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Long Distance Transmission through
Distributed Erbium-Doped Fibers

Karsten Rottwitt, Joarn Hedegaard Povlsen, and Anders Bjarklev

Abstract—High bit rate, all-optical long-distance transmission
could be created through the combined use of loss-compensating
gain in erbium-doped fibers and solitions. A detailed analysis of
the distributed erbium-doped fiber, including the spectral-gain
dependency, is combined with an optimum design of the trans-
mission fiber and general bit-error-rate calculations. Changes in
wavenumber, group velocity, and fiber dispersion due to erbium
doping in a single-mode fiber are evaluated, and a reduction in
bit-error rates due to the erbium spectral-gain profile is shown.
Transmission through distributed erbium-doped fiber with 100-
km separation between each pump-power station is shown, with
a total bit-rate distance product of 55 Gb/s - Mm.

1. INTRODUCTION

HERE ARE two types of long-distance soliton trans-

mission methods. One is the lumped-amplifier tech-
nique, which has been analyzed in detail both theoreti-
cally (see, for example, [1]) and experimentally (see, for
example, [2]). The other method is the distributed-ampli-
fier technique, which can compensate for the fiber loss
along the transmission line [3]. In all-optical soliton trans-
mission using lumped amplification, the spacing between
two amplifiers is limited to approximately 30 km due to
bit-error-rate penalties resulting from excursion of the
signal power [4]. The ideal distributed amplifier has no
power excursions. However, due to the use of a finite
pump power, instrinsic loss, fiber design, and spacing
between each pump-power station, signal power excur-
sions will exist. Distributed amplification may be achieved
by use of the Raman effect [3] or rare-earth-doped fibers
[5]. The latter method utilizes distributed erbium-doped
fibers (d-EDFs), in which the whole transmission fiber is
erbium-doped.

The principal object of this work is to examine the
conditions for transmission of solitons through d-EDF
having 100 km between each pump-power station. The
design of a transparent d-EDF with 100-km separation
between each pump-power station was previously re-
ported [6]. Here we focus on a detailed analysis of propa-
gation properties of a d-EDF, in terms of bit-error rates
(BER) including the spectral-gain profile.

The investigations reported herein are all based on a
transmission system thousand of kilometers in overall
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length, which will contain many pump-power stations, ail
equidistantly spaced. Thus the signal energy exhibits a
periodic perturbation. Faithful transmission is not auto-
matically guaranteed in a periodically perturbed system.
However, if the perturbation length, here the distance L
between two-pump-power stations, is less than eight times
the soliton period, pulse distortion due to the perturba-
tions may be neglected [3].

The perturbations that might conceivably lead to pulse
distortion, even without considering noise accumulation,
include not only the above-described effect of periodically
varying gain, but also disturbances such as varying fiber
cross sections and dispersion [7].

By assuming that the soliton period is larger than L /8,
the above subject of pulse stability will not be considered
further in this work.

A major difference between lumped and distributed
amplification is, as mentioned, the energy excursions. In a
lumped-gain system, the path average signal power is
different from the power after each amplifier and the
launched-signal power. Thus the launched-signal power
has to be adjusted to give a path average power equal to
the soliton power [7], [8]. Further, a gain-dependent BER
penalty is demonstrated, showing that the individual gain
of each amplifier must be kept below 10 dB [4]. In an
all-optical transmission system based on distributed am-
plification, the launched-signal power is identical to the
path average power if the d-EDF is pumped bidirection-
ally and the erbium concentration and fiber refractive-
index profile is optimized [9]. In a 100-km-long d-EDF the
energy excursions may be kept below +2 dB. Generally,
as long as the change in signal energy over an infinitesi-
mal fiber piece is smaller in the d-EDF compared to the
exponential energy decay in a lumped-gain transmission
link, the d-EDF is preferable.

As previously mentioned, the signal-power excursions
are very essential in nonlinear transmission. Thus it is
important to use an accurate numerical model, including
not only a complete description of the population inver-
sion within the erbium, but also a true mode field descrip-
tion. In this work we have used the numerical model
presented in {10].

II. DEsioN oF d-EDF

In an all-optical long-distance transmission line based
on d-EDF, the fiber design requires greater concern than
in the lumped-gain transmission line. In order to support
solitary pulses, the mean dispersion has to be in the
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anomalous dispersion regime [1], [7]. This limits the choice
of the numerical aperture (NA) and the LP,; cutoff wave-
length A, of the fiber. In general, a high NA fiber with A,
above 1 um is preferable [9].

Calculations of the noise performance comparing a step
refractive-index profile and a triangular refractive-index
profile show, in general, that there is a little advantage in
using a step refractive-index profile considering genera-
tion of amplified spontaneous emission (ASE). On the
other hand, a triangular refractive-index profile exhibits a
lower additional background loss at higher NA values and
a wider anomalous dispersion range. Considering other
types of refractive-index profiles (i.e., segmented-core re-
fractive-index profiles), the transmission properties are
well approximated using a triangular refractive-index pro-
file, and our results will be qualitatively valid also for such
fiber designs. Therefore, we will focus on a triangular
refractive-index profile.

In a long d-EDF the background loss is very essential
due to both pump-power requirement and generation of
ASE. The background loss is highly dependent on the
fiber refractive-index profile, including the NA, and the
use of dispersion-shifted fiber. Furthermore, the back-
ground loss is changed when considering alternative re-
fractive-index-raising codopant materials. The background
loss combined with the relative long length of fiber makes
the 1480-nm pumping band the only useful band. In short
high-gain amplifiers, the influence on the background loss
from the index-raising codopant material is unimportant.
Thus, aluminum is considered as a very useful index-rais-
ing material. However, in the case of d-EDF the addi-
tional background loss introduced by aluminum is of great
importance. Thus in this situation germanium is used as
the index-raising material and aluminum is only consid-
ered for changing the emission and absorption cross-spec-
tra of the d-EDF.

In [11] a fiber consisting of 90% germanium and 10%
aluminum is considered. In this fiber, the index-raising
material is germanium and the weak aluminum concen-
tration is only sufficient to dominate the absorption and
emission cross-section spectra. In [12] it is shown that if
the additional background loss due to the use of alu-
minum is kept below 0.05 dB/km, the combined germa-
nium /aluminum fiber is preferable. In the fiber design
described in [11], where only 10% aluminum is added to a
germanium-codoped fiber, the radius of the erbium profile
is approximately identical to the fiber core radius. How-
ever, Simpson et al. [13] used a seed fiber technique to
fabricate a d-EDF. In their fiber an aluminum-codoped
erbium fiber is inserted into the fiber preform of a pure
germanium single-mode fiber. This fiber, where the er-
bium is confined within the seed fiber, however, shows
spectra dominated by germanium.

In general, the best noise performance is achieved
using an erbium dopant radius as small as possible {14]. In
the remaining text, we will concentrate on a pure germa-
nium-codoped fiber with confined erbium, having an er-
bium radius 0.02 times the core radius and a background

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 11, NO. 12, DECEMBER 1993

loss of 0.24 dB/km. Our results, however, are qualita-
tively independent on these parameters.

Also, the signal wavelength requires attention because
the gain effective-signal wavelength for short high-gain
amplifiers differs from the pump effective-signal wave-
length giving transparency for the lowest pump-power
requirements and the lowest noise figure. In short high-
gain amplifiers the most beneficial signal wavelength is
mainly determined by the highest peak in the emission
cross-section spectrum. The absorption is significant in
long-length amplifiers pumped using a finite pump power
at 1480 nm and the fraction of emission cross section to
absorption cross section determines the signal wavelength.
In [6] it is shown that 1.534 and 1.554 pm are the two
signal wavelengths of greatest importance. Both will be
considered in the following text.

The erbium concentration is the final design parameter
that we will consider. In Fig. 1 the necessary pump power
for transparency as a function of the erbium concentra-
tion is shown in a germanium-codoped fiber for the two
signal wavelengths 1.534 and 1.554 pm, respectively. Go-
ing toward a negligible erbium concentration, an in-
creased pump power is needed to excite an increasingly
higher percentage of erbium ions in order to cancel out
the background loss. On the contrary, at very high erbium
concentrations the increased absorption of the signal due
to the erbium itself is cancelled out only by also increas-
ing the pump power. This defines an optimum erbium
concentration p,,, where the pump power is minimized.
Figure 1 clearly illustrates the optimum erbium concen-
tration. At the erbium concentration denoted the critical
concentration, p,, the necessary pump power for trans-
parency goes toward infinity. The value of p_ is given by
the background loss and the erbium cross-section spectra
as

a ol +agf
pL' =T

- Py S — Py’
Iy ofo} — g/o,

where «; is the intrinsic loss, o and ¢/ are the
absorption and emission cross sections at the pump wave-
length, and o’ and ¢, are the absorption and emission
cross sections at the signal wavelength. I, is the erbium

confinement factor given by

@ dot

Irdr
r=-=t—,
[Irdr
0

where a,,, is the erbium dopant radius, r is the radial
coordinate in the fiber, and I is the signal-mode intensity.

When the pump power is increased, the Raman effect
has to be included in a realistic description [15], [16].
Including the Raman effect, the case of using an infinite
pump power at the critical erbium concentration is trans-
lated into a high (near 400-mW), but finite, pump power
when operating at an absent erbium concentration. Oper-
ating at the optimum concentration, the pump power is at
a level where the Raman effect is negligible.
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Fig. 1. The necessary pump power for transparency and the corre-

sponding noise figure as a function of erbium concentration. The curves
are calculated for two different values of the signal wavelength.

Because the noise figure, in general, increases for in-
creasing erbium concentration [17], in agreement with Fig.
1, the erbium concentration p has to be in the range
p. < p < pyp and, including the Raman effect, the mini-
mum noise figure is found near the critical erbium con-
centrantion [15].

I11. PULSE PROPAGATION THROUGH d-EDF

Describing pulse propagation through a d-EDF, the
propagation constant B includes contributions from the
GeSiO, host B, and the erbium dopant material B;. The
equation of wave propagation is written as

P

— =i(B, + B)P,

e ¢))

where @ is the electrical field in the fiber and z is the
distance in the axial direction of the fiber. Expanding
B = B, + B, in a Taylor series around the optical angular
carrier frequency, w,, given by the signal wavelength, (1)
is written in the form

A
E = ’(ﬁo + ﬂl("’ - "’0)

1
+ 532(‘” - ‘J"o)2 + Ba| @, ()

where B, = B (w = wy) and B, and B, are the first- and
second-order derivative of B in w = w,. Equation (2)
includes the nonlinear Kerr effect through By; . In gen-
eral, each coefficient of B in (2) is complex and consists of
the two contributions B, and B,. By taking the inverse
Fourier transformation, w is replaced by the differential
operator i(d/dt) and ®(z, w) is replaced by y(z, t), where
t denotes the time variable. Further, introducing an opti-
cal carrier wave exp (i(Re[ 8,1z = w,t)) and a pulse enve-
lope function ¢(z,t) through u(z,t) = o(z,1) -
exp(i(Rel Bylz — wyt)), and finally changing to a re-
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tarded time frame by ¢ >t —z/v,, where the group
velocity v, = 1/Re[ B}, (2) is rewritten in the form

@+ %i Re[ﬁz]‘Pn —iBnL ¢
= —Im[ Byl¢ + 1 Im[ B,1¢,, (3)

where it is assumed that Im[ 8,1 = 0. Re[ B,] s related to
the fiber dispersion D through D = —Qmc/A?) -
Re[ B,], where A is the signal wavelength and c is the
velocity of light.

With the above definition of the propagation constant,

By = Rel By, + Byl +iIm[ By, + Bygl )

Im[ B,,] is the intrinsic loss in the glass host fiber and
Im[ B,,] is the gain or attentuation introduced by the
dopant material. In the ideal distributed fiber, these terms
counterblanace each other at every point z, that is,

exp(—Im[ By, + Bosl-2) = 1. 5

However, in a real d-EDF, Im[ By,(z) + B (z)] defines
the relative gain through g(z) = Im[ B,,(z) + Bo(2)],
and in the transparent d-EDF,

exp(—j:‘g(z) dz) =1,

where L is the length of the d-EDF. It must be noted that
if the gain curvature introduces additional losses, the gain
resulting from the d-EDF has to be increased accordingly.
We return to the gain curvature in the following text, but
the spectral gain shape is calculated under the assumption
of (6).

The spectral dependence of B, is displayed in Fig. 2,
which shows the gain in a transparent germanium-codoped
d-EDF with a signal wavelength at 1.534 wm. In this work
we have assumed that the background loss
exp(—Im[ By,]- L) equals 24 dB over the entire spectral
range from 1.52 to 1.58 pm.

The real parts of By, and B, define the wavenumber
of the carrier wave and are related to the imaginary parts
of By, and By, through the Kramer—Kronig relation. The
real part of B,, may be calculated assuming that the
optical power gain, G = exp(—Im[ B,,]- L), at the signal
output end of the d-EDF has a Lorentzian spectral shape
given by

)

1
1+ (A/BY

@

where A is transformed to be centered around the signal
wavelength A, that is, A = 0 is equivalent to the signal
wavelength. From Fig. 2, A, = 1.534 um, k = 24.0 dB,
and B = 3.1 nm. To investigate an eventual influence
from the nearest peaks in the grain spectrum, (7) is
expanded to

1 1
. 2 +k1' 2"
1+1+(A/B) 1+ (x—-)\)/By)
(8)
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Fig. 2. The Lorentzian fit used in the calculations together with the
numerical calculated gain spectrum. The inset figure demonstrates that
the fit simply is made according to the gain peak wavelength and the
3-dB bandwidth.

From Fig. 2, the nearest peak to the gain around 1.534
pm is Ay = 1554 pm, with k; = 15.6 dB and B, =83
nm. Using the Kramer-Kronig relation, we achieve

Rel g,(0] = (k- — L2
1+ (A/B)
(A - A,)/B, 1
"I+ ((A-A)/B,)| 20loge’ ©

In the following text we express (A — A;)/B; as X. Due to
the second gain peak around 1.554 um, the carrier
wavenumber is shifted k,X/(1 + X?) = 0.65 over the
100-km-long d-EDF. For comparison, Re[ B,,] approxi-
mates 5.9 - 105 m™! at the signal wavelength. The shift in
group velocity Re[ B,,(A = 0)] is given by

kK k,  1-Xx?
_+___._—
B B, (1+x?)

AZ

2mc

a
— Rc[Bd(A)]\ =
Jw A=0

oieges (10
With the previous values, a group velocity shift of 1.1 ps
over 100 km is found. For comparison, the group delay
estimated in the host fiber is 4.8 ns/m. The contribution
from the second gain peak is approximately 3%, and the
contribution decreases with increasing X. The derivative
of Im[ B,,(A)] is the slope of the gain, which approxi-
mates zero. More accurately, the wavelength where the
gain slope equals zero is

k, (B)Z A
M B Do
(1 + (/B

Insertion of fiber parameters gives A, = A; - 1073, This
wavelength is within the spectral width of the pulse. Thus
we continue under the approximation that
9 Im( By{@)l/dw equals zero around the carrier fre-
quency.

1
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The second derivative of Re[ 8,] with respect to the
angular frequency w results in a change in the dispersion.
The change in dispersion is AD = —(Q2mc/A2) -
Rel B,,(A = 0)]. Here

(?2
— Re[ﬁdunlM -

—A, (A dRe[ W]
A=0

27re e 22
»

By insertion in (12) we obtain a (1.3 - 1073)-ps /nm change
in dispersion achieved over 24-dB gain, here over 100 km
of d-EDF. This contribution is negligible and we therefore
conclude that the dispersion is unchanged by doping the
fiber in order to cancel out the background loss.

The curvature of the imaginary part of B8, is

A2 9% Rel B, (V)]
N

2mc

1

. . 12
20log e (12)

3% Im [ B,(N)]
dw? A=0
Xk D¢
- { (me) By (1 + XY

(13)

N 28 k k, 1-3Xx°? 1
— =+ = .
@me)’ \ B*  Bf (1+Xx?)°)] 20loge
In Appendix A we show, on the basis of results from [9]
and [18], that a positive curvature of the gain reduces the
variance of the arrival time of the signal pulses {8¢?) in

the timing jitter denoted in the next equation. The reduc-
tion is expressed through

3 3+ +2az — 4e**
(81%) =(8tH)lon - = - 3
2 (az)

where a = —(4a%/3)-GIm[B,,(A=0)D and a=2-
In(y2 + 1)/7. {8¢2)|gy is the timing jitter without con-
sidering the curvature of the d-EDF gain profile, known
as the Gordon-Haus variance [4]. By insertion of the
previous parameters, Im[ 8,,(A = 0)] = 0.88 (ps)* at A,
= 1.534 pum. Figure 3 illustrates on a decibel scale the
reduction in the variance of the arrival time of the signal
pulses found using (14) as

, (14)

33+expaz) +2az — 4exp(az)
10 - logy, 5 (az)3

and the subsequent reduction in BER as a function of the
pulsewidth, expressed through 10 - (log,, (BER5y) —
log;y (BER g ), where BER gy and BERy are found
using (22) (to be explained in the following text) in combi-
nation with {8¢2)|gy, respectively, {8¢%). The achieved
reductions are showed after 6000 and 9000 km. Figure 3
also shows the length giving a BER of 10~°, denoted as
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Fig. 3. The reduction in timing jitter variance and BER as a function of
the pulsewidth. The error-free length is also shown as a function of the
pulsewidth. Dashed curves represent 6000 km, solid curves 9000 km.

the error-free length (EFL). In the figure a fiber disper-
sion of 1.8 ps/(nm - km) has been used and the BER was
calculated as described in detail in the succeeding sec-
tions, having a 14-dB noise figure and assuming that the
receiver is sensitive to 20 signal modes M = 20. It is
worth noting that the reduction in BER descreases with
the distance of propagation even though the reduction in
timing jitter increases. This is explained due to the strongly
increasing timing jitter with increasing distance of propa-
gation. Because the timing jitter increases more rapidly
than the reduction factor (14), the reduction in BER
decreases with the propagating distance. Figure 3 clearly
illustrates that the influence from the spectral gain shape
is highest at short pulsewidths. However, it must be noted
that for decreased pulsewidth, the spectral pulsewidth
increases and will consequently be destroyed due to the
narrow bandwidth of the amplifier [19). Furthermore, at
small pulsewidths the curvature of the gain leads to the
need for additional gain, as mentioned earlier, which may
result in inhibited noise performance [20], [21].

In summary, the gain profile created through the er-
bium doping results in a vanishing change in both the
carrier wavenumber, the group velocity v,, and the fiber
dispersion. However, the gain profile leads to a reduction
in timing jitter due to the curvature of the gain profile
around the signal wavelength. This conclusion is based on
the gain spectrum calculated on the basis of the emission
and absorption cross-section spectra of erbium in the
range between 500 and 1700 nm.

IV. NoisE ACCUMULATION

In nonlinear long-distance transmission, where the non-
linear Kerr effect and the spectral dispersion counterbal-
ance each other in generation of solitary pulses, there are
two major error sources. One is the jitter in the arrival
times of the signal pulses, and the other is amplitude
noise, which degenerates the signal-to-noise ratio at the
detector.

2109

Each amplifier in a chain generates amplified sponta-
neous emission (ASE). The ASE induces a random shift
in the carrier frequency of the soliton which interacts with
the fiber dispersion to produce a random timing jitter of
the arrival time of the signal pulses. Additionally, the
system must be designed to achieve an acceptable signal-
to-noise ratio at the detector, where the dominant noise
effect is to be the beating between the optical signal and
the ASE (signal spontaneous beat noise).

In the previous section an expression for the variance
of the arrival time of the signal pulses, denoted as the
timing jitter in the following, was given in (14). The
signal-to-noise ratio for a mark at the detector end is
given by

S E,+2ME 1
- 2E

(E)-2

=+ M, (15)
2 RgaASE'sz'hYs

N

where E, is the signal energy after each amplifier, E is
the noise energy after each amplifier, and M is the
number of signal modes to which the receiver is sensitive
[9]. R, is the path average integral R, = (1/L)- [let® dz,
where g(z) is defined in (6). a,qp12 is the number of
generated ASE photons per meter in the signal mode.
Finally, L, is the total transmission length and Ay, is the
photon energy at the optical signal frequency. In both the
timing jitter and the signal-to-noise ratio, the factor R, -
a,ge 18 essential.

In the case of lumped amplification, R, - a5z may be
expressed in a more simple form as

aASE'Rg=—L_'Z' 0 “dz
FG-1 G-1 16)
L GInG’

where a is the attenuation constant in each passive fiber
section, L is the distance between each amplifier, F is the
noise figure, and G is the gain of each amplifier. Assum-
ing that each amplifier is pumped at 980 nm, the noise
figure F = 2 — 1/G, and simply

G-1)21

ma | o a7

aASERg=2a-( G

In a d-EDF having an erbium concentration equal to the

critical erbium concentration and an infinite pump power

at 1480 nm, the highest possible population inversion in

the erbium is achieved along the complete transmission

line and R, = 1. In Appendix B the noise figure in this

situation is shown to be F = 2-q - In(Dg) + 1, where Dy
is the total background loss within the fiber and

oot

S . S 18

1 ool — ool 18

Having Dy = 24 dB and pumping at 1480 nm, g = 1.73

(A, = 1.534 pm), which gives F = 13.0 dB, whereas q =

1.47 (A, = 1.554 pum) and, accordingly, F = 12.4 dB. These

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on November 27, 2009 at 08:16 from IEEE Xplore. Restrictions apply.



2110

values are also seen as the asymptotic values in Fig. 1.
Thus in the d-EDF, a,s; R, = (F — 1)/L - 1 in the ideal
case, and consequently,

arseR,=2-q a. (19)
Calculating R, - a,g; in the lumped-gain transmission
line, respectively, the d-EDF transmission line, using (17)
and (19) it is evident that there exists a gain G in the
lumped-gain transmission line where a5z R, in the two
situations are identical.

To prove that an improved noise performance is achiev-
able by changing from lumped to distributed amplifica-
tion, we compare in Fig. 4 R, aygp for the two situa-
tions. Concerning lumped gain, R, - a,g is calculated
under ideal conditions using (17), whereas R, - a,gp is
calculated numerically assuming realistic input parame-
ters for the d-EDF. In Fig. 4 the two curves displaying
R, - asge cross for a length of 40 km equal to 10-dB gain
in the case of lumped gain. For larger lengths between
two amplifiers in the lumped-gain transmission line, R, -
a,gg is larger than in a d-EDF of similar length. Thus we
conclude that for larger fiber spans, here exceeding 40
km, in a lumped-gain transmission system, the penalty due
to energy excursions will exceed the penalty in a d-EDF
due to the incomplete inversion when pumping at 1480
nm, and an improved noise performance is achievable
using d-EDF.

Until now we have mainly focused on the noise figure
expressing the noise performance around the signal wave-
length. However, ASE power is emitted throughout the
complete amplifier bandwidth. According to the spectral
gain of the d-EDF shown in Fig. 2, the two signal wave-
lengths that need the highest concern are 1.534 um,
respectively, 1.554 um. In general, ASE accumulation
follows the expression

N

Pue(z=N-L)=P(Z=L) Y G"!
n=1
N

= ASE(Z = L) . (20)

G-1’
where G is the gain within the bandwidth giving Pge. In
Figs. 2 and 5 the gain profile is shown for a d-EDF
optimized for the signal wavelengths 1.534 and 1.554 um,
respectively. A triangular refractive-index profile with a
core radius of 3.5 um giving the LP,; cutoff wavelength
A, =1.036 pm and an index difference of 13.75-10~3
equal to a numerical aperture of 0.2 has been used. These
parameters result in a fiber dispersion of 1.8 ps/(nm - km)
and an effective core area A.; of 41 um?® Erbium is
introduced in the core with an erbium radius 0.02 times
the core radius. The 100-km fiber is pumped equally from
both ends with 1480-nm light, and a total pump power of
100 mW is used. The intrinsic loss is for this germanium-
codoped d-EDF assumed to be 0.24 dB/km. The erbium
concentration is adjusted to give 0-dB gain, the actual
values of the noise figure, the global ASE power, the
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Fig. 5. The numerical calculated gain spectrum for the 100-km-long
d-EDF with transparency at the 1.554-wm signal wavelength and the
Lorentzian fit. The inset spectrum is a close-up view of the gain spec-
trum around the signal wavelength.

erbium concentration p, the critical erbium concentra-
tion, p,, and the gain variation are shown in Table 1. All
values are based on a 0.1-mW signal power. From the
table it is obvious that A, = 1.554 um gives the lowest
noise figure, even though P, is highest in this fiber. In
both fibers the ASE power is concentrated around 1.534
pm, due to the profile of the emission cross-section spec-
tra of the fiber. This explains the relation between F and
P,sg in the two situations. At A, = 1.554 um, 10-dB gain
is accomplished around 1.534 pm. Within a bandwidth of
2 nm an ASE power of 3.8 uW is found. Without any
further filtering a maximum of three d-EDF may be
cascaded if the signal power has to exceed the ASE
power.

If instead, the signal wavelength is changed to 1.534
pm, ASE power at any other wavelength is attenuated.
Around the 1.554-um peak in the gain spectrum an ASE
power of 0.23 uW is emitted from one amplifier section
within a 2-nm bandwidth. After an infinite number of
cascaded amplifiers this ASE power is increased to only
0.27 uW, which is essentially lower than the signal power.
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TABLE I
CHARACTERISTIC FIGURES FOR A D-EDF USED

AT 1534 AND 1.554 uM

Ay = 1534 um A, = 1.554 pm
F (dB) 14.53 13.26
Py ( #W) 5.2 17.8
p (m~3) 2.80- 103 4.45-10%
p. m~3) 1.84-10% 3.30- 103
AG (dB) +1.38 » —1.52 +1.02 » —1.07

From this it is evident that additional filters have to be
included if the signal wavelength 1.554 um is used. On
the contrary, the signal wavelength 1.554 pm exhibits an
improved noise performance, therefore an increased
transmission length may be achieved, and the use of
discrete filters will reduce both the timing jitter and the
backward and forward propagating ASE.

V. BER IN d-EDF SysTEMS

The fundamental goal in the design of an all-optical
digital transmisstion line is to minimize the amount of
optical noise power accompanying the signal in order to
achieve a given BER. In nonlinear transmission, where
the pulse broadening is minimized with use of optical
solitary pulses, there are (as mentioned earlier) two major
error sources denoted timing jitter and amplitude noise or
noise power error.

From [9] the variance of the arrival time of the pulses is
known to be

2-In(V2 + 1)hDL§m-nke s

8tHlgy =
( o 9 7A 2

R,, D

where n,. is the nonlinear Kerr coefficient and the other
parameters are as defined previously.

Due to the spectral gain shape, a reduction in the
Gordon-Haus variance is achieved and the true variance
is expressed in (14). This variance may be translated to
bit-error rates assuming that the arrival time of the pulses
follows a Gaussian distribution. Assuming further that a
pulse arriving within the time slot 2¢, is detected cor-
rectly and a pulse arriving outside this time slot results in
an error, the BER is expressed as

t
BER ; = erfc ———

22
o (22)

where erfc is the error function and
o= V{8t?). (23)

Combining the electrical signal-to-noise ratio with the
receiver model and BER calculations of [22], BER from
amplitude noise is found in [9] and is expressed in terms
of R, - asg as

BER; = —erfc =

5 erfe 7=, 4)

2111

where
S, _ (E)-2
V28, + M 'R, apgg hy Ly,

0 . (25)

The former sections have mainly been concentrated on
minimization of the noise figure. For a transmission line,
the dispersion, the effective core area, and the pulsewidth
are also design parameters. However, there is a strong
relation between the fiber dispersion and the effective
core area. By having a high fixed relative numerical aper-
ture fiber (NA > 0.15), the dispersion may be reduced
without significant change in either the effective core area
or R, - assp [9] Thus by changing the cutoff wavelength
slightly by changing the fiber core radius, the fiber disper-
sion may be changed. Also the pulsewidth may be ad-
justed slightly. By a reduction in 7, the spectral pulsewidth
is increased and the soliton period is decreased. At the
1.534-pm signal wavelength the spectral gain after 100 km
of fiber shows the narrowest bandwidth of approximately
2 nm. In the remaining text we will concentrate on
pulsewidths larger than 10 ps, equivalent to a spectral
pulsewidth less than 0.2 nm.

According to the earlier demand L /z, < 8, we find the
restriction

L A D

> - — (26)

8 m°c 0.332
where L is the length of the d-EDF, D is the fiber
dispersion, and the other parameters are as defined ear-
lier. Having a maximum signal wavelength of 1.554 um
and a maximum dispersion D = 2.5 ps/(om - km), the
pulsewidth has to exceed 10 ps.

Changing the pulsewidth 7 also changes the mean sig-
nal power. However, looking at the required pump power
for transparency and the noise performance at the opti-
mum erbium concentration, these are almost independent
of the signal power as shown in Fig. 6. Thus using erbium
concentrations within the critical and the optimum con-
centration, 7 may be changed within one or two decades
without changing the noise performance and the required
pump-power level.

According to [23] the final BER is a result of both
timing jitter and noise power error. Equation (22) shows
that the BER from timing jitter increases with an increase

in the fraction
v¢sr?) 1 [D
— L x =y =,
t, T T
whereas (24) shows that the BER from amplitude noise
increases with an increase in the fraction
28, +M T 28)
—_— a4y =.
S, D
Thus it follows that there is an optimum pulsewidth that
gives a maximum transmission length for a fixed disper-
sion. In Fig. 7 the maximum transmission length giving a
BER of 107 is illustrated as a function of the pulsewidth

27
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Fig. 7. The error-free length as a function of the pulsewidth. The EFL
is shown for two values of fiber dispersion and three values of noise
figure. The inset figure displays the BER curves resulting only from
timing jitter and amplitude noise, having a noise figure of 14 dB and a
fiber dispersion of 2.5 ps/(nm - km).

for two values of the fiber dispersion and for each fiber
dispersion, three values of the d-EDF noise figure F. The
BERs resulting from timing jitter are calculated assuming
that 2¢, equals the time slot given by the bit rate. Fur-
thermore, it is assumed that the detector is sensitive to
M = 20 signal modes. These choices do not qualitatively
influence our results. The inset figure is a close-up view of
the situation with a fiber dispersion of 2.5 ps/(nm - km)
and a noise figure of 14 dB. The inset figure clearly
displays the optimum 7 in region 2 where both BER
contributions are comparable. In region 1 for v lower
than the optimum, the major errors occur due to the jitter
of the arrival time of the signal pulses, whereas it is errors
due to the increased noise power relative to the signal
power that are responsible for the limits in system length
in region 3. Even more interesting is the situation compar-
ing the maximum transmission length at two different
fiber dispersions. For increased fiber dispersion the maxi-

mum system length may be increased using a lower bit
rate. Having a fiber dispersion of 0.5 ps/(nm - km) and a
14-dB noise figure, the maximum system length is 9000
km at a bit rate of 5 Gb/s equivalent to a bit-rate
distance product of 45 Gb/s- Mm. Reducing the noise
Fig. by 1 dB leads to 10-Gb/s-Mm increase in the
bit-rate distance product. Increasing the fiber dispersion
to 2.5 ps/(nm - km) for the 14-dB noise figure increases
the maximum system length to 15000 km, but at a bit rate
of 1.8 Gb/s, equivalent to a bit-rate distance product of
27 Gb/s-Mm. Looking at a fixed fiber dispersion the
bit-rate distance product may increase in region 1, whereas
it will always decrease in region 3. Thus optimum opera-
tion is always based on operation where errors due to
jitter of the arrival time of the pulses exceed errors due to
an increased noise power.

VI. CONCLUSION

An optimum design for a distributed erbium-doped
optical fiber is demonstrated. For a total pump power of
100 mW and 100-km separation between two pump-power
stations, a noise performance comparable to the best
obtainable in a lumped-gain system, having approximately
three amplifiers with 100 km, is found. A detailed theoret-
ical analysis of pulse propagation through distributed er-
bium-doped fiber is given. It is shown that the spectral-gain
profile does not result in any significant change in the
carrier wavenumber, the group velocity, or the fiber dis-
persion. However, the spectral-gain profile leads to a
reduction in bit-error rates due to timing jitter of the
arrival times of the signal pulses. Reductions of up to 4
dB are found in transmission lines of 9000-km length.

Two signal wavelengths are of significant interest: 1.534
and 1.554 pum. Both are usable for transmission over
several thousands of kilometers. However, use of 1.554
pm will need insertion of additional components in order
to reduce propagation of amplified spontaneous emission.
If insertion of such components is possible without in-
creasing the noise figure more than 1 dB, 1.554 pum is the
optimum signal wavelength.

In transmission lines based on distributed amplification
the pulsewidth and the fiber dispersion are two important
design parameters. An optimum relation between
pulsewidth and fiber dispersion is illustrated, and it is
shown that optimum system operation will always be
limited by timing jitter. A bit rate—distance product of 55
Gb/s - Mm is illustrated.

APPENDIX A
DERIVATION OF THE INFLUENCE FROM THE GAIN
CURVATURE OF THE d-EDF

The equation governing pulse propagation in a d-EDF
is written in the form

07¢>+‘RC[I32] e lof?
Jz ! 2 at? ~ trlele

I
|
=
N
N’
<
+
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where ¢ is an envelope pulse of the optical carrier wave
exp (i(Re[ Bylz — wyt)), propagating in the retarded time
frame given by t -1t —-z/v,. B, is the second-order
derivative of the propagation constant and the imaginary
part is related to the gain profile introduced by the
erbium as described in the main text, y includes the
nonlinear Kerr effect, and I'(z) is the relative gain related
to g(z) in the main text through I'(z) = —g(z). For
convenience, we use the notation e = —Im{ 8,]/2 in the
following analysis. Based on (A.1), the relations of energy
and momentum conservation are expressed as

(? x © )
—_ * = . 2 -
P f_xw odt =2g(z2) f_xlcpl dt + 25[_0c dt,
(A.2a)
8 = dp dp* p
— — - t
9z -x((P ot ¢ Jat
dy g
=2g(z e —p—— | dt
«of (o5 o)
= (do* 3%  de I%*
+2 — = - ——|dt. (A2b
Efx( at o> 9t or? (A.20)

Assuming a solitary pulse is the solution to (A.1), where
the radial electrical field dependency is included in v,

(A3)

where ¢ and w are functions of z. ¢ represents a change
in the carrier wavenumber, whereas o is a change in the
optical angular frequency w,.

Insertion of ¢ in (A.2a) and (A.2b) using A =17n-a
gives

¢ =A-sech(a-t)e't? et

da 242 2a 2

2n2— =2g(2) + 2en?a’| — + w?—|, (A.da)
dz a 3 q
4-2(‘9“+’9“ 26(2) - dna i
m w&z ao_'—z =cz8\Z)-an"a"ilw

+ 2edntaiw- (a* + w?).
(A.4b)

By insertion of (A.4a) in (A.4b) we find an expression for
the change in signal frequency with respect to the propa-
gating distance z as a function of the gain curvature:

dw 4

E = gew(lz.
For a flat gain curve, € = 0 and the optical signal fre-
quency does not change. A typical gain shape results in a
curvature leading to e < 0. Thus, if the angular frequency
w, is reduced relative to the initial optical signal fre-
quency, then dw/dz > 0. Similarly if w, is increased,
dw/dz < 0. This implies the guiding property of the gain
curvature. In [16] a perturbation to the soliton spectra is
given by

(A.5)

Jw

4
= —ea’w + P(z),

dz 3 (A.6)
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where the mean value {(¢(z)) =0 and the two-point
correction {(Y(z) - Y(z')) = Cy6(z — 2’). Introducing
a = 3 - ea’, a solution to (A.6) is

w(z) = e‘“(fzef‘”l//(s) ds), (A7)
0
which has mean value
(w(2)) = G“Z(fze_'”(tl/(s))ds) =0 (A8
0
and two-point correction
Co
(w(z)- (') = ——{exp(alz - 2')
2a
—exp(alz+2N}. (A9

A shift in the signal frequency is equivalent to a shift in
the arrival time of a pulse. From (A.9) the two-point
correction of the pulse arrival time is expressed as

(51(2) 81(2) = [Ozfoz'(ﬁz)%w(s)-w<z)>dsdz.
(A.10)

When the mean value {w(z)) = 0, the variance in pulse
arrival time is found through (A.10). Using the notation

C
filu,v) = — Z—Z[exp(a(u,v)) —exp (a(u + v))},
(A.11a)

C
folu,v) = ~2—2{6Xp(a(u,v)) —exp (a(u + )},
(A.11b)

(A.10) is expressed as

(8t(z) - 81 (2)) = (Bz)z{/ozyfozfz(u,v) dudy

+ f / vfl(ulu)dudv}. (A.12)

0

The variance is then found by setting z = 2'.

The constant C,, is found by using the boundary condi-
tion of @ — 0 equivalent to the ordinary timing jitter [9].
Thus we identify C, as

E
ASE

E

Co=2- (A.13)

sig

and the reduction in timing jitter when the gain profile is
included is

3+ €2 + 2az — 4e%

(az)’

N W

(A14)
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APPENDIX B
DERIVATION OF THE NOISE FIGURE IN A d-EDF

The signal-to-noise ratio at the output of an amplifier
with gain G is
N
Now v

where {n) is the mean number of signal photons » and v
is the variance of n. From [24] we adopt the mean number
of photons

(B.1)

(ny =Gny + Mg(G - 1), (B.2)

where ¢ is defined by (18) in the main text, n, is the
emitted signal photons, M = K- B - AT is the number of
signal modes to which the receiver is sensitive, B is the
detector bandwidth, AT the time constant of the integra-
tor in the detector, and K equals 1 or 2 if the detector is
sensitive to one or, respectively, two polarizations. Assum-
ing a coherent signal source, the variance of the photons
at the signal output end is [24]

v==Gny+ Mg(G -1 +2gn,G(G - 1)

+ Mg*(G - 1)°. (B.3)
Thus,
G*n + 2GnyMq(G — 1)
S +M2q%(G - 1)’
(_) - . (B4)
N/jow Gng+ Mg(G —1) +2¢n,G(G - 1)

+Mq*(G — 1)

The noise figure is defined as F = (S/N);, /(S/N)qye»
where (S/N),, is the signal-to-noise ratio at the signal
input end. Assuming a coherent signal source (S/N),, =
n,, therefore,
Gnd + ngMq(G — 1) + 2gGn3(G — 1)
+n,Mg*(G — 1)’
[ p— ] - (BS)
G*'nd + 2GnyMq(G — 1) + M%q*(G - 1)

Using the approximations Mg(G — 1) + Mq*(G — 1)* <
29G(G — Dn, and G?n > Gn,Mg(G — 1) + M*q¥(G
— 1)?, the noise figure reduces to

1+29(G-1
F=e—"— —
G

The above approximation states that the signal sponta-
neous beat noise exceeds the shot noise and
spontaneous-spontaneous beatnoise. In linear transmis-
sion systems this is normally satisfied. However, especially
for solitary transmission systems, the approximation is
even closer to the true description, due to the high signal
power.

Pictorially the d-EDF may be considered as a cascade
coupling of an infinite number of amplifiers each with
gain G, and noise figure F,. The amplifiers are separated

(B.6)
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with a pssive fiber section having an attenuation Dy that
equalizes G,, Dy = G,. The total number of emitted
ASE photons is then n,g; = N-(F, -G, — 1). Thus the
total noise figure is

Fo =2gN(G, — 1) + 1. (B.7)
Expressing the gain G, through the relation
N In DB 1({In DB 2
L RALLY
1 (InDg\?
— + -, (B8
r(F2) e @9
thus by insertion of (B.8) in (B.7),
F,=2gIn Dy + 1. (B.9)
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