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Design of Gain-Clamped Doped-Fiber
Amplifiers for Optimal Dynamic Performance

Alberto Bononi and Lorenzo Barbieri

Abstract—This paper provides a detailed analysis of gain- obtained by forming a feedback fiber loop, effectively imple-
clamped doped-fiber amplifiers and design guidelines in a wave- menting a fiber ring laser (loop configuration), or by placing
length division multiplexed (WDM) networking environment. A fiber gratings, acting as mirrors only at the laser wavelength,

simple dynamic model of the doped-fiber amplifier allows us to . . . . . )
derive explicit expressions for the small-signal response, which at the active fiber ends (straight-line configuration). The laser

help identify and optimize the most critical parameters for best Plays here the role of the extra control input laser source of
dynamic performance. The most important parameter is the the previous class. Gain clamping has also been successfully
pump power, which should be chosen 1-2 dB's above its required gpplied to semiconductor optical amplifiers [9], [10] which

open-loop value, with all channels present, for the required signal \qt5riously suffer much more than DFA’s from saturation-
gain. In an all-optical networking scenario with input power per . d d qai talk in WDM t

channel as high as—3 dBm the (equired pump power may well In uce gain crosstalk in Systems. .

exceed 20 dBm. Thus optimization of other parameters such as While most of the above references deal with the steady-

laser wavelength and loop loss are important. For best dynamic state analysis of gain-clamped amplifiers, a great deal of
performance either the loop loss should be extremely small, studies on their transient gain dynamics has recently appeared
implying a very large laser flux, or the laser gain variation in in the context of all-optical networks [11]-[15].

response to a perturbation should be large. Accordingly, the laser - . . .
wavelength should be placed either close to the unity-gain region This paper addresses the design of gain-clamped doped-fiber

of the clamped gain profile, or at its peak. Finally, the small amplifiers, utilizing the simplified dynamic model of the open-
signal model for a chain of clamped amplifiers is provided, and it loop amplifier introduced in [16], [17]. The model essentially

is shown that long chains are vulnerable to low-frequency input coincides with the one in [11], where a single section is used

signal perturbations. for the doped fiber. Such a simple model allows an easy
_ Index Terms—Doped-amplifier gain dynamics, erbium-doped interpretation of gain clamping, and a simple study of its
fiber amplifier (EDFA), gain-clamping. dynamics. System theory techniques are used to find small

signal transfer functions leading to simple selection criteria
for pump power, laser wavelength and loop loss for optimal
. .. dynamic performance. Also, a small signal model is developed
DOPED-FIBER amplifiers (DFA’s) for wavelength divi- ¢3. chains of gain-clamped amplifiers.
sion multiplexed (WDM) systems have a nonflat gain- The paper is organized as follows. Section Il introduces the
versus-wavelength profile, which greatly varies because @fnamic nonlinear model of the gain-clamped amplifier in loop
saturation when the input power levels are large. In the desigqqyration. Section IIl deals with its steady-state analysis.
of optically amplified links for WDM applications, in which gection v introduces the design criteria for optimal dynamic
the number and the power level of the input channels M3¥ tormance, and Sections V, VI derive its linearized model,
vary randomly in time as in a networking scenario, it is tusyo\iding a clear picture of the dynamics inside the gain-
essential to stabilize the amplifier gain profile. clamped DFA, and providing explicit expressions and selection
Seyeral feedback control techmqggs ha.ve. been prop(_)s_equi@eria of the key dynamic parameters for the optimization of
the Ilterature,_ all more or less explicitly aiming at stablizing i, isolated clamped DFA's and chains of them. Section VII
the average inversion of the DFA. _ _ summarizes the main findings. Appendix A extends the key
A first class uses some optical measure of inversion gl ations to the straight-line configuration, while Appendix B

the output of the amplifier to produce an error signal whicfefines the range of applicability of the linear model.
electrically controls the power of either the pump or of an

extra control input laser source [1]-[5].
A second class uses an all-optical feedback lasing signal Il. M ODEL
sustained by the amplifier itself, which clamps the average ) » ) o
inversion and thus the gain to the desired level [6]-[8]. The The gain-clamped amplifier under study is shown in Fig. 1.
technique is known as gain clamping. The feedback is eitHtriS composed of a single-section DFA, with a piece of
standard fiber feeding part of the output to the DFA input. We
Manuscript received August 3, 1998. This work was supported in part Wi” concentrate on the analySiS of such |00p configuration,
the European Community under INCO-DC project 950959 “DAWRON,” ané@lthough a straight-line configuration is also possible, and
also in part by a grant from CSELT. Jpertinent results discussed in Appendix A.
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In the assumption of a two-level system for the dopant ions , . 0. : ;
. tnversion B

and an homogeneously broadened gain spectrum, the DFA can 0 15

be modeled as a nonlinear dynamic system with a single state

variable, na_lmely its total number of excited 1ons (_:a"ed_ Fig. 2. Amplifier gain in dB versus average inversimné r/Tmax and

the reservoir [16]. If .., is the total number of ions in wavelength.

the DFA, the normalized reservair = 7 /Tmax rEpresents the

average fraction of excited ions in the DFA, knowneaerage A;), plotted against wavelength and inversion. For a fixed

inversion The update equation for the reservoir, including{:‘Iue of the reservoir, or equivalently of inversions, we
? ?

self-saturation induced by the amplified spontaneous emissjon : :
(ASE) noise is [17], [11] Ve the well-known gain-versus-wavelength profile due to

the wavelength dependence of the coefficiefjsand 5;. It

wavelength [ um]

7(t) = Z Q,; ({1 - G;(r(H)} is the variation ofx caused by the input power variations
Je{Sol} that causes the undesired profile changes. The dB gain has a
r(t) linear dependence on i.e., the surface in Fig. 2 is composed
- Qase(r(t)) (1) of straight lines with slope depending on wavelength. The

optical feedback fixes the average inversion and thus the gain

where 7 is the fluorescence lifetim&);,j € S 2 {1...N} profile to a desired value as follows: the loop filter passes only
are the input WDM signal fluxes [photons/s] at wavelength¥avelength),, i.e., selects the straight line corresponding to
Aj, Q, the input pump fluxQ; the input laser fluXQ ask(r) the laser gainshown on the surface. The horizontal contour
is the output ASE flux, a function of the average inversion i€ on the surface marks the level corresponding toldio@
the approximation of constant inversion [18], [1T;(r) = loss at wavelength); (the loop loss at all other wavelengths
ePir=4i is the gain at wavelength; where B; and A; are is infinity). The laser flux grows until its gain equals the loop
nondimensional wavelength dependent coefficients given I§$S, thus fixing the desired inversion. The desired inversion
Aj = pl';00L B; = I'j(0% +02)/Aerr, Wherep is the erbium can be chgnged by either chan.gmg the loop loss fqr fixed
concentration A.q the core effective ared, the DFA length, (thus moving along théaser gainline), or by changing\;
¢ and o the emission and absorption cross sectionsat for fixed loss (thus moving along theop losscontour). The
andI'; the overlap factor. equilibrium point at the intersection of the loop loss contour

We interpret (1) as the balance between the amplifier's inpd the laser gain line is stable. In fact, if some channels are
and output photon fluxes, being the net contribution of théfopped, less reservoir ions are consumetgnds to increase,
balance the reservoir's variation per unit time. and so does the laser gain and the laser flux, which grows to

We then account for the optical feedback by writing the las€Pnsume the excess reservoir ions and bringsack to its
input flux as a delayed and attenuated version of the outgl@mped value. If some channels are added, more reservoir

flux, to which the ASE term2; asi passed by the feedbackions are consumed; tends to decrease, and so does the laser
filter is added ’ gain and the laser flux, which consumes less reservoir ions

and bringsz back to its clamped value.
Qu(t) = a{Qu(t — 1) Gi(r(t — 1)) + Quase[r(t — )]} (2)  Analytically, the system steady state is obtained by letting
7(t) = 0in (1) and Qi(t) = Qi(t — ;) In (2). As a result

being 7, the loop propagation delay arfi< « < 1 the loop get:

attenuation, both at laser wavelength
Equations (1)-(2) form the dynamic model of the gain-
clamped amplifier. The number of state variables is now two, R Z Q;[1 — G=°] = Qasp(rss) (3a)
85 — J 7 W\’ ss

the second being the laser flax(¢). et

Pl—a-GPl=a- Quase(Tss). 3b
Ill. STEADY-STATE ANALYSIS ol ] Quase(rss) (30)
We first give an intuitive explanation of gain clampingwhere i3 is shorthand foiGG; (7). If the ASE term in the
Fig. 2 gives an example of the DFA gain in dB34(B;» — feedback filter bandwidth is much smaller than the steady state
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Equation (4) is the well-known Barkhausen criterion for steady#s-
state oscillation in a feedback noiseless system {1Snce T 20p---e-
the ASE power in the feedback filter bandwidth can be madeg
small enough by appropriately choosing the filter bandwidth, &

. . . . O
in the following we will use (5) to get the steady-state reservoir 2 10

laser flux, the second equation in (3b) can be approximated as Gain (dB)
4.84 7.68 10.52 13.36 1620  19.04
1—a-G°=0 (4) 40 T T T :
which gives an explicit expression for the steady state reservoir ~ 35f--------- *I ******** * “““““ -------- P --------

Inl/a+ A E sof-—--- S S ST -
Pog = ——— G 3 ! ! !
B ~ ; i :

25f——————-—- Ao e R et EEEESP L
R

solution. Note that (5) is the equation of thep losscontour =< | _—1 A P
shown in Fig. 2. e T Tt Ll el ——
In order to get physically acceptable solutions, the laser flux : i i i
must be nonnegative. From (3a) and (4), we get Ly 0.55 0.6 0.65 o7 075
T normalized reservoir
S oan-6- Qs L -

s je{S.p} Flg. 3. Lower bound on pump power,: versus average inversion with

T = Ta—1 (6) input power per channel as a parameter.
so that the conditior);* > 0 gives: existence of the laser oscillation in all other possible static

.5 - Tss configurations of the WDM system. The reservoir fixes the
Qp[l =G}’ 2 Z QG =1+ - T Qase(rss)  (7) gain profile and level, which in the middle of the WDM comb
ies has the dB values indicated in the upper “Gain” axis. We
which we interpret either as a lower bound on pump flux or abserve that for a typical interamplifier loss from 10 to 15 dB
an upper bound on input fluxes [21]. With the sign of equalitghe average inversion is around 0.63. The pump lower bound
(7) represents a hyperplane bounding the limit values of tieebelow 10 dB for signal levels o020 dBm/ch, below 16
variables@,, and {Q,}, j € S. For instance, given the inputdB for —10 dBm/ch, and as high as 23 dB for a typical value
fluxes{Q;} and the desired reservoigs, (7) with the equality for all-optical networks such as3 dBm/ch. This means that
sign gives the lower bound on pun@ﬁ, i.e., the pump flux a very large pump value is already required for open-loop
needed in an open-loop (nonclamped) DFA to reach the desilgldFA’s to guarantee the required gain and profile.
inversion. Using a pump flug, > QIE, the net laser flux in  In the next section we will show that a pump a few dBs

(6) can be rewritten as larger than the lower bound must be provided to sustain the
ss L s laser oscillation even when all channels are present, in order
(o= 1) =(Gp— Q)1 = G). (8) to get a satisfactory dynamic response.

which is independent of laser wavelength.
Let us now consider a numerical example, to which we will V- DESIGN FOROPTIMAL DYNAMIC PERFORMANCE
often refer. The erbium DFA (EDFA) parameters used are:In the design of the gain-clamped amplifier, we have a con-
pump wavelength\, = 1480 nm; fluorescence time = 10.5 straint on the required gain level and gain-versus-wavelength
ms; erbium concentratiop = 1.14 x 10** ions/m?; overlap profile for the WDM channels, of which we know the number
factor ' = 0.5; effective core aread.g = 5.12 x 10712  and the input power leveP,,, .. Once the profile is stabilized
m?; EDFA length L = 35 m; cross-section values takerby gain clamping, gain equalization can optionally be achieved
from fitted Lorentzian curves in [[22], Table 4.2, p. 299] withoy using a suitable passive optical filter [23]. Considering that
08 = 58 x107» m? ando?, = 5.3 x 1072°> m2. The the major cost is due to the large pump power in the DFA,
WDM system is composed of eight channels with equal inpour target is to stabilize a given gain profile, for given input
power per channel;,,q, at frequencies chosen according tehannels and required gain level, hyinimizingthe required
the ITU-T standard between 192.8 THz (1554.9 nm) and 1938mp power.
THz (1549.3 nm), with 100 GHz (0.8 nm) spacing. Since a one-to-one relation exists between gain profile and
Fig. 3 shows the lower bound on pump povﬁ;’r 2 h,,pQIf reservoir value, system specifications fix the required value
versus normalized steady-state reservoir, with input power gef s, at steady state. Given,,, laser wavelength\; and
channelP,, 4, as a parameter when all eight WDM channelop loss are related by the Barkhausen criterion (5). We have
are present. Such a minimum pump is the one needed ®e degree of freedom in the choice between laser loss and
the open-loop amplifier to guarantee the required gain lewsavelength.

and profile with all channels present, and thus to ensure theAnother degree is available with the selection of the pump
- . . , ) ower, for which a lower bound to ensure the existence of the
1The oscillation condition on the signal phase is neglected here since F\

e . . . . .
lasing modes form a continuum, because the loop dejaig usually more A€l oscillation with all channels present was obtained in the
than six orders of magnitude larger than the mode period. previous section.
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Pp=12.4 dBm shows what happens if the pump is chosen 1.5 dB above the
lower bound,P, = 13.9 dBm. In such case an output laser
oscillation (6.5 dBm) is present at the next steady-state after
the seven-channel add, so that the subsequent seven-channel
drop causes a transient in the system that settles after a little
more than 0.4 ms, with a maximum power excursion on the
surviving channel of only 0.1 dB. We note that the maximum
dB-excursion is larger at the drop, with ringing (also known as
relaxation oscillations [24]) at higher frequency with respect

Pout (dBm)

@)

_nS to the add, but with comparable decay rates [15].
g From this we learn that extra pump is a key factor in the
E dynamic step response of the system. Other important factors
—~— — are the gain on the surviving channel (or equivalently the
0.2 0.6 1 1.4 1.8 : . .
time (msec) average inversion), the input power per channel, and the laser
Pp=13.9 dBm ~ wavelength. We repeated the add—drop experiment by varying

the above parameters, and recorded the maximum dB-power
excursion at the drops. The results are summarized in the
contour plots of Fig. 5. We see for instance that the laser
wavelength); = 1530 nm gives much lower excursions than
A; = 1570 nm, and that with at least 1.5 dB extra pump
and A\; = 1530 nm the maximum power excursion can be
kept below 0.2 dB (0.4 dB) for input power per channel
Py = —10 dBm (P, /1, = —3 dBm) in our eight channel
WDM system, for signal gains up to 18 d&B.

To get an understanding of the key system parameters
determining the dynamic response of the clamped amplifier,
we now perform a small-signal analysis, leading to simple

Pout (dBm)

(b)

Pout (dBm)

0.2 0.6 1 1.4 1.8 . . .
time (msec) approximations of the dynamic response. For example, we

give in Appendix B an analytic approximation of the above
contour plots.
Fig. 4. (a) Laser and (b) surviving channel output power time response to

a seven out of eight channel add-drop sequence, Rith., = —10 dBm,
x = 0.6, Ay = 1530 nm, 7, = 0.18 ps. V. SMALL -SIGNAL ANALYSIS

The nonlinear system described by (1) and (2) has two state

To understand the effect of choosing the pump level veMgariables, namely, the reserveirand the laser input flux);,
close to its lower bound (see Fig. 3) on the dynamic respon&gich reach steady state under continuous-wave (CW) signals.
of the clamped amplifier, we note that in this case the lasky this section we slightly perturb the state equilibrium point
level approaches zero. Starting with all channels present, wHrobtain explicit expressions of the system response to any
a channel drop occurs a long “switch on” transient takes plagégnal/poump perturbation which causes a small perturbation

giving a slow response and large overshoots on the surviviigthe state. We carry on the analysis neglecting ASE, as the
channels. This effect is shown in Fig. 4. Fig. 4(a) refers gJamped DFA is normally saturated by the laser flux [15]. The
a system with average inversion = 0.6, Py/q, = —10 accuracy of the linear model is discussed in detail in Appendix

dBm, A; = 1530 nm, and pump power’, = 12.4 dBm B.

corresponding to its lower bound. The loop delayris=

0.18us corresponding to 40 m of fiber propagation. The figurd- Reservoir and Laser Filters

shows a double transient: before time O there is only one activeLet the perturbed reservoir bét) 2+ Ar(t) and the

channel, and at time 0.05 ms the remaining seven channels &g rbed input fluxes be, (+) a QY +AQ;(t),j € {S.p. 1}
added. The transition is abrupt, i.e., takes place in zero timggsyming thatnax; (s, {B;}Ar(t) < 1, we approximate
which gives a worst-case dynamic behavior [12]. Being thge gain asG, (r(t)) _ 7G§56BjAr(t) =~ G[1 + B;Ar(t)].
pump power at its lower bound, when all channels are pressgjging the above expressfons in (1) we (J)btain

the laser switches off. After some fraction of ms the laser
power is negligible compared to the WDM channels and doe&,(t) _ _AT(t) +Z AQ;(H)(1— G (1+B;Ar(t)) (9)
not influence the dynamics of the surviving channel anymore. To ! ! !

At time 0.7 ms the seven channels are dropped. Clearly, since

the laser is essentially off, a long (0.1 ms) switch-on transieyhere 7 is the set of input fluxe# = {S,p} for the
occurs, and large (1.2 dB) power excursions show up on tHeclamped DFA, and” = {S,p,!} for the clamped DFA),

surviving channel, with a long ringing. It takes more than 1 2\ith our EDEA parameters, signal gains of [6, 8, 10, 12, 14, 16, 18] dB
ms for the system to settle to the new steady-state. Fig. 4(b)respond to average inversions [0.52, 0.55, 0.59, 0.62, 0.66, 0.69, 0.73]

jcF
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Fig. 5. Contour plots of maximum dB-excursion on surviving channel for a seven out of eight channel’deogis: Q,,/Qlf (dB); X-axis: surviving
signal gain (dB). Round-trip delay, = 0.18 us. Contour levels spaced by 0.05 dB.

and the saturation level, and for large fluxes is almost independent
1 a1 s of the fluorescence time [25].
P > QrGyB;. (10)  When optical feedback is presem¥(;(s) is a function of
¢ JEF AR(s). To find such function, we start from (2), with the

NeglectingB; Ar with respect to one, we can take the Laplac@re.\/iqus expansion of the gain term, to get the laser input flux
transform of both sides of (9) to get a linear relation betwedfnation
the Laplace transformAR(s) of Ar(¢) and the transform
AQ;(s) of AQ;(t) AQi(t) = AQu(t — 1)(1 + BiAr(t — 7))

. + Q7" BiAr(t — 7). (14)

<s + T—)AR(S) =3 (1-GPAQi(s).  (11)
° jer Again neglectingB; Ar with respect to one, taking the Laplace
transform of both sides of this equation, and using a first-

Equation (11) can be rewritten as order Paé rational approximation for the delay temmn™* ~

AR(s) = K(s)H,(s) (12) (1 —ms/2)/(1+7s/2) [26] we get
where K (s) = Scx (1= G5)AQ(s), and s =are IR (1-T5). as)
1S 2
Hy(s) 2 —— (13 |
s+ — Using (15) in (11) and the fact tha¥;”* = 1/«, we get an
o expression forA R(s) of the same form as (12) whet&,(s)

is the transfer function of a lowpass filter of 3-dB bandwidtt§ replaced by the closed-loop transfer function
1/7, and DC valuer,. In the absence of optical feedback, the

open-loopfilter H,(jw) passes the low-frequency components H.(s) E 5 (16)
. . . . _ - 1 1 QSSBI

of the signal/pump flux variations to the reservoir. The open P2+ st (1)

loop 3-dB bandwidth increases with the input fluxes, i.e., with Te o T
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Fig. 6. (a) Reservoir filter magnitude, clampgd..(jw)| and open-loogH,(jw)| and (b) laser filter magnitudgd,(jw)|. Data:z = 0.6, 7, = 0.18 us,
Ar = 1530 nm, P/, = —10 dBm, pump power 13.9 dBm for clamped DFA and 12.4 dBm for unclamped DFA. Solid line: eight channels at
steady-state; dashed: 1 channel.

where fluctuations to the reservoir; such fluctuations are instead
o passed by the open-loop filter. This means for example that

1al + Z QG B; | + <l + 1) Q1 Bl_ (17) allthe Iovv_-frequency rela_tive intensity r_10ise of a cheap pump
Te o 2 can effectively be neutralized by clamping. On the other hand,
] ] ) ] no low-frequency pump overtones can be transmitted to the
The denominator in (16) is a second-order polynomial and cgferyoir and hence impressed on the transiting signals for
be written as [19], [20]s” + 2¢Qn5+ Q7 = (s+51)(s+52)  Jink monitoring. Moreover, when the steady-state total input

ic{S.p}

where power is decreased, as in the figure, the laser flux increases and
A 1 5B so does the natural frequency, as per (18). The shift in natural
2, = <E - 1)T (18) frequency in the example is about 20 kHz. Such strong shift

does not allow transmission of pump overtones at the natural
frequency, as this is strongly input-signal dependent.

With clamping, the signal/pump low-frequency fluctuations
are not transmitted to the reservoir since the laser flux takes
In fact, from (12) and (15), we haveQ);(s) =

is the natural system angular frequency 2 ﬁ the
damping factor and s; and s» the roots, with|sq| = |7§2| =
Q.. The underdamped cas¢ < 1 gives oscillations in
the natural system response and complex conjugate robm On:

si2 = —I +jQ, wherel' = ;- is the decay rateand K(s)Hu(s) where the laser filter is
Q = Q,/1 - £ therelaxation-oscillation angular frequency 7 02
When¢ < 1, H.(jw) is a bandpass selective filter, taking peak (1 ) 3) (1/a—1)
valuer, atw = ,,, and with 3-dB bandwidth /.. Hi(s) = 1 (19)
Fig. 6(a) shows Bode plots of the magnitude of both the s% + py s+ €7
open-loop H,(jw) and closed-loopH.(jw) reservoir filters ¢
for the same average inversian= 0.6, P4, = —10 dBm, which corresponds to a second-order low-pass filter, as shown

A; = 1530 nm (loop loss 11.85 dB);; = 0.18 us, closed- in Fig. 6(b).

loop pump P, = 13.9 dBm. To get the same inversion in To check the dependence of the roots on laser wavelength,
the open-loop case, a pump of vaIJH}% is used. Solid lines Fig. 7 shows the root locus; » on the complex plane, as
correspond to a steady state with all eight channels preseaht laser wavelength is swept fromm = 1511.01 nm up to
dashed lines to a steady state with only one channel presépt= 1640 nm. The figure was obtained with all eight channels
For the same inversion, the top magnitude of the open-loppesent at steady statg,,;, = —10 dBm, clamped inversion
filter is always larger than that of the closed-loop one, sinee= 0.6, loop delayr; = 0.18 us. Since inversion is clamped,

T, > Te, although the values are comparable, and so are thieeach point the loss changes according to (5) and the values
3-dB bandwidths (this is not immediately clear in the logare shown for the marked points. Two different loci are shown
log Bode plot). Also, both filters roll off ad/w for large for pump power 18 and 13.9 dBm. We note that for loss values
frequencies, i.e., at a rate 6f10 dB/decade. The closed-larger than 0.16 dB the roots are complex conjugate &.e.],

loop filter does not transmit the low-frequency signal/pumand for reasonable loop loss larger than 1 @B > 1512.8
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Fig. 8. Maximum dB-power excursion on surviving chanagl.x, relax-
ation oscillation frequency? and decay ratd@" versus laser wavelength,
for a step response to a drop of 7 out of 8 channels. Dgta= 13.9 dBm,
Pinjen = =10 dBm, 2 = 0.6; 7y = 0.18 us.

Fig. 7. Root locuss; 2 of the small-signal characteristic equation fasis
swept across its allowed range, Y, /., = —10 dBm, x = 0.6 and two
pump values: (black) 18 dBm; (gray{ 13.9 dBm.

nm) the system is strongly resonant, ig+=I'/Q, < 1,so  Using (8) and the definitions, we rewrite
that 2 = Q,,. In fact, the dashed 45ines, at which real and \/Bz

imaginary absolute values are equal, mark the limit at which =4/ (Qp QL)1 - G3®)
ringing becomes significant [20]. !

1 1 58,55 ) .
B. Step Response and Choice of Laser Wavelength P=3l77 'e%s: , @G B,
J P
If the signals undergo an add—drop discontinuity at time zero
AQ;(s) = (AQ;/s), then by inverse Laplace transforming 1o+ 1 Q(Q _ QL1 - ¢ 23)
AR(s) the explicit reservoir variation whefi< 1 is obtained 1Ja—1 2°7F P P
as
Tt This shows thaf2,, depends on laser wavelength only through
Ar(t) =K a sin Q¢ (20) the factor B;, while ' through the factorF = Bi(1/a +

1/1/a — 1. F should be large for fast oscillation decay.
where K = Yje s,y (1 - G57)AQ;. Maximizing B, maximizes the laser gain variation induced
This is a damped sinusoid, with decay rétend frequency py a given reservoir variation while minimizing the loss
§2/2x. From Fig. 7 we see that the fastest settling time in th@aximizes the input laser flux in photons/s as per (6): in
step response is obtained by choosing coincident real roqigth ways the laser reaction to the add-drop, coming from
but this requires an unrealistically low loss (0.16 dB) at 1§ decrease/increase of the ions consumed in the reservoir, is
dBm pump, and even less with a pump of 13.9 dBm. improved in speed.

The time behavior ofAr(¢) is important, since the dB- Fig. 8 shows the dependence of the overshegt,,  and
power excursiore on any “surviving” channek after the step " on ); for a pump of 18 dBm (black) and 13.9 (gray).
variation depends linearly on it as: Such curves fo2 andI" were given implicitly in the root
Pout(r,, + Ar(t)) !ocus o_f Fig. 7. From the figures and frpm_(23) we see that
increasing the pump increasggmore oscillations), increases

¢ 210 logy, { } = 4.34B,Ar(t). (21)

out (-
Pyt (rss) I" (faster decay), and consequently decreagless overshoot),
The maximum reservoir variation, or overshootin accord with our previous observation in Fig. 4. On the
is reached in such resonant systems very close doaph ofQ (cf., [15, Fig. 4]) we have superposed the graph of

the point where the argument of the sine term €, in dashed line and the two curves almost exactly overlap
7/20 Arpax = (JK|/Q) exp(—(1'/Q)(x/2)). For strongly on most of the laser range shown, except wheris close

resonant systems (i.e., for standard loop loss values largerl511 nm, where the roots tend to merge and the system
than a few decibels) the exponential term is close to unilgses its high resonance. The dashed lines on the graph of

and 2 = Q,, so that
K]

ATmaux = —

2,

(22)

emax represent (21) with approximation (22), and we see that
€max 1S IN practice inversely proportional 1@,,, and reaches
its minimum where§2,, has its maximum, i.e., wherés,

is maximum. This implies that at high resonance the most

i.e., the reservoir overshoot is roughly inversely proportioneffective laser wavelength to minimizg,,. for a given pump

to the natural frequency.

is the wavelength maximizings;, typically around 1530 nm.
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o5 Pp=13.9 dBm nm to propagate down a chain of amplifiers, in which case
~ 20 1 laker | P/ ‘; - the laser from a clamped amplifier cannot be propagated and
& 15 o— ] thus cannot stabilize the downstream (nonclamped) EDFA’s
S ool ] as proposed in [12].

5 I N
e S R e el (it s R B
0 ; ‘ ‘ ‘ ; ‘ : ‘ VI. INPUT-OUTPUT LINEAR MODEL
0.2 0.6 1 1.4 1.8

We complete the linear model by characterizing the DFA

£ 1 L R A S S as anN x N linear system, whose inputs are the WDM
a 8g:ij”s’ljjjg,:dr]::’ﬁ:I::I:jf’f’}:’f::[:m’ input flux perturbations and whose output the WDM output
= 3071 "Aft s S St sy S S ——— flux perturbations.
5 062 : ————— ————— ————— F?r every inpqt channg& € S at stead¥ state we have
o:2 ‘ 0.6 ‘ 1‘ ‘ 1-;1 — Q?: = QrG,. D|fferent|at.|ng, we getAQe! :fCAQlcn—i_,
time (msec) QTAG,., where from Section V-A we havAG. = G.B. Ay

and AR(s) = (Zjcs (1 — Gj)AQ¥(s))Hr(s) where the
Fig. 9. Same add-drop transient as in Fig. 4, but with a laser wavelengservoir fi|terHR(3) is either open loop (13) or closed loop
A; = 1511.3 nm, corresponding to a loop loss of 0.27 dB. (16). Hence, for every input channele S we have

out in in
We also note from (23) thdt tends to infinity whem tends AT =GeAQ:" + Hi(s)Q: G Be
to one, i.e., close to the critical damping and away from i
strong resonance. Thus, another interesting option for the laser ) Z (1= G)AQF(s)
placement is near 1511 nm where the loop loss is close to 1 jes
and laser flux i's largest. Although in the Iopp configuratipguch equations can be written in matrix form as {25]
such low loss is not feasible, the straight-line configuration )
(Appendix A) can get close to that. To test the goodness of AQ = M(5)AQ™ (25)
this choice even in the large signal regime, the same double A
transient obtained in Fig. 4 with; = 1530 nm, was repeated Where AQ = [AQ; ... AQy]Y, and the system matrix is
in Fig. 9 for \; = 1511.3 nm, where the loop loss is 0.27 dB. o T
We note that although,,., is slightly larger than in Fig. 4, g(s) =G+ Hr(s)@P (26)
Ztlijlilcﬁ;mping is much stronger, and oscillations die out MOl are G A Diag[G: ...Gn] is a diagonal gain matrix

It has been pointed out in [27] that the best noise figure@ = [QP"G1B; ... QRGN BN]" P S (1 =Gy)...( -
obtained for lowest input laser flux, giving maximum inversiofyy)]” - We note that the dependence on the complex variable
at the input. Lowest input laser flux corresponds to largest lage®f Such matrix comes from the scaldfz(s), and that
loss, and thus 1530 nm is a good choice for both noise figdf§ ©ff-diagonal elements ol are just scaled versions of
and dynamic response. However, the principal noise figufer(s): i-€., @ perturbation on channghas the same lowpass
degradation in a clamped DFA comes from the WDM signaP@ndpass) effect on the reservoir and on charngl j in
loss at the input coupler, which should therefore be minimufiPen-100p (clamped) configuration. ,
According to where the laser is placed, either we can live On the other hgnd, the outpu_t perturbation on channel
with a large loop loss and use for example a cheap inpfﬁtC""usﬁﬁi by an mp?nt perturbation on the same (_:hannel
90/10 coupler, or we must use a laser well out of band, % AQ: (‘2 = A (S)H‘%S?”(S) where the self-filter
that a wavelength multiplexer can be used, which introducé seir(s) = Ge[l + Hr(s)QFB.(1 — G.)], is either a
minimum input signal loss, without too much increase in thigh pass in the open loop [28], or a notch in the clamped
laser loop loss. Also, note that a gain-clamped amplifier c&Rnfiguration, as shown in Fig. 10. The depth of the notch is
only degrade the noise figure with respect to its open-lo@pProximately{(1/7.) - Q.G.B.}/{1/7.} [wherer. is given
counterpart, since without clamping the inversion is alway8 (17)], and depends on how large the perturbed chaanel
larger when not all WDM channels are present (the lastr with respect to the others, the laser and the pump. It is
consumes the extra inversion in the absence of some of Hfally very small.
WDM channels). )

Finally, a key factor for the choice of laser wavelength i§- Chains
spectral hole burning due to inhomogeneous broadening [15]Consider the clamped/open-loop DFA of the previous sec-
an effect which is not captured by our model. In essence, ttien followed by a time-invariant loss element, with loss
laser wavelength should not be too far from the signals {8, ... Ly] for channels 1 througlV. It is easy to see that the
avoid steady state gain offsets from the desired level. In thigatrix of the DFAt+-loss system is the same as in (26), with the
regard, 1530 nm is better than 1511 nm, although it is stithtal gainG,/L; for each channel used inG and@ in place
very far from the signals_, usu_ally located in the 1540—15503We exclude here the pump from the input perturbations.
nm band. Moreover, optical filters at the EDFA output are 4We indicate vectors in boldface and matrices in boldface with double
often used to prevent the major ASE components at 153@erlining. The symbol indicates transposition.

(24)
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clamped and unclamped modules, for the same inversion level.

1 1 IBE AR i T PTETT T T T TTTTIT 1 o T ETTH
& A R R T R T B R A We see that the equivalent reservoir filter for the clamped
108F =1 -4-H R relamped TR TR i i ;
% i ? ; miii 5 ﬁ»ﬁiﬂ&- AR chain has the high-frequency part of its open-loop counterpart
AL S R R AR RO AT R RN mirrored around the natural frequen@;_g/(%). This implies
g IR i B that in a long chain of clamped amplifiers the passband of the
g 104 ——1— 1ottt S et -l e T T ) L. .
s b HIHIE U i:‘Hm R I equivalent reservoir filter expands to very low frequencies (as
L] S R Ao L SRR AN ) 1 L0, (R R R well as to very high frequencies), so that the chain becomes
[Py [ RN 1 i [ ) "
1ol Ll b :IHH:S L 1111:114 Liiit 5 more affected by low-frequency disturbances.
10 10? 10 10 10
Frequency (Hz)

VII. SUMMARY AND CONCLUSIONS

Fig. 10. Self-filter magnitude for clamped and open-loop configurations,
same inversion: = 0.6, eight channels at steady state, same data as in Fig. G-Starting from a simple state-space model of the DFA, we

have provided a detailed analysis of both the steady-state and

Unclamped the dynamic behavior of gain-clamped DFA’'s in a WDM
1@ - \ ' ] networking environment.
= _q m We have provided criteria for the optimal selection of pump
F107 1 power, laser wavelength and laser cavity loss for the design
@ 1572 n=1 of a gain-clamped DFA with specifications on the number of
WDM signals, input signal power per channel, and signal gain.
10‘1301 1(;2 1(;3 1(;4 1(;5 6 A lower bound on the necessary pump power is given in Fig. 3,

and the amount of extra pump needed to satisfy specifications
on the maximum overshoot on surviving channels during
add—drop operations is given in the contour plots in Fig. 5.
From such plots we conclude that the pump power should
be chosen 1-2 dB above its required minimum value. For
example, consider a gain-clamped DFA with eight WDM
channels,—3 dBm input signal power per channel, and 12

101 162 103 164 165 108 dBrequired signal gain. From the graphs we find that a pump
Frequency (Hz) power of20+ 1.5 = 21.5 dBm and a laser placed at 1530 nm
_ , o _ _ ensure a worst-case overshoot less than 0.25 dB. The required
Fig. 11. Equivalent reservoir filter magnitude for a single = 1) and a

chain of n = 200 DFA+loss modules, both for clamped and open Ioo;Pump value could be obtained using two or more lower power
configurations, same inversion= 0.6, eight channels at steady state, sam@UMPS.
data as in Fig. 6. While the above plots were derived from the nonlinear
model, a linearized analysis lead to simple filters giving
of G;. Vector P A [(1-G1)...(1—Gy)|T is unchanged. If a the reservoir and output fl_uxes frequency response to input
chain is built cascading copies of the DFA+loss module, theSi9nal/pump flux perturbations. From these we learned the
total system matrix is the product of the individual matricegpllow_'ng: _
M ..M . Such matrices are different, as the bias points of 1) in open-loop DFA, only the low-frequency signal/pump
the modules differ. However, choosing the losgs= G in fluctuations are passed to the reservoir and hence to the
order to perfectly balance the module, we have that the gain ~ gain; in clamped DFA's only the fluctuations in a narrow
matrix becomes the identity matri@ = I and all module frequency range around the natural system frequency (of
matrices are equal b = I+HR($)§PT 'so that the system the order of some tens of kHz) are passed to the reservoir

matrix after» modules is (cf., Fig. 6); _ -
2) long balanced chains of (open-loop) clamped amplifiers

have the small-signal behavior of a single (open-loop)
clamped amplifier with an “equivalent” reservoir filter
of much wider bandwidth, proportional to the number
of amplifiers in the chain (cf., Fig. 11);
3) gain-clamped amplifiers can tolerate pump diodes with
large low-frequency relative intensity noise (cf., Fig. 6);
no low-frequency overtones can be impressed on the
channels by modulating the pump; overtones at the
natural frequency cannot be used, as this is strongly
input-power dependent (cf., Fig. 6);
ringing is always present and strong in the natural system
response for laser cavity loss above 1 dB (cf., Fig. 7);
the laser wavelength giving minimum overshoot for loss
values larger than a few dBs (hence practical for the loop

QP*
(PTQ)
where we have used the binomial expansidn+ A4)" =
¥r_o (2)A" and the fact thatH rQ P¥)* = HY (PT Q)1
Q P? and where

5(s) = (PTQ)Hr(s)
is the reservoir filter normalized by the scalaP’ Q) =
Yjcs Q' B;(1 — G;). The scalar “equivalent reservoir” filter
Sn(s) 2 [(1 + S(s))* — 1] has already been studied in 5)
[28] for balanced chains of open-loop (nonclamped) DFA'’s.

In Fig. 11 we give the Bode plot magnitude of such filter, 6)
for a single module and a chain of 200 amplifiers, for both

M =1+[1+5(s)" - 1] 27)

(28)  4)
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configuration) is the one maximizing the gain slope, i.e., Pin/ch=—22 dBm; Pp=13.9 dBm
maximizing the total cross-sectieri+c®, and is usually ~ -60010 ' '
close to 1530 nm (cf., Fig. 8); S .60005f

7) the laser wavelength giving maximum relaxation oscil@
lation damping is the one giving a laser cavity Ios§2
very close to 1 (hence interesting for the straight-ling .59995}
configuration, Appendix A), thus having an extremely ggggq : .
large laser flux inside the cavity. Such wavelength is 0 50 100 150

; . (@
close to 1511 nm (cf., Fig. 8); — 0.2

8) the extra pump required to satisfy specifications on thg
maximum overshoot is inversely proportional to theZ -0.3¢ o
square of the max overshoot, and directly proportional§ —04} ’
to the number of channels, signal gain and loop delay§

60000}

T
S
o
—_—
P
T
=
~
—
~

[Appendix B, (30)]; 5 0% /
9) the loop delayr; does not affect the decay ralebut £ —0.60 50 100 150

only the natural frequencf2,, [23];
10) the linear model tends to overestimate the natural
frequency, overestimate the reservoir overshoot and (b)
underestimate the laser overshoot during add—dropsy. 12. (a) Normalized reservoir and (b) input laser power dynamic step
For our sample DFA, the maximum total input signalesponse to a drop of seven out of eight channels; small-signal solution (solid)
power for the linear model to be accurate-§ dBm and exact solution (dashed). Da#, = 13.9 dBM, B,/ = —22 dBm,
o X _a& = 0.6; \; = 1530 nm, 77 = 0.18 ps.
for a pump of 15 dBm, and it increases with pump with

a slope of 5 dB/dec (cf., Fig. 14). L .
. o . . criterion is hereG* = /1 and the steady-state reservoir
The most serious limitation of the model is its assumption { ont ! /e y Vol

. . s = (& In(1 A)/B;, while the steady-state net
homogeneous broadening. Placing the laser wavelength too, %Fer f|UX(i25 n(1/a) + A/ B, y
from the signals may cause offsets in the planned steady-state Fos
gain due to spectral hole burning, so that our conclusions on > Qi1 -G = =2 = Qask(rss)

the optimal placement of laser wavelength must be weighed O = Jje{S,p} i
=

against such inhomogeneous effects [15]. < 1 ) < \/}T
Vo -1+ —0>

Here, the round-trip loss can be very small and tlifs

) ) ] ) ) ) very large. For instance, if?; = 0.99 and R, = 0.92 we
This Appendix discusses the straight-line gain-clampgglye 4 round-trip loss of 0.45 dB. Therefore, in the straight-

(SLGC) amplifier and gives the necessary modifications 0 thife configuration a laser wavelength around 1511 nm should
loop configuration equations. _ _be feasible, with the advantage of a good dynamic behavior

The SLGC amplifier is composed of a DFA with grating$s shown in Fig. 9. Following the approach in the text, the
etched at both DFA ends acting as mirrors, with input andampeq reservoir filter can be calculated to be the equation

putput reflectivity Ri_ f':md R, _at the laser wavelength, andgpqwn at the bottom of the page wheré, is as in (17) with
ideally zero reflectivity at signal and pump wavelength$he summation extended joe {8, p, I+, }, andr is almost
Indicating with [T and {~ the forward and backward laseryyice the round-trip delay in the loop configuration.

fluxes entering the DFA, (1) is still valid with the summation

extended ovey € {S,p,I*,I~}. Assuming that a single pass
through the DFA takesr;/2 seconds, we havé),- () =

Sﬁgtgl(gt/i)gl/(;)()t}gi’ Zézt)gﬁ" and Qe () Qe lt To check the accuracy of the linear model, in Fig. 12 the

small-signal reservoir and input laser power obtained as per

Qi () = a{Qu (t — )G (r(t — 1))Gi(r(t — 71/2))} (29) (20) and (19) are shown in solid line and compared to the

exact solution of (1) and (2), in dashed lines, when seven

wherea 2 R; R, is the roundtrip attenuation. This should beut of the eight WDM channels are dropped. The input
compared to (2) for the loop configuration. The Barkhausgrower per channek-22 dBm, is small enough that the linear

time (usec)

APPENDIX A
STRAIGHT-LINE CONFIGURATION

APPENDIX B
ACCURACY OF LINEAR MODEL

) = s(l—i—%s)?

1 Tl 2 1 Tl Ro Tl 2Q?ﬁBl (7‘18)2
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Piih=-10 dBi; Pp=13.9 dBm

0.602{

inversion
inversion

4 . . 4 . .
£ £
) o
J T
b 1
: :
i §
5 5
o Q
£ £

(@) (b)

Fig. 13. (a) Same as in Fig. 12, but with larger input power per channell® dBm. (b) Same as (a), but using in the theoretical model the steady-state
values Q%° reachedafter the step.

approximation is fairly good, with a slight overestimation of 15
the relaxation frequenc§, the accuracy improving for lower 10
input powers.

Fig. 13(a) shows the same transient with a larger input 5
power of —10 dBm, with a more evident underestimation of 0
 and consequent overestimation of the reservoir overshoot _5
and an underestimation of the laser overshoot. Fig. 13(b)
shows how to improve the accuracy of the linear model for -10
add—drops: it is enough to use the steady state signal and laseg —-15
fluxes Q3°, j € {S,1}, after the step instead dbeforeit in _20
(17), (18). This also explains why in the nonlinear regime the
relaxation oscillation frequency is larger after drops than after

. th - I level is | fter the - . y
adds: the subsequent steady-state laser level is larger after the 3010 15 20 25

ut Power (dBm)

drops, and so i§},, as per (18), while decay rates, as seen in
(23), are comparable. Pump Power (dBm)

We have verified that the linear model is fa|r|y aCCUratEig, 14. Maximum input power per channé&l, and corresponding input
(cf_, Fig. 12) When Booax AT max < 0.01, where B.x = laser powerP; for linear model to be accurate, versus pump power. Number

. . f WDM channels N as a parameter. Solid: parabolic formula; dashed:
MaX;c(s,p,0) {BJ}' To express such inequality as a boun§pproximation. Data: signal gaifi, = 10.72 dB (« = 0.6); 7, = 0.18 pus;

on input power, we assume equal signal fluxes and gaing:= 1530 nm.
Q; = Qs, G, = G,, Vj € §; we approximateG, — 1 =
G,, and consider the worst-case drop &f — 1 out of vV e o
channels, so thalk| =~ (N — 1)Q,G,. Using (22), (18), \/(BI/TI)Qp(l—GZS)/(H)OBHIHX(N_l)GS)vQl = Qp(1-
and (6) the above inequality becomes a parabolagin &3°)/(1/a —1). Note the 5 dB/decade slope of the signal
AQ? + BQ, 4+ C < 0, where A = (100Bax(N — 1)G,)?;  power and its linear dependence 6h and the 10 dB/decade
B = (By/1)NGy; C = —(B/n)[Qp(1 — G27) — (r4/7)]- slope of laser power, independent &f.

Fig. 14 shows in bold line such upper bound on signal powerWe conclude this Appendix with an analytical small-
P, = hvQ, versus pump power, folV = 8, 16, 32, and the signal approximation of the contour curves of maximum
corresponding laser power as in (6). Dashed lines correspaliigtexcursion on surviving channelgiven in Fig. 5. At high

to the following approximations for large pum@,:Q, = resonance, from (21) and (22) we havig = 4.345,|K|/Q,
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(dB), the approximation being excellent fef,., < 4.34 %« [14] G. Luo, J. L. Zyskind, Y. Sun, A. K. Srivastava, J. W. Sulhoff, C.
0.01 = 0.0434 dB. We assume as before equal signal fluxes Wolf, and M. A. Ali, “Performance degradation of all-optical gain-

clamped EDFA's due to relaxation oscillations and spectral hole burning

@ and large gain&/;, so that|lC| = (N_ 1)Q5G5- Using (2, in amplified WDM networks,"IEEE Photon. Technol. Lettvol. 9, pp.
as in (23) and approximatingV — 1)Q,G, = QL(1 — G}) 1346-1348, Oct. 1997.
for Iarge N we get: [15] G. Luo, J. L. Zyskind, J. A. Nagel, and M. A. Ali, “Experimental and
theoretical analysis of relaxation-oscillations and spectral hole burning
Q - 4.34B 2 effects in all-optical gain-clamped EDFA’s for WDM networksJ:
iy N 2t NQ.G, . hd (30) Lightwave Technal.vol. 16, pp. 527-533, Apr. 1998.
Q]I; By €max [16] A. Bononi and L. A. Rusch, “Doped fiber amplifier dynamics: A system

perspective,’J. Lightwave Technalvol. 16, pp. 945-956, May 1998.

For values OfGInaX > 0.1 dB such express|on always OveresL].?] A. Bononi, L. Barbieri, and L. A. Rusch, “USing SPICE to simulate

timates the required pum@,. Nontheless, (30) is useful to

gain dynamics in doped-fiber amplifier chains,” presented at OFC '98
Workshop 204 Transmission Modeling Simulation Tools, San Jose, CA,

highlight the linear dependence on output signal flxG,, on Feb. 23, 1998. _ _ _ _ _
channel numbeN, on |00p delayrl; the inverse dependence[18] T. Georges and E. Delevaque, “Analytic modeling of high-gain erbium-

doped fiber amplifiers,Opt. Lett, vol. 17, pp. 1113-1115, Aug. 1992.

on B; and the inverse quadratic dependence: . [19] J. Millman, Microelectronics New York: McGraw-Hill, 1979, ch. 14.
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