
DOI: 10.1007/s00340-003-1390-5

Appl. Phys. B 78, 387–396 (2004)

Lasers and Optics
Applied Physics B

m. karimi1

n. granpayeh2,�

m.k. morraveg farshi3

Analysis and design of a dye-doped
polymer optical fiber amplifier
1 Iran Telecommunication Research Center, P.O. Box 1455-3961, Tehran 14399, Iran
2 Electrical Engineering Department, K.N. Toosi University of Technology, P.O. Box 16315-1355,

Tehran 16314, Iran
3 Tarbyat Modarres University, P.O. Box 14115-143, Tehran, Iran

Received: 3 June 2003 /Revised version: 30 September 2003
Published online: 13 February 2004 • © Springer-Verlag 2004

ABSTRACT A rhodamine-B-doped polymer optical fiber ampli-
fier (RBDPOFA) has been successfully fabricated and tested. In
this paper, all parameters affecting the gain of the RBDPOFA
are recognized. The time-dependent and time-independent rate
equations are solved. By using Runge–Kutta and finite-element
methods, different conditions are described and fluctuations of
the fiber laser are analyzed. From the time-dependent rate equa-
tions, the gain and level-density variations with time can be
predicted. These fiber amplifiers have unstable conditions. In
experiments, the decay of dye dopants in the high pump power
regime has been observed. For example, in a high pump power
rhodamine-B is converted from the zwitterion isomer to the col-
orless lactone isomer [1]. Therefore, for complete coincidence
of theoretical and experimental results, this effect must be in-
cluded in the analysis, which is however beyond the scope of
this paper and will be discussed in the near future.

PACS 42.60.Da; 42.81.Wg; 31.15.Fx; 33.80.-b; 42.55.Wd

1 Introduction

Work on polymer optical fiber amplifiers started by
successful fabrication of a rhodamine-B-doped polymer opti-
cal fiber amplifier in Kieo University [2]. In this kind of am-
plifier, organic dyes and also rare-earth ions are used. Many
research groups have carried out experiments on these ampli-
fiers [2–5]. A theoretical analysis of these amplifiers is neces-
sary to approve the experimental results. In this paper, a simu-
lation of the amplifier is made, relating its gain to all fiber
parameters, such as signal and pump wavelengths, power,
dopant density and distribution, optimum fiber length, etc.
By gain simulation, we have specified that, contrary to Er+3-
doped glass optical fiber amplifiers, the gain of an organic
dye-doped polymer optical fiber amplifier is independent of
the input signal power, due to its higher saturation power.
Also, the necessary time for the amplifier to reach the equi-
librium condition is in the order of the steady-state lifetime
of the dye. There are several procedures to study the absorp-
tion and emission of light in materials. In one of the methods,
the system’s density matrix is reduced to rate equations for
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incoherent light. In another method, rate equations can be ex-
tracted from the charge and energy stability that gives the
equations relating the charge-density variations of the levels
with the pump and the signal power variations. To analyze the
optical fiber amplifiers, we have numerically solved the time-
dependent rate equations to predict the results.

2 Rate equations in dye-doped polymer optical fiber
amplifiers

It is assumed that this kind of amplifier is a three-
level system and that the third level decays fast. Due to this
fast decay, the time-dependent rate equations in dye-doped
optical fiber amplifiers can be expressed as a two-level sys-
tem [2, 3]:

∂N2(t, z, r)

∂t
= 2π σa

p N1(t, z) Ip(t, z)

hυp
η− N2(t, z)

τ

− 2π(σe
s N2(t, z)−σa

s N1(t, z))Is(t, z)

hυs
η ,

(1)

∂Is(t, z, r)

∂z
= 2 π (σe

s N2(t, z)−σa
s N1(t, z)) Is(t, z)η , (2)

∂Ip(t, z, r)

∂z
= −2 π σa

p N1(t, z) Ip(t, z)η , (3)

Nt = N1(t, z)+ N2(t, z) , (4)

where N1, N2, and Nt are the ground, metastable, and total
charge densities, respectively, Ip and Is are the pump and
signal intensities, respectively, σ

p
a , σ s

a , and σ s
e are cross sec-

tions of the pump, signal absorption, and signal emission,
respectively, h is Planck’s constant, τ is the steady-state life-
time of the dye in the metastable level, z is the direction of
propagation of light in the fiber, η is the overlap integral:

η =
a0∫
0

θ(r)Ψ̄ (r) r dr, where θ(r) and Ψ̄ (r) are the dye and the

pump distributions, respectively, and a0 is the dopant radius.
In the steady state, the electron density of the second

level can be assumed to be constant (∂N2/∂t = 0). The time-
independent signal and pump evolutions can be expressed
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Parameter Notation Value

Signal wavelength λs 591 nm
Pump wavelength λp 532 nm
Core diameter a0 0.5 mm
Signal attenuation ks 10 dB m−1

Pump attenuation kp 10 dB m−1

Steady-state lifetime of RB τ 2.85 ns
Steady-state lifetime of rhodamine-6G τ 4.8 ns
Steady-state lifetime of DCM τ 1.31 ns
Steady-state lifetime of rhodamine-110 τ 2.85 ns
Dye concentration Nt 3 ppm
Pump absorption cross section at 532 nm σa

p 2.2×10−16 cm2

Signal emission cross section at 591 nm σe
s 2.3×10−16 cm2

Input signal power Ps 1 W

TABLE 1 Parameters for simulation of dye-doped POF [4]
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where υs and υp are the signal and pump frequencies, respec-
tively, and ks and kp are the fiber loss at the signal and pump

FIGURE 1 Absorption and emis-
sion cross sections of organic dopants
in polymer optical fiber amplifiers.
a Rhodamine-B, b Rhodamine-6G,
c 04PC, and d DiChloroMethane [4]

wavelengths, respectively. Due to the selected wavelengths
for the signal and pump, the same fiber background loss has
been assumed for both of them, as given in Table 1.

The absorption and emission cross sections of some
dopants in polymer optical fiber amplifiers are shown in
Fig. 1, which have been used in the simulation [4].

3 Effects of different parameters on performance of
the optical fiber amplifiers
The local signal gain is defined by g(z) =

10 log (Is(z))/(Is(0)). The time-independent rate equations
were solved by the Runge–Kutta method, to derive the gain
evolution of the amplifier. The fiber amplifier parameters used
in the simulations are constant, as shown in Table 1, except
when other values are specified, or the effects of variations of
a parameter are under study.

The evolutions of amplifier gain vs. fiber length and pump
power are shown in Fig. 2.

The gain of the fiber amplifier is maximized at the op-
timum length. With an increment of the pump power, the
maximum gain and its relevant optimum length increase. Gain
variation with pump power for various fiber lengths is shown
in Fig. 3. The fiber amplifier parameters and the simulation
results are the same as those shown in [3].

It is experimentally shown that the dyes decrease with
pump power in excess of 800 W [1]. It seems that if the dye
molecules of the fiber increase, the amplifier gain will in-
crease. The amplifier gain spectrum for different dye densities
is shown in Fig. 4. It is shown that, for a constant pump power,
when the dye density increases from 0 to 3 ppm, the maximum
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FIGURE 2 Evolution of fiber amplifier gain vs. fiber length and pump power

FIGURE 3 Signal gain variation of fiber amplifier vs. input pump power for
several fiber amplifier lengths

gain increases, while for higher densities, the gain is almost
fixed.

With increase in dye density, the optimum length of the
amplifier becomes shorter. Actually, the dye concentration
cannot be increased to the desired density in methyl methacry-
late (MMA) background molecules [1].

The distributions of pump power and dye density affect the
value of the factor η. First, suppose that the dye density of the
fiber core is monotonic, i.e. θ(r) = cte. Therefore, η will have
a fixed value:

η = cte

a0∫
0

ψ̄(r)rdr = cte

a0∫
0

Ψ(r)rdr
a0∫
0

Ψ(r)rdr

= cte

a0∫
0

Ψ(r)rdr

a0∫
0

Ψ(r)rdr

= cte.

This means that, with a monotonic dye density, η does not de-
pend on the pump distribution. Therefore, the gain of the fiber

with a monotonic dye density is independent of the pump dis-
tribution, and is dependent on the fixed density distribution
Nt. Now, suppose the dye density distribution not to be mono-
tonic; therefore, η varies. From (1) and (2) it is observed that
when η decreases, the dye density or the pump power distribu-
tion is narrowed.

Another factor that can influence the amplifier gain is the
pump and signal wavelengths. Actually, there are limitations
for these two parameters. It is desirable that the optimum sig-
nal wavelength be located at one of the optical communication
windows but, unfortunately, it is not possible. Variation of the
gain of the Rhodamine-B (RB)-doped polymer optical fiber
amplifier vs. pump wavelength is demonstrated in Fig. 5.

It is shown that the maximum gain can be derived in the
wavelength range of 510 to 590 nm. Due to the requirement
of high pump power, a Nd–YAG laser is a suitable choice to
be used in this range of wavelengths, because its second har-
monic, 532 nm, is suitable. The input pump power is Pp =
5 kW. Gain variations vs. fiber length and signal wavelength
are shown in Fig. 6. It is demonstrated that the 500–550-nm
wavelength range has the worst amplification condition, in
which the optical signal is attenuated. Meanwhile, the wave-
length range of 550–600 nm is the best region for signal am-
plification. In this low-loss window of the polymer fiber, a dye
laser or an optical parametric oscillator (OPO) can be used as
a signal light source. Frequently, the signal laser used in the
experiments has a wavelength of 591 nm.

The small-signal gain factor given by
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Since the pump power must be high in this kind of amplifier,
the signal power can be ignored:
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FIGURE 4 Gain variations vs. fiber length and dopants

FIGURE 5 Fiber gain variation vs. pump wavelength for two different
pump powers

Then, the signal variation is assumed to be

Is (z) = I0 exp (g0 z) . (9)

With a pump increment in (7), the gain saturates, as illustrated
in Fig. 7. The gain variation agrees with that of an Er-doped
fiber amplifier [8].

For a pump power lower than 600 W, the amplifier oper-
ates as an attenuator. Therefore, this kind of amplifier needs
high pump powers. From Fig. 7b, it can be seen that the incre-
ment of the pump power from a certain amount saturates the
gain.

Since the metastable lifetime in rhodamine dyes is much
lower than that of Er, both signal and pump saturation pow-
ers are higher than that of Er. The Er metastable lifetime
is in the order of 10 ms, while the rhodamine one is in the
order of nanoseconds [3]. The pump saturation power is given
by [8]

Psat(υs,p) = hυs,p π W2
s,p

[σa (υs,p)+σe(υs,p)]τ . (10)

From this equation, it can be shown that the saturation power
of the RB-doped fiber amplifier is almost 1000 times higher
than that of Er [8]. An increase in saturation signal power
is desirable, but not the pump power, because an increase in
the pump power destroys the fiber dyes. Gain spectra of sev-
eral fiber amplifiers with various dye dopants are shown in
Fig. 8. The best dye for a polymer fiber amplifier is RB. A RB-
doped polymer fiber has a higher and wider output gain, which
agrees with results in [4].

Gain variation vs. input signal power for different fiber
lengths is displayed in Fig. 9. The signal gain does not depend
strongly on the input signal power, except when it is compa-
rable with the pump power, as shown in Fig. 9. So, the actual
signal power is regularly less than the pump power. This is
desirable because in optical communication intensity modu-
lation is being used. Therefore, by signal amplification, the
information carried does not change.

Since the steady-state lifetime of rhodamine dyes is low,
the fiber saturation power is much higher than that of an Er-
doped fiber amplifier. Pump power variation vs. fiber length
for several initial pump powers is illustrated in Fig. 10.

4 Noise figure in rhodamine-B-doped polymer
optical fiber amplifier
The spontaneous emission factor in a RB-doped

polymer optical fiber amplifier is given by [8]

nsp = N2

N2 − N1
=

(
σe

s σa
p

hυp

)
Ip(z) + σa

s
τ(

σa
p

hυp

)
Ip(z) −

(
σe

s −σa
s

hυs

)
Is(z) − 1

ητ

,

(11)

where the parameters are defined in (1)–(4). The spontaneous
emission factor depends on the fiber length. The noise varia-
tion can be expressed as [6]

P±out
ASE = G(l) P±in

ASE , (12)
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FIGURE 6 Gain variation vs. fiber length and signal wavelength

FIGURE 7 a Gain variation vs. input pump power and signal wavelength in a 1-m length of rhodamine-B-doped optical fiber amplifier. b Saturation
condition

FIGURE 8 Gain spectra of several dye-doped polymer optical fiber ampli-
fiers

G(l) = exp

l∫
0

g(z)dz , (13)

where g(z) is the small-signal gain factor. In (11), nsp is given
as follows [6]:

nsp =
l∫

0

g(z) nsp(z)

G(z)
dz . (14)

Then, we have [6]

Pout
ASE = nsp(l) hυ ∆υ

G(l) −1

G(l)±
≈ nsp(l) hυ ∆υ , (15)

F = 2
PASE

hυ ∆υ G(l)
= 2 nsp(l) hυ ∆υ

G(l) −1

G(l)±
≈ 2 nsp(l) hυ ∆υ , (16)



392 Applied Physics B – Lasers and Optics

FIGURE 9 Gain variation vs. input signal power for different fiber lengths

FIGURE 10 Pump variation vs. fiber length, for a one signal wavelength and b various signal wavelengths

where F is the noise figure. The noise-figure variation vs. fiber
length is shown in Fig. 11. The amplifier noise figure is fixed
at higher fiber lengths. Variation of the first and the second
level densities, N1 and N2, is illustrated in Fig. 12.

Metastable and ground-state level densities near the max-
imum gain have their lowest and highest values, respectively,
because the pump power in the fiber near the maximum gain
becomes zero. From Figs. 11 and 12 it is seen that a noise peak
occurs when N1 and N2 are equal. Here, some questions are
raised as to why, where, and when this occurs. Does it occur at
the fiber optimum length? To find the answer, we differentiate
(16), giving

dF

dz
= 2hυ ∆υ

dnsp

dz
= 2hυ ∆υ

(N2 + N1)

(N2 − N1)2

dN2

dz
, (17)

where dnsp/dz is derived from (11) and the variations of N1
and N2 with z are assumed to be the same, but with opposite
signs. The noise figure is constant with z if

dN2

dz
= 0 → N2 = cte .

It is shown in Fig. 12 that, in the selected amplifier for fiber
lengths longer than 60 cm, N2 is practically zero. Therefore,
the noise in fibers with lengths longer than 60 cm must be
constant, as shown in Fig. 11. From (17) the noise figure ap-
proaches infinity for N2 = N1, which is displayed in Figs. 11
and 12. When the amplifier gain is maximum, the length
of the amplifier is optimum or the variation of gain with z
is zero. From (2) this occurs when σa

s N1 = σe
s N2, and the

noise peak occurs at the optimum gain when σa
s = σe

s . From
Fig. 1, this occurs at the intersection of the absorption and
emission cross-section spectra. If the pump and signal wave-
lengths are equal, at the optimum length the noise becomes
maximum. In our simulation, the signal wavelength differs
from the pump wavelength. It can be seen from Figs. 5 and 6
that the optimum pump and signal wavelengths are 532 nm
and 591 nm, respectively, as given in Table 1. It is import-
ant that the pump wavelength be at the maximum of the
absorption cross section. It is shown in Figs. 2 and 4 that
there are two lengths of fiber with the same gain but, due
to the lower noise and gain variation, the shorter length is
preferred.
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FIGURE 11 Noise figure vs. fiber length

FIGURE 12 Density variation of levels 1 and 2 vs. fiber length

5 Solution of the time-dependent rate equations

To predict the transient behavior of the polymer op-
tical fiber amplifier, the time-dependent rate equations must
be solved. The finite-element method was used to solve these
rate equations. N2, Ip, and Is can be expressed as

FIGURE 13 Boundary conditions of Ip, Is,
and N2 for solution of the rate equations

N2(t +∆t, z) = N2(t, z)+ F(N2(t, z) , Ip(t, z) , Is(t, z)) ∆t

Ip(t, z +∆z) = Ip(t, z)+ G(N2(t, z) , Ip(t, z)) ∆z

Is(t, z +∆z) = Is(t, z)+ H(N2(t, z) , Is(t, z)) ∆z , (18)

where F, G, and H are the nonlinear relations of N2, Ip, and
Is. The boundary conditions are shown in Fig. 13 and can be
expressed as



Ip(z = 0 , t) = Ip(i = 1 , j) = I0p j = 1, 2, ... , N,

Is(z = 0, t) =
{

Is(i = 1 , j) = I0s j = 2k,
Is(i = 1 , j) = 0 j = 2k +1 ,

(19)

where j is the fiber length, k is a real number, and I0p and I0s
are the input pump and signal intensities, respectively.

To determine the boundary conditions, we have assumed
that the pump is switched on at t < 0, while Is = 0. Since the
pump power is continuous, due to the complete population in-
version the fiber reaches the equilibrium condition, which we
can assume to be ∂N2/∂t = 0. Therefore, in the high pump
power regime the rate equations are time independent:

N2 = σa
p Ip Nt/hυp

σa
p Ip Nt/hυp+1/ητ

,

dIp

dz
= − σa

p/τ

σa
p Ip Nt/hυp+1/ητ

Nt Ip − kIp .

(20)

The analytical solution of these equations yields

z = 1

k +ησa
p Nt

ln

∣∣∣∣∣∣
Ip + hυp

ητσa
p
+ σa

p Nt

τ

Ip

∣∣∣∣∣∣
− 1

k
ln

∣∣∣∣Ip
kσa

p

hυp
+ k

ητ
+ σa

p Nt

τ

∣∣∣∣ . (21)

The numerical solution yields a pump power variation simi-
lar to that of the steady state, as shown in Fig. 10a, but here Ip

tends to zero at shorter lengths.
To solve the rate equations, we let ∆t = 10−11 and ∆z =

0.0025. Gains for a continuous signal beam are shown in
Fig. 14. It is obvious that in the high pump regime the gain ap-
proaches a fixed value, and Fig. 15 shows that this does not
differ for continuous or pulsed signals.

The same gain variations have been shown in Er-doped
fiber amplifiers [8], except that the time needed to reach the
fixed gain is in the range of nanoseconds. This means that
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FIGURE 14 Gain variation of continuous-wave signal vs. a fiber length and time and b time for different fiber lengths

FIGURE 15 Gain variation of input pulse signal vs. a fiber length and time and b time for several fiber lengths

FIGURE 16 Variations of metastable charge density, N2, vs. time and fiber length
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in both cases this scale is in the range of the steady-state
metastable lifetime.

The finite-element method’s error is related to the calcula-
tion steps. Therefore, the convergence of this method is very
slow. Variations of N2 with time and fiber length are shown in
Fig. 16.

6 Amplification conditions for lasing wavelength

Organic dyes such as rhodamine have absorption,
emission, and lasing spectra in bulk or doped fiber, as shown
in Fig. 17 for Rhodamine-6G (R6G) in a polymer fiber.

From the Einstein relation we know that in the lasing con-
dition the signal absorption and emission cross sections are
equal; therefore, (2) will change [7]:

∂Is(t, z)

∂z
= 2 πσl ( N2(t, z)

− g1

g2
N1(t, z)) Is(t, z)

a0∫
0

θ(r) Ψ̄ (r) rdr, (22)

where g1 and g2 are the degenerate sublevels of levels 1 and
2, respectively, and σ1 is the value of the lasing cross section.
From (22) it can be seen that the amplifier gain depends on the
level degeneracies. There is no information about the levels of
dyes in doped Polymer Optical Fibers (POFs); therefore, we
have assumed a suitable fixed value for the lasing cross sec-
tion. The amplifier gain rises by increasing g2. This continues
until g2 becomes 10 times g1; for a higher amount of g2, the
gain approaches a fixed amount.

If the signal wavelength is equal to the lasing wavelength,
the output light will be a mixture of coherent and incoherent
light. To enter this effect into our calculation, the exact spec-
trum of lasing must be known. In the POF amplifiers, setting
the signal wavelength on the lasing wavelength is not appro-
priate, because the absorption and emission cross sections are
equal at this wavelength, and the amplifier gain reduces. But,

FIGURE 18 Temporal profile variation a in RB-doped fiber [9] and b in R6G-doped fiber laser [5]

FIGURE 17 Absorption, emission, and lasing spectra of R6G in PMMA
polymer fiber [5]

in the fiber lasers, the signal has the lasing wavelength, and re-
flection surfaces at the end facets of the fiber cause higher gain
and coherent output light.

In experiments, when the signal wavelength is equal to the
lasing wavelength, the time-dependent signal and pump inten-
sities have alternations, as shown in Fig. 18.

When laser light is coherent, the atom density matrix will
be replaced by the Schrödinger equation. In the simplest case
this equation shows that the output signal must have some al-
ternations [7]. The study of time-dependent performance of
polymer laser fibers is a new and attractive field of research, to
be discussed in the near future.

7 Conclusion

From the simulation results, it was shown that
rhodamine-B is one of the best organic dyes to be used for
polymer optical fiber amplifiers.
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Suitable signal and pump wavelengths used in this kind of
amplifier are 591 nm and 532 nm, respectively.

Since the metastable lifetime in organic dyes is very
low, this kind of amplifier needs a high pump power. A high-
power Nd–YAG laser can be used to pump these ampli-
fiers.

Since the loss in polymer optical fiber amplifiers is
high, the optimum length of this type of amplifier is about
0.5 m. The absorption and emission cross sections of or-
ganic dyes are very high; therefore, regardless of the short
lifetime and high loss, high gain can be achieved from these
amplifiers. The gain of the amplifier with optimum length and
sufficient pump power is about 30 dB.

Since the signal power is low compared to the pump
power, the signal intensity distribution has no effect on the
amplifier gain. Therefore, the overlap coefficient, η, is con-
stant, independent of the dye and pump power distribution.

Increasing the concentration of the dye dopants shifts
the optimum length of the fiber amplifier to shorter lengths.
From the simulation, 1–3 ppm dye density is proper for
amplification.

The noise in a polymer optical fiber amplifier has a peak
when N2 = N1.

From two lengths of fiber with the same gain, the shorter
length is preferable due to its lower noise and lower gain vari-
ation with signal power.

In any fiber amplifier (glass or polymer), the required time
to reach the steady-state condition is in the order of the dye’s
lifetime.

The time required for the amplifier to reach equilibrium
is independent of the type of the input signal (digital or ana-
logue).

If the signal wavelength is equal to the dye’s lasing wave-
length, the output signal is a combination of coherent and
incoherent light, and the signal gain reduces with some fluc-
tuations. This quantum mechanical effect can be simulated by
numerical solution of density matrix equations.
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