a PTFRA, in comparison with that without a PTFRA
(P(0) = OW), increases only for P(0) = 0.5 W and §, <
—0.5 dBm, and decreases elsewhere. It is interesting to see that
the use of larger pump power results in less the signal power of
CH 1 at z = L. This can be explained by Fig. 9 where the
distribution of CH 1 along the fiber is depicted. For P(0) =
0.7 W, in the region near z = 0, CH 1 gains more power from
the pump compared with the case P(0) = 0.5 W. Since the

linear loss .-~
! P(0)=0W |

Sy (L) [dBm)

_40L N
-4 -2 0 2 4 6 8 10
So [dBm]

Fig. 8. The received and transmitted signal power of CH 1 with and with-
out a PTFRA.

Power [dBm)

-30 n L L . " .
[¢] 10 20 30 40 50 60 70 80
fiber length {km)

Fig. 9. The power variation of CH 1 along the fiber for two pump powers.

other channels are also amplified to a high-power level which
give rise to strong Raman interaction among the signal chan-
nels, so that after reaching its maximum point CH 1 is severely
depleted by the other channels. As a result, the received power
at z = L for P(0) = 0.7 W is less than that for P(0) = 0.5
Ww.

According to the above results we conclude that the use of
PTFRA can increase little, or even decrease, the received signal
power of CH 1 if the signals are allocated as shown in Fig. 7(a).
With such arrangement the pump power can be fully utilized
but CH 1, being the mostly depleted channel, gains least power
from the pump and experiences stronger depletion by the other
channels so that the result is not desirable. Thus we look for an
alternative, as shown in Fig. 7(b), by allocating CH 1 at the
Raman gain peak. In this case CH 1 gains much power from
the pump because g, is the largest while CH N gains little power
from the pump because gy is the smallest. Because the high-
power pump has strong couple with CH 1 so that CH 1 may no
longer be the limiting channel of the system, we consider two
extreme cases to determine the minimum signal power of the
system. One is the same case as before that all the channels are
oN. In this case the least signal power at z = L will be obtained
by numerically solving the coupling equations. The other is the
case where only one channel is ON and the other channels are
OFF. In this case only the channel in the oN state is amplified
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Fig. 10. The relation between the minimum received signal power and v,
— v, for several pump powers. Note the gain peak at 440 cm™'.

by the pump and because gy is the smallest so that CH N will
be the limiting channel of the system. And the minimum signal
power is determined by the lesser one of these two extreme con-
ditions. When only CH N is oON, the couple equations reduces
to single channel case which can be analytically presented as
[16]

Soexp [K(1 — e™*) — az]

Sn(z) = (13)
1+ —sz;(OO) exp [K(1 — e™*9)]
where
K= ——g”:jo). (14)

The idea of allocating CH 1 at the pump gain peak is with
the view to compensate its depleted power from the pump,
which may not be the optimum choice since CH N obtains little
power from the pump which may be the limiting channel of the
system when the other channels are OFF. To investigate the va-
lidity of this idea we have tried other arrangements in Fig. 10
by offsetting v, — v, from the gain peak vy = 440 cm™'. Due
to the piecewise linear approximation of the Raman gain pro-
file, the results are not smooth. It is found that although the
placement of CH 1 at the gain peak is not the optimum choice
for the various pump powers but it indeed has little departure
from the optimum value. We further plot the same relation in
Fig. 11 for two transmitted signal powers. Again the optimum
placement of CH 1 deviates little from the gain peak. Thus the
placement of CH 1 at the Raman gain peak of the pump can be
viewed as a suboptimum choice and the optimum choice should
be numerically calculated around the vicinity of the gain peak.

We define the amplifier gain at z = L as

S§'(L)
5 (L)

where S, (L) denotes the received power of CH 1 at z = L with-
out a PTFRA and §' (L) is the minimum signal power when a
PTFRA is employed. An example is illustrated in Fig. 12 where
three transmitted signal levels are provided. It is clear that over
10 dB gain can be achieved for S, = —5 dBm but little gain
obtainable when S, = 5 dBm. Also note that for a given S, there
exists an optimum pump power such that a maximum gain can

G = 10 log (15)
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Fig. 12. Amplifier gain as a function of pump power for several S;.

be achieved. This is due to the fact that when the pump power
is larger than the optimum value, the depleted power of the least
power channel may exceed that obtained from the pump so that
the received power decreases.

IV. DiscussioN AND CONCLUSION

Because the transmitted signal powers are much larger than
the spontaneously emitted noise powers, we have neglected the
effect of spontaneous emission noise in the analysis. This noise
should be included if the Raman amplifier is employed as a re-
peater amplifier to boost weak signals [12]. Here we are con-
sidering the use of PTFRA at the transmitting end to extend the
transmission distance limitation imposed by Raman crosstalk.
To further increase system transmission distance one can em-
ploy a backward FRA at the receiving end [12], [16]. Since the
signal power is small compared to that at the transmitting end,
the amplifier gain is expected to be higher with a backward
FRA.

For illustrative purpose we consider two ways to allocate the
signals within the pump gain profile. The arrangement shown
in Fig. 7(a) which with an eye on fully utilizing the pump power
has proven to have little advantage. In contrast, by allocating
CH 1 at the pump gain peak the received signal power is in-
creased when low signal power is transmitted. Therefore the
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Fig. 13. The received versus transmitted signal powers for the least power
channel with and without PTFRA when optimum pump power is used.

system transmission distance is extended. Such an arrangement
can be achieved by properly choosing the pump frequency. As
discussed before, the latter arrangement is in fact not the opti-
mum choice, however, it gives a clear indication in choosing
pumping source. For a system with given number of channels,
channel spacing, as well as transmitted signal powers, numer-
ical analysis should be carried to find the optimum channel al-
location. ‘

Fig. 13 shows the achievable signal power at z = L for the
least power channel with and without a PTFRA. Here, corre-
sponding to every transmitted signal level optimum pump power
is employed and the signals are allocated within the pump gain
profile as Fig. 7(b). Inspection of the figure reveals that about
—14- and —26-dBm signal powers are respectively received
with and without a PTFRA when S, = —6 dBm. Thus 12-dB
gain is achieved. The maximum received power for CH 1 with-
out a PTFRA is about —17 dBm when S, = 7 dBm. It is seen
that with a PTFRA we can easily obtain higher signal power
than the maximum value obtained without a PTFRA at a much
lower transmitted signal level, thus the PTFRA can be em-
ployed to increase the system transmission distance for a system
with a limited transmitted signal level. For example, with a
PTFRA — 14-dBm minimum signal power is achievable with
So = —6 dBm. We further see that the maximum received power
with a PTFRA is —12 dBm at S, = 5 dBm. Therefore the lim-
ited received signal power is increased by 5 dB which corre-
sponding to 20-km transmission length for 0.25-dB /km fiber
loss.

In conclusion we have analyzed the behavior of the multi-
channel signals in an HDWDM system with the consideration
of stimulated Raman scattering. The dependence of Raman
crosstalk on several system parameters is present. This cross-
talk can cause serious power depletion of the shortest wave-
length channel so as to limit system transmission distance. We
have provided a parameter to evaluate the crosstalk. Through
the introduction of a post transmitter fiber Raman amplifier, the
transmission distance limitation imposed by Raman crosstalk is

further extended. We have discussed the allocation of signal
channels within the pump gain profile. The results indicate that
the PTFRA can extend the system transmission distance partic-
ularly when the transmitted signal power is limited.
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