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Abstract— This paper provides a detailed analysis of the
design of gain-clamped doped fiber amplifiers for best dy-
namic performance in a8 WDM networking environment. A
simple dynamic model of the doped fiber amplifier allows us
to derive explicit expressions for the small-signal transients,
which help identify and optimize the most critical param-
eters for best dynamic performance. The most important
parameter is the pump power: the larger, the better the
transient response. The pump power should be chosen a few
dBs above its required open-loop value, with all channels
preéent, for the planned inversion level. In an all-optical
networking scenario with input power per channel as high
as -3 dBm the required pump power may well exceed 20
dBm. Thus optimization of other parameters such as laser
wavelength and loop loss are important. For best dynamic
performance either the loop loss should be extremely small,
implying a large laser flux, or the laser gain variation in re-
sponse to a perturbation should be large. Accordingly, the
laser wavelength, for the data in our case study, should be
placed either around 1511 nm or around 1535 nm.

I. INTRODUCTION

Doped-fiber amplifiers (DFAs) for wavelength division
multiplexed (WDM) systems have a non-flat gain-versus-
wavelength profile, which greatly varies because of satura-
tion when the input power levels are large. In the design
of optically amplified links for WDM applications, in which
the number and the power level of the input channels may
vary randomly in time as in a networking scenario, it is thus
essential to stabilize the amplifier gain profile.
everal feedback control techniques have been proposed
 literature, all more or less explicitly aiming at sta-
“blizing the average inversion of the doped-fiber amplifier.

Alfirst class uses some optical measure of inversion at the
11t of the amplifier to produce an error signal which
ically controls the power of either the pump or of an
gontrol input laser source [1]-[4).

d class uses an all-optical feedback lasing signal
l:by the amplifier itself, which clamps the aver-
1sion and thus the gain to the desired level [5]-
feedback is either obtained by forming a feedback
flectively implementing a fiber ring laser), or
ber gratings, acting as mirrors only at the laser
at the active fiber ends. The laser plays here
extra control input laser source of the pre-
Gain clamping has also been successfully ap-
conductor optical amplifiers [8],[9] which noto-
:much more than doped-fiber amplifiers from
duced gain crosstalk in WDM systems.
t-of the above references deal with the steady-
gain-clamped amplifiers, a great deal of
transient gain dynamics has recently ap-
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Fig. 1. Gain-clamped amplifier scheme.

peared in the context of all-optical networks [10}-[13].

This paper addresses the design of gain-clamped doped-
fiber amplifiers, utilizing the simplified dynamic model of
the open-loop amplifier introduced in [14],[15]. The model
essentially coincides with“the one in [10], where a single
section is used for the doped fiber. Such a simple model
allows an easy interpretation of gain clamping, and a simple
study of its dynamics. Control theory techniques are used to
find the values of pump power, laser power and wavelength
and loop loss for optimal dynamic response.

II. MobDEL

The gain-clamped amplifier under study is shown in
Fig. 1. It is composed of a single-section DFA, with a piece
of standard fiber feeding part of the output to the DFA in-
put. Such positive feedback causes instability, and if the
DFA gain is larger than the loop losses the system starts
oscillating at the wavelength selected by the narrowband
loop filter centered at A; = ¢/v;, where ¢ is the speed of
light.

In the assumption of a two-level system for the dopant
ions and an homogeneously broadened gain spectrum, the
DFA can be modeled as a nonlinear dynamic system with
a single state variable, namely its total number of excited
ions r, called the reservoir [14]. If ry44 is the total number

of ions in the DFA, the normalized reservoir z 2 *[Tmaz
represents the average fraction of excited ions in the DFA,
known as average inversion. The update equation for the
reservoir, including self-saturation induced by the amplified
spontaneous emission (ASE) noise is [15], [10]:

#(t) = Z Qi) {1 — ¢S, v,']} - r_‘(rQ,__ Qase(r(t)
je{s.pl} M

where Q;,j €S £ {1,..., N} are the input WDM channel
fluxes [photons/sec] at frequencies v, @, the pump flux, @;
the input laser flux, Q 4s5(r) the output ASE flux and 7 the
fluorescence lifetime. G[r, v;] = B;jr — A; is the logarithmic
gain at frequency »; [14); B; and A; are non-dimensional
coefficients, dependent on frequency »; through the ions
absorption and emission cross-sections i14]. We physically




interpret equation (1) as the balance between the amplifier’s
input and output fluxes, being the net contribution of that
balance the reservoir’s variation per unit time. The output
flux at each frequency v; is obtained as Q;(t)eSl (). v,

We then account for the optical feedback by writing the
laser input flux as a delayed and attenuated version of the
output flux, to which we add the ASE term over the feed-
back filter bandwidth Q; 4sp:

Qi(t) = e{ Qu(t = m) ST 4 @ 4spr(t — m)])

2
being 77 the loop propagation delay and 0 < & < 1 the lo(o;)a
attenuation, both at laser frequency ;.

Equations (1)-(2) form the dynamic model of the gain-
clamped amplifier. The number of state variables is now
two, the second being the laser flux:

III. STEADY-STATE ANALYSIS

The system steady-state is obtained by letting #(t) = 0
in (1) and Qi(t) = Qi(t — n) in (2). As a result we get:

N {Zje{sm"‘} Qj [1 _ eG(f's, VJ')] — QASE(T“)}sa)

o [1 - eG(""'"‘)] = Qi ase(rss)- b(3b)

As noted from (3b), if the ASE term in the feedback filter
bandwidth is much smaller than the steady state laser flux,
equation (3b) can be approximated as

1— o el = 4)
which gives an explicit expression for the steady state reser-

voir 1 4
e = _“_/g_l'*'_’_, (5)

Eq. (4) is the well-known Barkhausen criterion for steady
state oscillation in a feedback noiseless system [16). Since
the ASE power in the feedback filter bandwidth can be
made small enough by appropriately choosing the filter
bandwidth, in the following we will use (5) to get the steady-
state reservoir solution.

In order to get physically acceptable solutions, the laser
photon flux must be non-negative. From (3a) and (4) we
get:

38 _ EJ'G{S:P} Qj [1 — 9o, ”")] - L‘:& - QASE("::)

Qi 1/a-1
(6)

so that the condition Qf* > 0 gives:

Qr [1 - CG(""”")] > Q; [ea('”’"") - 1]+r’T'+QASE(ru),
jes

: (7)
which we interpret either as a‘lower bound on pump flux
or as an upper bound on input fluxes. With the sign of

1The oscillation condition on the signal phase is neglected here since
the lasing modes form a continuum, because the loop delay 7 is usually
more than 6 orders of magnitude larger than the mode wavelength.
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Fig. 2. Steady-state average inversion z = rys/rmaz vs laser wave-
length, with loop loss as a parameter.

equality, (7) represents a hyperplane bounding the limit

~ values of the variables @, and {Q;},j € S.

Let’s now consider a numerical example. The erbium DFA
(EDFA) parameters used are: pump wavelength A, = 1480
nm; fluorescence time 7 = 10.5 ms; erbium concentration
p = 1.14 x 10%* ions/m3; overlap factor I' = 0.5; effective
core area A.;y = 5.12 x 10~!2 m?; EDFA length L = 35
m; cross-section values taken from fitted lorentzian curves
in [[17], table 4.2, p. 299] with ¢%,,, = 5.8 x 10~2° m? and
0% ,s = 5.3 x 10~% m2. The above parameters are related
to the A; and Bj factors as: A; = pl'ofL B; = I'(o§ +
a}-’)/A,/ t . The WDM system is composed of 8 channels
with equal input power per channel Fj,,.; at frequencies
chosen according to the ITU-T standard between 192.8 THz
(1554.9 nm) and 193.5 THz (1549.3 nm), with 100 GHz (0.8
nm) spacing.

Fig. 2 shows the normalized reservoir z vs laser wave-
length as obtained from (5), with loop loss 1/« as a param-
eter. Choosing P, = 18 dBm and P;p, /.1, = —10 dBm in (7)
gives an upper bound on r,,, shown by the shaded area in
the figure: to satisfy both (5) and (7) the loop loss cannot
exceed 20 dB in the example.

Select for example a loop loss of 15 dB. To check the ef-
fect of varying the laser wavelength, we choose wavelengths
An = 1526 nm, A;2 = 1530 nm, and A3 = 1560 nm, ob-
taining the three distinct values of the average inversion,
and hence of the gain profile, marked in Fig. 2. With the
above values of the reservoir, we show in Fig. 3a the ef-
fect of varying the signal input power Pi,/ch for a fixed
pump power P, = 18 dBm: with decreasing channel fluxes,
the laser flux grows to consume the excess reservoir excited
ions that would otherwise result. We see that input pow-
ers below -22 dBm/ch do not influence the laser power,
which in this case has about 16 dBm power and is the only
cause of EDFA saturation. Fig. 3b shows the maximum
output laser flux, obtained in the absence of channel fluxes
(Pinjch = 0), for varying pump power: being the gain (i.e.,
the average inversion) clamped, the laser power increases
with pump power to consume the excess reservoir excited
ions provided by a more powerful pump. Note from both
figures that the laser power is minimized by choosing A;, in

- the allowed lasing range, so that the value of the stabilized

reservoir is maximum, corresponding to maximum gain at
the laser wavelength.

Finally, a lower bound on the pump power to ensure the
existence of the laser oscillation in all possible static con- -
figurations of the WDM system is obtained from (7) by
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Fig. 3. Laser output power versus (a) input channel power, for fixed
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Fig. 4. Lower bound on pump power versus average inversion, with
input power per channel as a parameter.

imposing the equality sign when all the WDM channels are
(g.r_e,sent. Such a minimum pump level is the one needed
y an open-loop amplifier to guarantee the required gain
vel and profile with all channels present. Fig. 4 shows
#uch bound versus normalized steady-state reservoir, with
Zliput power per channel Pinjcp (for our 8 channel WDM
stem) as a parameter. The reservoir fixes the gain pro-
and level, which in the middle of the comb has the dB
es indicated in the upper “Gain” axis. Such curves do
depend on laser parameters, since they are obtained as
ng cases at which Q; = 0. We observe that for a typ-
Anteramplifier loss of 10-15 dB the average inversion is
d 0.63. The pump lower bound is below 10 dB for sig-
els of -20 dBm/ch, below 16 dB for -10 dBm/ch, and
h as 23 dB for a typical value for all-optical networks
3s -3 dBm/ch. This means that a very large pump
Is already required for open-loop EDFAs to guarantee
quired gain and profile. When we clamp the gain,
: to provide more pump to sustain the laser oscil-
j, We will show in the next section that the amount
lired extra pump to achieve a satisfactory dynamic
is usually a few dB larger than the lower bound.
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Fig. 5. Laser (top) and surviving channel (bottom) output power time
response to a 7 channel add/drop sequence, with P,/ = —10

dBm, \; = 1530 nm, 7; = 2 us.

1V. DEesiGN FOR OPTIMAL DYNAMIC PERFORMANCE

In the design of the gain-clamped amplifier we have a
constraint on the required gain level and gain-vs-wavelength
profile for the WDM channels, of which we know the number
and the input power level Py cp. Once the profile is sta-
bilized by gain clamping, gain equalization can optionally
be achieved by using a suitable passive optical filter [18].
Considering that the major cost is due to the large pump
power in the DFA, our target is to stabilize a given gain
profile, for given input channels and required gain level, by
mintmizing the required pump power.

Since a one-to-one relation exists between gain profile and
reservoir value, system specifications fix the required value
for r,, at steady state. Given r,,, laser wavelength A; and
loop loss are related by the Barkhausen criterion (5). We
have one degree of freedom in the choice between loss and
AL

Another degree is available with the selection of the pump
power, for which a lower bound to ensure the existence of
the laser oscillation was obtained in the previous section.

To understand the effect of choosing the pump level very
close to its lower bound (Cfr Fig. 4) on the dynamic re-
sponse of the clamped amplifier, we note that in this case
the laser level is very small. When a channel drop occurs,
a long “switch on” transient takes place, giving a slow re-
sponse and large overshoots on the surviving channels.

Fig. ba refers to a system with average inversion « = 0.6,
Pinjen = —10 dBm, A; = 1530 nm, and pump power




P, = 12.4 dBm corresponding to its lower bound. The
figure shows a double transient in our WDM system: be-
fore -time-0 there is only 1 active channel, and at time 0.1
ms the remaining 7 channels are added. Being the pump
power at its lower bound, when all channels are present the
laser switches off. After some fraction of ms the laser power
is negligible compared to the WDM channels and does not
influence the dynamics of the surviving channel anymore.
At time 2.5 ms the 7 channels are dropped. Clearly, since
the laser is essentially off, a long (0.2 ms) switch-on tran-
sient occurs, andlarge (2 dB) power excursions show up on
the surviving channel, with a long ringing. It takes more
than 1.5 ms for the system to settle to the new steady-state.
Fig. 5b shows what happens if the pump is chosen 1.5 dB
above the lower bound, P, = 13.9 dBm. In such case a
laser oscillation (6.5 dBm) is present even after the initial
7-channel add, so that the subsequent 7-channel drop causes
a transient in the system that settles after a little more than
0.5 ms, with a power excursion on the surviving channel of
only 0.25 dB.

From this we learn that a little more pump power with
respect to its lower bound helps improve the dynamic re-
sponse. :

To better quantify the dynamic behavior and thus finalize
the design criteria, we now perform a small-signal analysis,
leading to explicit formulae for the relaxation oscillations

[19].

V. SMALL-SIGNAL ANALYSIS: RELAXATION
OSCILLATIONS

In this section we slightly perturb the equilibrium point
and find an explicit solution of the linearized system re-
sponse. Our objective is to obtain explicit expressions of
the decay rate and relaxation oscillation frequency, and see
how they relate to our free parameters in order to design
the system for shortest transient duration. We carry on
the analysis without the ASE contributions in the model
equations (1) and (2). :

Let the perturbed input and state values be:

Qi) & Q¥+AQju@), j=1,...,N
) £ rutral) ra@®<r
Q) = QP +Qal), Qal)<Qy

where u(t) is the step function. Using such values in
(1), approximating the amplifier’s exponential gain as
€9(ree:¥i) [1 4 B;ra(t)] we obtain for ¢ > 0:

falt) = -84 Lie(s, 01 205 [1 — eGlrenn 3] 4
+QA(t) [l A (7ss, Vl)] - ZjE{S,P,'} QJ(0+)
eClrees "")Bj ‘ra(t) - eGrsn ) B Qa(t) ralt)

8)
where Q;(0%) = Q¥ + AQj for signals, and Qi(0%) =
Q*,Q,(0%) = Q,. If we define: :

{

1

Te

K

T+ Zeisen @ (0%)eG(rss»¥i) B,

9
Sieis.py AQs [1— eClranvi)],

S

we write equation (8) as:

~2al 4+ Qa(t) [1 - e )]

ra(?)
—eClre ) B QA (t) ra(t) + K.

(10)

Similarly, from equation (2) we get:
Qa(t) = QA(i—‘rz)+Qf’BITA(t—TI)+BzQA(t—Tz)rA(t-—(n).
11)

Since we are considering small perturbations with respect
to steady state solutions, we will neglect cross products be-
tween ra and Qa. Taking the Laplace transforms of equa-
tions (10) and (11), and using a first-order Padé rational

approximation for the delay term e~"* o };::: g we get:

{ (s+ ;lc-)RA(s) + (1/a—-1)Qa(s) = %
Qi"BIgS L —1)Ra(s) + smnQa(s) = (}

12
being Ra(s), @a(s) the Laplace transforms of ra(t), Qa(t)
respectively. The associated characteristic equation is:

¢+ [2- L n/a-] o+ LEa/a-1 =0

whose roots, when the determinant is negative, are s; 3 =
—v + jw, where the decay rate 7 and the relaxation-
oscillation frequency w are:

1 [;lc- ~ 9% B(1/a~ 1)]

¥y =
R ss 2
w = %\/42‘;1——'(1/61 -1)- [;lc- - 2é—B;(l/(.\r— 1)] .
: (13)
The perturbed solution finally is:
r(t) = r+K ‘:7' - sinwt
-t
aw = 9t ui{i= i
+Qi*Bi(1/a — 1)]sinwt +wcoswit}}.

(14)

In Fig. 6 the small-signal solution (14) is compared to
the exact solution of (1),(2) when 7 out of 8 low-power
channels are dropped. The prediction is quite good, and
starts to fail only when the added/dropped power variations
are significant with respect to the total steady-state input
power. Fig. 7 summarizes the results in (13) by giving the
root locus 51 2 = —7= jw on the complex plane, as the laser
wavelength A; is swept across its allowed range, starting
from A; = 1511.35 nm (points marked with a cross) up to
A1 = 1640 nm (white circles). The sweep direction is marked

by arrows. Since the inversion is clamped at ¢ = 0.6, at
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each point the loss changes according to (5) and the values
are shown for the marked points. Two different loci are
shown for two distinet values of the pump power. As seen,
increasing the pump from 13.9 to 18 dBm gives larger values
of both decay rate (faster decay) and relaxation frequency
(faster oscillations), in accord with our previous observation
in Fig. 5. We also note that an 18 dBm pump may give real
roots, in which case the fastest settling time is obtained
by choosing coincident real roots. For both pump values,
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the transient duration is minimized by choosing ); around
1511 nm, where the loss is extremely low and 7 is largest;
this however corresponds to unrealistically small loop loss
(0.3 dB). With achievable loop loss values larger than, say,
5 dB (diamond points), the roots are complex in both. cases.

We write in more detail the decay rate to check its de-
pendence on laser wavelength. From the first of (13), and

the first of (9) we get:
v = §[E+QpeSCBy+ L Bi(1/a+ 1)t

Sies (QfF +AQ;) S|
' (15)

Root locus 512 of the small-signal characteristic equation -
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right axis: loss vs A;.

As seen from (15) and (6), the only dependence of y on X

comes through the term F £ Bz%% for a planned value

of r;s. This term should be large for fast oscillation de-
cay. Maximizing B; maximizes the gain variation induced
by a given reservoir variation 2, and minimizing the loss
maximizes the input laser flux in photons/s as per (6), so
that the laser reaction to the add/drop, coming from a de-
crease/increase of the ions consumed in the reservoir, is
improved in speed. , .

The term F is plotted in Fig. 8 for different values of
inversion z. Obviously it tends to infinity when o tends
to one. Thus one should choose the loop loss as small as
possible (largest laser flux) for fastest dynamic response.
The loss vs A; curves for given inversion z (i.e., the stabilized
gain profiles) are also shown in the figure. It is interesting to
note that for feasible loop losses above, say, 5 dB the term
F varies within a factor of 4, which may be significant since
r(t) varies exponentially with it. Good laser wavelength
ranges for the data in our case study are around 1511 nm,
where the loss tends to one, and in a small range around
1535 nm where B; is maximum. :

It has been pointed out in [20] that the best noise figure
is obtained for lowest input laser flux, giving maximum in-
version at the input. Lowest input laser flux corresponds to
largest laser gain, and thus 1535 nm is best for both noise
figure and dynamic response.

However, the principal noise figure degradation comes
from the WDM signal loss at the input coupler, which
should therefore be mimimum. In this respect, either we
accept a large loop loss, e.g. with a standard 90/10 cou-
pler, or we use a laser well out of band, so that a wavelength
multiplexer can be used, which introduces minimum input
signal loss, without too much increase in the laser loop loss.

Also note that, contrary to what stated in [20], a gain-
clamped amplifier can only degrade the noise figure with re-
spect to its open-loop counterpart, since without clamping
the inversion is always larger when not all WDM channels
are present (the laser consumes the extra inversion in the
absence of some of the WDM channels).

The last quantity of interest in the transient analysis is

. 2Recall that each input laser photon consumes eBi7ss —41 reservoir
ions. ’
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the power excursion on surviving channels. Since the output
power at channel j is Pfv! = Qjhv;eC(res.vs) the dB power
excursion on channel j is: .

P;
AP; 48 2 10log,, M > 4.34B;ra(t). (16)
Py(rss)

By setting to zero the derivative of A, the maximum reser-
voir excursion is obtained at { = "—“‘.’.‘#112 Fig. 9 shows the
maximum power excursion AP; | 4p ~ 4.34B; K e~ sin wf
of the single surviving channel to an add/drop of 7 channels,
as a function of laser wavelength. We note that the power
excursion can be reduced by increasing the pump power.
In this case the band below 1520 nm is optimal. Although
these results were obtained reasoning on the small-signal
response, the conclusions still hold true in the large signal
case.

VI. CoNcLUsIONS

We have provided-a detailed analysis of the design of gain-
clamped DFAs in a WDM networking environment. The
simplicity of the DFA model allowed us to derive explicit ex-
pressions for the small-signal transients, which helped iden-
tify and optimize the-critical parameters for best dynamic
performance. The most important parameter is the pump
power: the larger, the better the transient response. The
pump power should be chosen a few dBs above its required
open-loop value, with all channels present, for the planned
inversion level. In an all-optical networking scenario with
input power per channel as high as -3 dBm the required
pump power may well exceed 20 dBm. Thus optimization
of other parameters such as laser wavelength or loop loss
may be of importance to allow lower pump values. We have
shown that, for any pump level, when the loop loss is very
small the laser becomes extremely large, and this gives the
best dynamic performance. For the data in our case study,
the laser should be placed around 1511 nm. However ob-
taining such low loss values is hard, and for practical loss
values the laser wavelength for fastest response should be
placed at the peak of the clamped profile, 1535 nm in our
case.
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