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Impulse Response Measurement of Balanced Chains
of EDFA’s in a Recirculating Loop

L. Pofi, A. Bononi, and N. Oriente

Abstract—A simple method to measure the small-signal impulse
response of balanced chains of both clamped and unclamped
erbium-doped fiber amplifiers using a recirculating loop is pre-
sented, and the experimental results are checked against theory.
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I. THEORY g

T HAS been shown that the speed of gain transientg,

in chains of unstabilized erbium-doped fiber amplifiers' , , ,
(EDFA’s) in response to power step variations (channel 010 0 0 % 1M ™ om m
add/drops) at the chain input increases along the chain, an
may reach the submicrosecond range in long chains [1]
Such step response, in the small perturbation regime, cé@
be obtained by integration of the chain impulse respons
for which a closed form is known for balanced chains’

~h() a.u.

of unstabilized EDFA's [2]. If N channels at wavelengths i 010 150

A1, ---, Ay and with continuous-wave (CW) input power | ine s | e 1)

Py, .-+, Py feed a chain ol EDFA’s at steady state, and if ‘

channele, 1 < ¢ < N, has a power spike variation (ideally (@) ()

a Dirac delta)o(t) at timet = 0, the power variation at the rig 1. chain impulse response to a negative spike. (a) Unclamped. (b)
output of the chain at wavelength. is, for ¢ > 0 [2] Clamped.n = number of EDFA's.

n k—1
ho(t) = 6(¢ 42 < ) "[ i — e_t/“} 1 Q= \/(Gl — 1)((P/Pl®)/mm) is the relaxation angular
Ryt )t frequency;r; is the clamping loop delay.

A N A Is Fig. 1 shows the theoretical impulse responrsg,(t) to

where a = >0 a; and a; = ((P;/F;°)/7)(1 — G;), a negative delta spike (after subtraction of the delta itself)
being PIS and G; the intrinsic saturation power and thein chains ofn = 3, 7, 13 EDFA’s, both (a) unclamped and
gain at)\J, respectwelyT is the fluorescence time;/7, = (b) clamped. In both cases, the impulse response increases
(1/7)[1+ X ,;(F;/P}®)G,], the summation being over pumpin magnitude down the chain. While the impulse response
and S|gnals This is the impulse response of the unclampgdunclamped EDFA’s has more and faster oscillations for
chain. increasingn [2], that in clamped EDFA chains decays faster
Gain clamping is a simple yet effective technique to prevefdr increasingn, but has zero crossings (crossings of the thin
the EDFA gain to swing excessively in response to channghshed line) at the same time locations forradl. After a few
add/drops [3]. Following [2], the impulse response of a balens of amplifiers the main part é{t) consists of the first two
anced chain of. clamped EDFA's is the same as (1), with thescillations, with smaller ripples reappearing at later times.
term in square brackets substituted with {(s/(s*+ s/7.+
Q2))*}, where £~! indicates the inverse Laplace transform, Il. MEASUREMENTS
and 1/7, = 1/7, + (Gi + 1)P,/P!® /27 (here the index

indicates the lasing signal with EDFA input pow#¥), and We qualitatively tested the above theoretical formulae using

a recirculating loop experiment, whose setup is shown in
Fig. 2. The procedure is essentially the one used for long-haul
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Fig. 3. Measured signal power at output of EDFA in the unclamped case
after laps 3, 7, 13.
Fig. 2. Recirculating loop experimental setup.

amplifier can be either unclamped (large attenuation in the 1
variable attenuator ATT) or clamped by a lasing signal at N [\v f\, J
A; = 1559.5 nm (low attenuation in ATT). Clamping has the vl ;“\Wj e

effect of reducing the gain of the amplifier in order to sustain L

(a.u.)

W
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the laser oscillation. The charge time is long enough to bring
At time t = 0 AOML1 also goes OFF, and seconds later
AOM2 goes ON, allowing recirculations in the loop. £ is
to feed the EDFA with a negative Dirac delta, i.e., with a very
short dip in the input CW power, which allows to measure the lww‘ ¥
Consider first the unclamped case. If the delay in the I ‘ ' ' | \H 3‘
standard single-mode fiber (SMF) is long enough to allow ‘ J ] J '
larger than the loop losses, after a couple of recirculations the 5 =00 oo 150
EDFA saturates so that its gain at the signal wavelength equals
power level at the EDFA input is constant, and the recirculatingy. 4. Measured channel and laser power at output of EDFA in the clamped
Ioop thus correctly emulates the response of a Iong balan®esek for the first 13 recirculations. Power after laps 3, 7, 13 is labeled.
average inversion. The bandpass filter (BPF) following thef the perturbation, still there is little discrepancy among the
EDFA prevents the growth of spontaneous emission at easfpe and time scales of the theoretical impulse responses of a
of the channel power transients. The fiber length was gesponses (Fig. 3). We verified that using a longer SMF gives
to 50 km, giving a recirculation delay of 250s. At each little changes in the measured chain response, although the
Fig. 3 shows the measured power of the signal;at 1555 Consider next the clamped case. As the variable attenuation
nm at the EDFA output after 3, 7, and 13 recirculations. Th&TT is reduced, lasing starts and the gain gets clamped. Since
because of the poor sampling of the oscilloscope. What irsorder to make the initial gain approach the loop losses (and
left is the negative of the impulse response, and should theis avoid signal fading after a few recirculations) we had to
EDFA’s of a straight-line chain are slightly longer than 259 125us. Fig. 4 shows the measured EDFA signal output for the
as seen in Fig. 1(a), and thus in the loop experiment the EDF#st 13 recirculations monitored at PD1 (bottom trace) and the

the EDFA to steady state.

much shorter than the EDFA response time, the net effect is

impulse response of the loop. ‘ lmmvw ywwj ,Wﬁ\ﬁl

transients to die out, and if the EDFA gain is initially much

the loop losses. Therefore at each recirculation the average time (psec)

chain of EDFA's, i.e., one having all EDFA’s with the same

recirculation in the loop, and allows cleaner measuremersisaight-line chain [Fig. 1(a)] and the measured experimental
recirculation the EDFA output is monitored at photodiode PD&ttenuation is larger and thus the oscilloscope traces are worse.
negative delta spike causing the transient is barely visililee gain is now lower than the loop losses with 50 km of fiber,
compared with Fig. 1(a). Although the transients in the initiaeduce the fiber span to 25 km, giving a recirculation delay of
does not exactly reach steady state after each recirculat@d@amping laser (upper trace) monitored at PD2. In this case, the
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loop delay was not long enough for transients to die out frothe steady state power level crossing instants, the dominant
one recirculation to the next, and thus the measured resyitst of the response being limited within the first two crossings.
differ a little from those of a straight-line chain of clamped

EDFA'’s. The essence of the impulse response, however, with REFERENCES
oscillations crossing the steady _state line at regular mtervaE] 3. L Zyskind, A. K. Srivastava, J. W. Sulhoff, A. J. Lucero, C.
set by the relaxation frequency, is correctly reproduced. Wolf, and R. W. Tkach, “Fast power transients in optically amplified

multiwavelength optical networks,” ifProc. OFC '96, San Jose, CA,
1996, paper PD31.
[2] A. Mecozzi and D. Marcenac, “Theory of optical amplifier chaing,”
: : Lightwave Technol.yol. 16, pp. 745—-756, May 1998.
A S'mF”e method to measure the |mpulse response of ] M. Zirngibl, “Gain control in erbium-doped fiber amplifiers by an
long chain of both clamped and unclamped EDFA’s has been all-optical feedback loop,Electron. Lett. vol. 27, pp. 560-561, 1991.
described. The interesting finding is that while transients il N- S. Bergano and C. R. Davidson, “Circulating loop transmission

. P experiments for the study of long haul transmission systems usin
unclamped chains have faster and faster oscillations down the eré’ium_doped fiber amp,i)f'iers ", E’ightwave Techno,.yo,.yw op. 9

chain, transients in chains of clamped EDFA’s keep constant 1553-1561, May 1995.

I1l. CONCLUSION



