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Efficient Multiwavelength Dynamic
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_Abstract—An efficient full spectrum (1480-1600 nm) large- but also the entire ASE spectrum. To predict such behavior
signal transient dynamic model of an erbium-doped fiber ampli- can be computationally intensive. To fully account the effects
fier (EDFA) is developed. A technique to speed up the simulation ¢ t5yard and backward ASE saturation, these simulation

by a factor of 1000 using artificial delay lines based on the del ire | fi fi hich i desirabl
transmission-line model (TLM) is presented. Simulations and ex- IMOGEIS TEqUIFE I0Ng EXECULON TLMeS “WhICH 1S LNGesirabie

perimental results show the delay line method is not detrimental When §imU|atin9 large ngtworks. .
to the accuracy of the model. The efficiency of this model meansit  In this paper, we have implemented a numerical model of a

is id_eal for simulating the dyn_ar_nics of Iqrge Waveleng_th-division 1480-nm forward-pumped EDFA. The numerical model fully
multiplexed (WDM) networks if included in a network simulator. describes the dynamic response of the EDFA and takes into
Index Terms—Erbium-doped fiber amplifiers, modeling. account the full EDFA spectrum (1460-1600 nm), and the
effects of forward and backward ASE saturation. The model
requires only simple parameters to be obtained: gain and loss
coefficient spectra, intrinsic saturation power, and excited-ion

HE ERBIUM-DOPED fiber amplifier (EDFA) has be-|ifetime [5]. We have used a transmission line model (TLM)

come one of the key components in WDM networkge] with extra delay sections to improve the computational

Its main advantages include high gain, wide bandwidth, aggficiency by a factor of 1000. The results of this delay-

polarization insensitivity [1]. Due to their long excited-statgine method are in excellent agreement with our experimental
lifetime, EDFA’s are immune to channel gain modulation ifesylts.

the lowest modulation component is greater than 10 kHz [2].
This means that channel cross-talk is minimal in high-speed
WDM networks during normal network operation. However,
channel failures due to accidental component failures or chanfor a forward two-level pumped EDFA, the carrier density
nel switching can produce large-power transients which cau@ée equation and the signal power equations along the erbium-
gain transients in the entire WDM network, affecting alfloped fiber (EDF) are derived from [7]
channels [9]. As the size and complexity of WDM networks
increases, these transient effects may become significant for d¥(z,t) _ N(z,t) Z P (x,t) + Pi(x,t)

T

I. INTRODUCTION

Il. THEORY

system performance and reliability. To analyze the effect and dt S PRtr

behavior of these dynamics in networks using a large number o

of EDFA’s, an efficient numerical model is necessary. X |:N(a:,t) - _: } (1a)
QX T gA

The single-channel large-signal transient behavior of an
EDFA was simulated and reported by Ko [3] using a model de(a:,t)

_ S
based on the references in [2] and [4]. However, only the ~— dz NG, t)[(ax+ g) PX(@,1) + 2hAvgy]

case of a single channel and a single amplified spontaneous — oz,\P)’\c(a:,t) (1b)
emission (ASE) component at a signal wavelength with a AP (z, 1)
bandwidth(A)) was considered. However, to fully account # = N(z,t)[(ax + gr) Pz, t) + 2hvAvg,]

for the EDFA dynamics including cross saturation between
multiple signals and ASE saturation, it is necessary to include

the full EDFA spectrum (1480 to 1600 nm) in a model, here are the gain and loss coefficients per unit length [5]
This is particularly important when the EDFA is part of" g, & 9 P g '

a ring-like network which the ASE and the signal would is the intrinsic saturation power [71, is the exited-state

lase (if the round-trip gain exceeds unity) [13], [14] an fetime, NV is the normalized excited-state ion populations

channels compete with each other for gain. As a result, t Iy signal frequency with mean bandwidtty, / is Planck’s

dpr b
EDFA behavior will heavily depend on not just the signaﬁzonStant’ an and P are the forward and backward
raveling signal powers, respectively.
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Carrier polpulation{N))
N{t+T+d)=N(t)+(T+d)dN.(t)/dt

Ax=0.4 m _ ) P;"H(HT‘Fd)
] delay(d)
= — >
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Distance along the EDF from the input of the EDFA (x)

single mode fiber
Fig. 1. Normalized excited-ion distribution along EDF At = 0.1, 0.2,
and 0.4 m in the steady state with 200-mA pump current.
between the mode and the doped area is independent L=kL

0.68

opL——

of the respective signal power, i.e., the doping area is
confined near to the center of the core [7];

« the signal gain is polarization-independent; ()

» the dopant concentration is small enough that pairig. 2. (a) Numerical model of a section of an EDFA. (b) An equivalent
induced quenching (PIQ), which dominates over thFeDFA model used for simulations when the delay line method is used.
homogeneous cooperative process, background loss and
excited states absorption, can be ignored [8]. of ASE components is possible, the choice & becomes

The gain coefficienig(A) can be determined by a simpleeven more important.

experiment such as passing a high pump power through a very
short length of fiber €0.3-dB length of loss) [5]. The loss co- I1l. NUMERICAL MODEL

efficient,()), spectrum can be obtained by a simple cut-back To solve (1), the EDF is divided into sections of equal length

experiment. .Once t.he Intrinsic saturatlpn power of a particul hﬁx). The carrier density is assumed to be constant within a
wavelength is obtained from a transmission measurement, the

intrinsic saturating poweP™) of the complete spectrum can ection, as illustrated in Fig. 2. The whole EDFA spectrum
be easily determined using the gain and loss coefficients. T%%CIUdmg the pump spectrum), from 1460 to 1600 nm, is

: . ) : Ivided into discrete signal wavelengths with a mean width
time constan{(r) is optamed .by measuring the ASE outpu A (AAv/v). The discrete algorithms, derived from (1), for
decay of an EDF being excited by pump pulses [9]. As ' '

. the computation are shown as follows:
result, only parameterg()\), «(\), Pt (at any particular P

i i ; ‘ AN (¢
ggﬂ?ﬂgﬁiﬁ?&% are required to fully characterized the Nt + AT) = Ni(#) + dt( ) AT (22)
It can be seen from (1a) that the excited ion population dN(t) Ni(t) Pl + PY (1)
is power-dependent. Since the signal powers vary along the J 7 Z T psat,
EDF [from (1b) and (1c)], the gain varies along the fiber A A
as well. To investigate the effects of using finite sections in x |:Ni(t) o } (2b)
the model, (1a)-(1c) were solved for the steady-state (setting ax + ga
(1a) to zero) by using a two-boundary finite-element relaxation P)J\C:H'l — p{:i + (Ni (t) [(a/\ + g)\)P)J\c:i

method [10]. The results are shown in Fig. 1. It can be seen

_ Sfié
that the normalized excited-ion population varies along the +2hAvgs] — anP{ (1) Az (2¢)

EDFA nonlinearly, with the gain at the ends of the EDF heavily Pyl = Py (NT () [(an + gr) Pyttt

saturated by ASE. As a result, different section size results +2hvAvgs] — ax P (1) As. (20)

in different accuracy. Therefore, to maintain accuracy, it is

necessary to divide the EDF into short sections. The transient simulations are initialized from the steady-state

The ASE components in (1b) and (1c) depend on the widdelution obtained by setting (2b) to be zero. Since the steady-
of the wavelength intervalA), that the EDFA spectrum is state solution is relatively simple, it will not be discussed
divided into. Since the forward and backward ASE saturates great detail here. As it was shown earlier, the choice of
the gain along the EDFA, due to the discretization of the gaihx and A\ affect the accuracy of the steady-state excited-ion
coefficient, loss coefficient and intrinsic saturation power spedistribution and thus the initial gain and ASE along the fiber.
tra, the choice ofA) also affects the excited-ion populationAs a result, the dynamic solution is also likely to be affected.
along the EDFA and hence the steady-state accuracy. In epending on the magnitudes gfand « (which depend on
case of EDFA dynamics in a ring-like structure, where lasirtpe individual EDFA), optimal values ahx, At and A\ are
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necessary in order to balance the simulation accuracy and oc EDF WDM  optical filter

execution time. 0 ISO cP DEMUX (1550 nm)
At each new iteration with, time increased by a time stepr)ﬁLD WDM MUX >

(At), a new carrier densityN*), forward propagating signal 1550 nm 1480/1550 nm

(P{"), forward ASE (P/"), and backward ASEP;") are

computed for each section. If we use the TLM, the section pamp LD

length (Az) and the time stedAt¢) are related byAz =

ATc,, whereg, is the signal group velocity. If the decay : O*‘¥ Oscill ’}tﬁo
time of the large-signal transient iy, then the minimum _ detector . detector
required number of iterationg:) is (Oscilloscpe triggered channel)

| 1SO: 'optical isolator
n= (Tdyn Cg) /Aa: CP: optical coupler
QOP: optical chopper

That means, fordz = 0.1 m,c, = 2x10°* ms™* (assuming _. . . . .

. . . - . Fig. 3. Experiment for large-signal single channel dynamics.
a group refractive index of 1.5 in silica fiber) and a 10-ms
transient simulation, the required number of iterations per

signal is at least 10°. The execution time of the simulation ‘
depends on the number of iterations multiplied by the number 1.8 !
of sections and the number of wavelengths (1480 to 1600 161
nm). In order to fully describe the full-bandwidth dynamics ~ 14}
of saturated EDFA’'s of an WDM network in a reasonable % 12l oss coefficient
time, it is necessary to reduce the “effective time-step” carried 8 4l
out in a simulation to improve the simulation efficiency while E 08L
maintaining accuracy. % '

To improve the simulation efficiency, we introduce a delay 3 06
factor, k. This is equivalent to introducing an additional B 04f
propagation delay within each fiber section (Fig. 2). This can 0.2¢ -
be thought of as introducing lossless lengths of fiber between ol -~ s T - “'\1——&
ga(;n sedctlons. As a result of this, the number of iterations is " wavelength (um) '
reduced to

Fig. 4. Gain and absorption spectra.
N = TaynCy/(kAT).

Increasing the EDFA’s length by a factor &f affects the
rate (or dynamics) that forward and backward signal saturate  , 4
the different sections of EDFA. However, if the delay is not
significant compared to the excited-state lifetimen(s) and
the rate of change of the input signal power;§), then the
effect on the dynamics of the EDFA will be insignificant. Our
results in the next section show that delay scaling reduces
execution time dramatically while maintaining the accuracy 41
of the EDFA dynamics.
Delay scaling results in a fixed delay of the entire output 05

N
T

power (mW)
2

response with respect to a change in the input power, simply Vel

because the delay of the fiber has been incredseithes. o ‘ ‘ . , ,

Therefore, the delay-scaled transient model is similar to an 146 148 15 152 154 166 158 16
wavelength (um)

EDFA with its output connected to a lossless and nondispersive

single-mode fiber (SMF) of length, where Ly = L(k — 1) Fig- 5. Intrinsic saturation power spectrum.

and L is the actual length of the EDFA [Fig. 2(b)]. For

example, for a 13-m EDF, a simulation usingkaof 1000 IV. EXPERIMENTAL AND SIMULATION RESULTS

requires anL, of 13 km. In this case, the computation time

is reduced by approximately 1000 times (see Section V). . . .

Furthermore, as EDFA's are used as signal repeaters (or potver>ondle-Channel Large-Signal Dynamics

boosters) in networks, distances between EDFA’s are in theFig. 3 shows the experimental setup for demonstrating the

order of kilometers. As a result, the additional delay can barge-signal saturation dynamics of a single channel. The

accommodated in actual networks. results of this experiment were compared with simulations
For all of the simulations discussed in this papAr; and with & = 1 and &£ = 1000. In this experiment, the EDFA

AM are chosen to be 0.1 m and 1 nm, respectively. The EDFas a 13-m-long aluminum codoped erbium fiber with a 1480-

spectrum is modeled from 1460 to 1600 nm. nm pump laser arranged in a forward pumping scheme. The
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@ Fig. 7. Large-signal response to a step input. Solid line: experimental
60 measurement. Dashed line: simulation result time advanced bys48ue
[ ' ' ' ' ' ‘ ' to delay introduced by = 1000.
%0r TABLE |
ComPARISON OF CPU TiME VERSUS DELAY
% 40} FacTor (k) UsiNGg A 50-MHz SPARC CPU
vy . CPU time required for simulation in
«Ea 30| Delay factork seconds
a
1 187224
20 100 1849
1000 186
10+
0 S shape of these input pulses were modeled and implemented in
0 01 02 03 04 05 06 07 08 09 1 the simulation. The input signal pulses are also coupled to the
time (s) photodetector to trigger the oscilloscope. The EDFA output is
(b) filtered at 1550 nm and connected to the oscilloscope through
70 » - ] a photodetector. The bandwidth of the photodetector is 125
MHz and the oscilloscope has a 200-MHz bandwidth.
60| The results of this experiment were compared with the
simulation results witht = 1 and £ = 1000. The output
g 50} coupling loss between the EDFA and the photodetector was
§ i estimated to be 5.4 dB by comparing the output signal’s peak
:a: between the experimental and simulation results, at a 200-
® 30 mA pump current. In Fig. 6, there are excellent agreements
between the simulation and experimental results for three
20¢ different pump powers. The small difference at the output
10l power peak is mainly due to the finite value chosenfarand
A as explained in the steady-state discussion in the previous
0 = section. Fig. 6 also shows the simulation results using

0 01 02 03 04 05 06 07 08 09 1 1000 (i.e., an additional delay of 0.33 between sections).

tim : LT .
© (ms) In this case, the execution time is reduced by approximately
@) 1000 times and the additional delay (48) of the output can
Fig. 6. Large-signal response Bt = (@) 200 mA, (b) 300 mA, and (c) 400 he seen (as mentioned in the previous section). These time-
mA. Solid line: experimental measurement. Dashed line: simulation resulh.ft d | . I ith th . |
with &£ = 1000. Dashed and dotted line: simulation results Witk 1. shitted results are in excellent agreement with the experlmenta
results for all three pump power levels as shown in Fig. 7.

The use of the delay-line method reduces CPU time required

gain coefficient, loss coefficient, and intrinsic saturating powgs, executing simulations. The CPU time required for various

measured to be~9.2 ms by using techniques mentioned Fig. 8 shows the simulated EDFA optical output spectrum
earlier. A 1550-nm DFB laser operating under CW conditions I,, = 200 mA andk = 1000. The simulated output spectra
was passed through an optical chopper to produce a 2004izB, and C were sampled at 0, 0.25, and 0.8 ms, respectively
step-like optical input 0.1-ms rise-time) to the EDFA. The [corresponding to points A, B, and C in Fig. 6(a)]. These
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Fig. 8. Simulated EDFA output power spectrum at different time of the ) ) ) o
simulation fork = 1000. Fig. 10. Simulated large-signal response assuming no ASE (solid line). The
experimental result is shown as a dashed line.

0.03

L However, ask is further increased beyond 3000, the peak
! power starts to increase. This is due to the quantization error
resulted from sampling the rising edge of the input pulses
o (i.e., the modulated signal at 1550 nm). The sampling time-
0.01} 1 step increases with increasihgtherefore, if% is large enough,
o the rising edge of the sampled input resembles a “staircase”-
04 ] like signal with each step behaving like a large signal with
] a zero rise time. As a result, for large (>3000), the peak
001 ° o | power increases with increasirkg This effect is particularly
° ° significant if the rise-time of the input pulses is comparable
° '] to the fluorescence lifetime of the EDFA. On the other hand,
1 10 100 1000 _ 10000 10000 if the rise time is small (e.g+-ns), the input pulses behaves
k as real step inputs and, as a result, the quantization error is
Fig. 9. Change in output peak power level verseShe y axis represents insignificant. In real WDM systems, depending on the type
Zﬁﬁ%ﬁfﬁé’i&g pi(éi/gﬂipﬁ? i 'fsdﬁhﬁofiﬂﬁ;“fgufpower "NIN=1 " of wavelength switching devices, switching times vary from
the order of milliseconds to nanoseconds [15]. Therefore,
implementing the delay-line technique in dynamic simulations,
spectra include the pump spectrum from 1460 to 1480 ngMe rise time (switching time) of the large signal must be
which shows the many modes of the pump source. Thignsidered to obtain the required accuracy and efficiency.
hlghllghts the effectiveness of the model as it is not limited to a In order to confirm the effect of forward and backward ASE
single-wavelength approximation of the pump spectrum. In tlag the EDFA dynamics, and hence the necessity of including
experiment, the pump band is removed by the WDM coupler @fese terms, the simulation was run with the zero ASE in (2b)
the output of the EDFA. The dynamics of the gain compressi@ind (2c). In the case of zero ASE, before the arrival of the
spectrum can also be seen from these spectra, highlighting &ghal pulse, the upper level population is higher than with
ability of our model to also predict multiwavelength dynamicsaSE. This causes a higher gain along the EDF which results
in a higher peak power. This large signal gain causes a high
rate of stimulated emission and hence the transient state decays
B. Effect of Delay Scaling faster to the steady state. At steady state, because the signal

The overall effect of the delay scaling is to slow down thl¢Ve! is much higher than the ASE, the discrepancy from the
propagation of signal, and the forward and backward ASEtual signal level is very small, as shown in Fig. 10.
with respect to the change of the input signal and the excited
state population decay. The degree of these effects (i.e., fhe
distortion of the actual dynamics of the EDFA) can be assessedo verify the ASE dynamics predicted by the model ex-
by examining the change in output peak power veksatsl,, = perimentally, the pump laser was modulated using an optical
300 mA, as plotted in Fig. 9. A& increases, a longer timechopper. Two lengths, 6 and 13 m, of aluminum codoped
is required for the input pulse to travel through the EDF. Therbium fiber were used. The responsivity of the photodetector
delay provides more time for the excited state population & the EDFA output was assumed to be close to its 1550-
saturate at the input end of the fiber which reduces the gainroh value over the range 1500 nm to 1600 nm (within
the later parts of the pulse. As a result, the gain experience6.01 mA/mW). These ASE dynamics are shown in Fig. 11.
by the signal is lower than it should be. The shorter the length of the EDF, the sooner the response

0.02

Error in peak power

-0.02

ASE Dynamics
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Fig. 11. ASE dynamics by chopping pump input/gt= 400 mA using (a) Fig. 12. WDM signal transient at, = (a) 300 mA and (b) 400 mA. Solid
a 6-m-long EDF and (b) a 13-m-long EDF. line: experimental result. Dashed line: simulation result.

reaches the steady state. This is shown in the experiment &6tRys and the discretization @i\ and Aa, as explained
simulation results. Because of the short period of the purggrlier.
modulanoq, the ASE signal was not able t(_) de_cay completely V. DISCUSSION
to zero. This means the upper level population is nonzero at thel_h del d ived by (2 th . di

instant of the next rising edge of the pump pulse. This accounts e model described by (2) assumes the gain medium

for the extra gain of the experimental results as compared'fo hamogeneously broadened. To include the effect of in-

that of the simulation. Coupling losses also introduced errorpgmoggneous_ gain .broade.r1.|ng, modification of the original
in the experiment. mod_el is required with addltl_onal _parameters such as Cross-
section spectra and normalized inhomogeneous broadening
distribution [11]. Study shows that effects of inhomogeneous
medium on gain saturation in alumino-silicate glasses are
Channel switching in WDM networks causes large-signamall and hence both homogeneous and inhomogeneous model
gain transients in the network. Therefore it is important tharovide accurate descriptions of ASE output spectrum [11].
the model is able to simulate a similar situation. A two-channiideed, modeling the transient behavior of EDFA’s based on
cross-talk experiment was set up which is similar to Fig. @Bhomogeneous gain broadening requires a highly complicated
except that two CW DFB lasers were used as sources of twmdel. The effect of inhomogeneity on the dynamic behavior
WDM channels. The 1550-nm DFB laser was passed throughEDFA will require further study.
a chopper before coupling into the EDFA. The 1570-nm DFB The delay-line method was implemented in the simulation
laser was unmodulated. A simulation was run wite= 1000, model assuming the doping area is confined near the center
and the simulation results were time-shifted to account for tloé the core. Indeed, the delay-line method is not restricted to
additional delay. Fig. 12 shows that the experimental resulis used with such a condition (i.e., radial-independent). Since
and the simulations are in excellent agreement at two differeahe delay-line method only increased the effective time step,
pump levels. In the case df, = 400 mA, the discrepancy it can also be implemented in a model where the propagation
of the signal peak is due to the introduction of artificiabf mode power is radial-dependent.

D. Two-Channel Cross-Talk Experiment
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In addition to two-level systems, the delay-line method cavi. Summerfield of Photonics Research Laboratory of the
also be used in three-level systems (e.g., 980—-nm pumpgdiversity of Melbourne for fruitful discussions.
EDFA's) provided that the dynamic of the system is preserved,
such as the dynamic of the pump excited-state (level 3). In

— 10-2_10-3
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As a result, improvement on computing speed and the accurag®] J. Chung and D. Y. Kim, “Dynamics performance of the all-optical
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. . . . works,” in Int. Conf. on Integrated Optics and Optical Fiber Commu-
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