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Crosstalk in 1.5-um InGaAsP Optical Amplifiers

H. E. LASSEN, MEMBER, IEEE, P. B. HANSEN, anp K. E. STUBKJAER, MEMBER, IEEE

Abstract—A dynamical model for multichannel amplification by
near-traveling-wave optical amplifiers is presented, and results on
crosstalk induced by either amplitude modulation or frequency mod-
ulation are given. The mechanisms influencing the crosstalk are espe-
cially the residual facet reflectivities and the detuning of the channels
relative to the amplifier Fabry-Perot spectrum. Calculations of worst
case crosstalk levels are included. The model is verified experimentally
for amplitude modulated signals, and crosstalk levels up to —7 dB are
reported. For frequency modulated signals, estimated crosstalk is sig-
nificantly lower and can be reduced by high quality facet coatings.

I. INTRODUCTION

PTICAL AMPLIFIERS may be useful as repeaters

in coherent transmission systems with frequency di-
vision multiplexed channels because of their ability to
amplify all channels simultaneously. For this application
the crosstalk due to the amplifier is an important param-
eter. Previous work related to crosstalk in amplifiers in-
cludes reports on two-color gain saturation [1], [2] and
interference from 1-kHz on-off switching of channels [3].
A two-channel experiment with direct detection systems
was reported in [4] and a ten-channel PSK system with an
optical amplifier [S] has also been demonstrated. Re-
cently, results for four-wave mixing in amplifiers were
reported [6] for very close channel spacing.

This paper presents a theoretical model for crosstalk be-
tween two simultaneously amplified channels, as well as
an experimental verification of AM-induced crosstalk.
The amplifiers investigated are near-traveling-wave am-
plifiers. As this type of amplifier does not put special re-
strictions on the transmitter wavelengths, it is considered
the easiest to operate. In our experiments we used large
channel separations ( > 100 GHz) and any beat phenom-
ena between channels are therefore not considered.

Section II gives the details of the dynamical model,
based on a slowly varying envelope approximation for the
electric field waves within the optical amplifier and the
injected light signals. We then give the definitions used
in characterizing the crosstalk, and after outlining the nu-
merical procedure, theoretical results on crosstalk in-
duced by either amplitude or frequency modulation of
one of the channels are presented. Next, the mechanisms
influencing the crosstalk are identified, i.e., the input
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powers, the residual facet reflectivities, and the signal fre-
quencies relative to the frequencies of the residual Fabry-
Perot modes of the amplifier. As the crosstalk is found to
be especially sensitive to the latter, we also present the
results of a worst case calculation, which can give some
useful guidelines to the use of amplifiers. In Section III
the experimental setup is presented and experimental re-
sults on amplitude modulation induced crosstalk for a
near-traveling-wave optical amplifier are given. The mea-
sured crosstalk is found to be in qualitative agreement with
the theoretical predictions.

II. AMPLIFIER MODEL FOR Two-CHANNEL
AMPLIFICATION

In this section we first describe the dynamical amplifier
model which is used for calculation of crosstalk and next
the model is used to calculate both AM- and FM-crosstalk
under different operating conditions. The AM-crosstalk
can physically be interpreted as being mainly due to the
gain modulation which is a result of the carrier depletion
caused by the input signals. The FM-crosstalk can be
understood by interpreting the residual Fabry-Perot modes
of the amplifier as frequency discriminators. This FM/
AM conversion causes the carrier density, and thereby the
refractive index of the active region, to vary. The latter
results in an unwanted phase-modulation of the signals.

A. Dynamical Equations

The optical amplifier, which simultaneously amplifies
two channels, is depicted in Fig 1. We consider two in-
jected signals Ei(r) = Ei(t)e™' and Ej(1)
E5(t) e with the carrier frequencies w, and w,, and
slowly varying envelope functions E' (z) and E3(t), re-
spectively. In the following, the fields are treated inde-
pendently for each of the channels. We thus neglect the
influence of the beat between the two frequencies, and
consider the signals to interact solely through the inten-
sity-induced carrier depletion. Within the amplifier, the
total field is composed of time- and space-dependent right
and left traveling fields E;' (¢, z) and E; (¢, z) for each
of the signals. Throughout this paper, the subscript /,
where [ can take on the values 1 and 2, denotes the chan-
nel number. In the time domain, the boundary conditions
for the fields take the form:

Eff(¢,0) = Ei(¢t) + nE; (1,0), [1=1,2
E; (t,L) = nE/ (1, L), I=1,2 (1)

where r; and r, are the field reflectivities of the amplifier
facets, and L is the length of the amplifier.
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Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on October 16, 2009 at 07:58 from IEEE Xplore. Restrictions apply.



1560

] 2

+ _+
CEL E, ——»
— EZD

[l !
T T

0 L
Fig. 1. Schematic diagram of optical amplifier simultaneously amplifying
two channels.

P.,(1), P,p(t) Poq(t), Poy(t)

> Z

By employing the usual slowly varying envelope ap-
proximation (expanding the complex wavenumber k (w,
N ) to first order around the carrier frequencies w;) and by
assuming the carrier density N to vary slowly compared
to the transit time for the fields in the cavity, (1) can be

rewritten as
2n
21 L>
c
Ln

—i i g
+ e ML E] <z - —> 1=
c

E1+ (t, L) — rlrze—i2k(wl,N)LEl+ <l _

1, 2.

(2)

Here c is the velocity of light in vacuum, n, is the effec-

tive group index for the waveguide, and k(w, N) is the
complex wavenumber given by:

w 1

k(w,N)=;n(w,N)+z§(g(N)—a,») (3)

where n(w, N) is the effective refractive index for the

active layer, and g(N ) and «; are the modal power gain

and internal loss per unit length. Introducing the short-
hands

E7 (1)

[

Ef (1, L) (4)

and

—ik(w,NYL _ —id) -
e M = g.e "% 1=1,2

(5)

and denoting the transit-time Ln,/c by 7, (2) takes the
form of a recursion formula for an active Fabry-Perot res-
onator:

Ej(t) = ny rzgge_i25’E§’(t - 27) + gce”ia’Ef(t - 1),
l=1,2. (6)

Here g, is a complex single-pass field gain, and the phase-
shifts 8, account for the differences between the (optical)
signal-frequencies w; and the frequency w, of a reference
cavity resonance

6 = (wz - (7)

The frequency w, is a resonance frequency of the amplifier
at the reference carrier density N,, which, in this case, is
chosen to be the carrier density at lasing threshold for an
uncoated laser. In the following, the term ‘‘detuning’’ will
be used for §;. In the case of static operation (6) reduces
to the well known Fabry-Perot formula.

W) T, l1=1,2.
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The complex single-pass field gain is defined as

g. = VG (8)
where G; is a single-pass power gain given by
G, = e(8M) =o)L = o(TAN=No) =o)L (9)

Here T is the confinement factor for the intensity of the
fundamental waveguide mode, A is the active layer gain
coefficient, and N, is the transparency carrier concentra-
tion. The gain model is only dependent on the carrier den-
sity, i.e., nonlinear gain phenomena [7] are not included.
The single-pass phase shift & appearing in the expression
for the complex field gain, (8) is due to the change of the
effective refractive index n(w, N ) with the carrier density

@ on(w, N)
c

® = aN

(N-N,) = %I‘A(N - N,) Lo

(10)

Here a describes the variation of refractive index with
carrier density relative to the variation of the gain:

(11)
The parameter « is also known as the linewidth enhance-
ment factor [8].

The input powers P} () and output powers P7 () in-
dicated in Fig. 1 are related to the amplitudes of the en-
velopes of the input fields |E}(t)] and output fields
| E{ ()| through

-y
E0f = e, -
(12)
and
|2 ()]} = ;(T_—rzf)mpf(t), I=1,2.
(13)

In (12) and (13), ¢ = Vu,/e,/n(w, N) is the wave
impedance, where ¢, is the vacuum permittivity and g, is
the vacuum permeability. The effective area of the guided
mode is given by wd /T, where w and d are the waveguide
width and thickness, respectively. By inclusion of the
transmission coefficients (1 — r%) and (1 — r3), the ref-
erence planes for the field amplitudes in (12) and (13) have
been chosen to be immediately inside the facets of the
amplifier. Coupling losses are not accounted for.

To evaluate the carrier density N, the usual rate equa-
tion is employed:

c
=——— ~R(N) -—A(N—-N,)—S. (14
i 1~ ROV) — A€ VS ()
Here I is the injection current at lasing threshold of the
uncoated amplifier and 1/1 is the normalized injection
current.
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For the recombination rate R(N) we use a detailed
model [9]:

R(N) = aN + bN* + cN? (15)

where a, b, and ¢ are constants. Previous work [10], [11]
on optical amplifiers based on InGaAsP semiconductor
lasers, has made clear the significant influence of the non-
radiative Auger recombination on the performance of the
optical amplifiers at relatively high current densities.
The total average photon density S is the sum of the

contributions from the amplified signals S;, and amplified
spontaneous emission S,
§ = Sgp + Sopr (16)

Assuming the variation in carrier density over a time pe-

1561

In the case of frequency modulation, the input powers are
constant for both channels, while the phase-angle of the
complex envelope of the input field for channel 1 is sin-
usoidally modulated at a frequency 2. At the output, the
phase angles ¥{ (¢) take the form:

\HOER 1R mizll B%, sin (mQt + ¥§,), [=1,2

(21)

where ¥ is a constant phase shift and 8§, and ¥}, are
the FM-indices and phases of the mth harmonic of the
phase modulation.

Similar to the above case of amplitude modulation, we
will in this case define the FM-crosstalk ygy as:

riod of a transit time 7 to be negligible, the averaging 8%
procedure described in [12] can be used to find the aver- Tem = g (22)
age photon densities: 1
S _ G —-11+rG™"n 1 P (17)
G,InG, 1 —r3 ci12hwwd/T
S, =§R(N)T ((’%""'%)(Gs_1)+2(1_r%r%Gs))(Gs_l)_2 (18)
2 InG, (1 = ririG}) In G,

Here £ is the reduced Planck’s constant and 3 is the frac-
tion of spontaneous emission coupled into the guided
modes.

The recursion formula (6), can describe ultrahigh speed
dynamical properties of optical amplifiers. Time-varying
phenomena with durations down to the order of one transit
time 7 ( =6 ps), e.g., amplification of picosecond pulses,
are expected to be the intrinsic limit for the validity of the
model. Here we use the model to study the effect of either
amplitude- or frequency modulation of the input signals
with modulation frequencies of the order of a few hundred
megahertz.

B. Crosstalk Definitions

In the case of amplitude modulation, the input power
of channel 1 is modulated at a frequency  while the input
power of channel 2 is kept constant. At the output, the
signals from the two channels take the form

P{(1) = P§ + 21 Pg, - sin (mQt + &,,), [=1,2

(19)
where P{, is the constant output power level, and Pj, and
®,,, are the amplitude and phase of the mth harmonic. The
general expression (19) includes crosstalk in channel 2 as
well as harmonic distortion in channel 1. As a measure
for the AM-crosstalk v,y We use the ratio of the spurious
modulation appearing in channel 2 to the intentionally im-
posed modulation in channel 1:

P3
YaM = o . (20)
11

C. Numerical Results

The crosstalk is calculated by the numerical solution of
(6)-(18) in the time domain followed by Fourier analysis
of the results. The amplifier is characterized by the pa-
rameters given in Table I. Fig. 2(a) shows the AM-cross-
talk yam versus the detuning for two different pumping
levels I/1, = 3.2 and I/I;, = 3.4. The modulation fre-
quency is 500 MHz, the average input power for each of
the channels is —30 dBm, and the AM-index may =
Pi/ Piyis 0.5. In this example we used equal detuning
for the two channels (8, = §,) but calculations with dif-
ferent detunings (8, # &,) exhibit a similar behavior with
dips in the crosstalk versus detuning. According to a
small-signal analysis [13], the dips in the crosstalk will
only occur for single-pass gain levels G, fulfilling:

1
s .
2(!7'1 r,

(23)

With the chosen parameters, the single-pass gain should
be higher than 16.5 dB. The dips occur at the values of
the detuning, where the carrier-induced gain modulation
is compensated by the carrier-induced shift of the residual
Fabry-Perot modes. The carrier-variation in turn is caused
by the time varying intensity in channel 1. In the limit of
vanishing facet reflectivities, the residual mode structure
and therefore also the dips will disappear and in addition
the crosstalk will be approximately proportional to the
gain.

Similarly, the FM crosstalk versus detuning is shown
in Fig. 2(b). The conditions are the same as above in Fig.
2(a), except that channel 1 is frequency modulated at 500
MHz with a FM-index 8% = 1.0. The FM crosstalk is
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Fig. 2. Calculated crosstalk and gain versus detuning for two pumping
levels: I/1, = 3.2 ( yand I/1, = 3.4 (----). (a) AM crosstalk
for may = 0.5. (b) FM crosstalk for 87 = 1.0. (c) Gain for each channel.
In all cases: 8, = &,, P}y = P4 = —30 dBm, and modulation frequency

500 MHz.
TABLE 1
LIST OF PARAMETER VALUES
Symbot Parameter Value
a recombination coefficient 1-10%m™s™
b recombination coefficient 1:10"*m™®s!
c recombination coefficient 5:10%'m®s™
B spontaneous emission factor 2.10™"
a linewidth enhancement factor 5.6
L amplifier length 500 pm
d active layer thickness 0.2 pm
active region width 2 pm
r confinement factor 0.3
aj internal loss 2000 m™
n refractive index 3.5
ng group index 3.75
A gain factor 2.6-10m*
Ny carrier density at transparency 1.09-10% m™
Ny reference carrier density 1.61-10%m™
Ith threshold current for 16.5 mA
uncoated amplifier
r? residual facet reflectivity 2-107
rg? residual facet reflectivity 2-107°

simpler in nature and is dominantly due to the changing re-
fractive index with carrier density. The carrier variation
is a result of the FM/AM conversion originating from the
frequency discriminator effect of the residual Fabry-Perot
modes of the amplifier. This FM/AM conversion vanishes
at the extremes of the Fabry-Perot modes, as seen from
the dips in the curves of Fig. 2(b), and eventually disap-
pears for vanishing facet reflectivities. Fig. 2(c) shows
the gain of the amplifier versus detuning for the cases
shown in Fig. 2(a) and (b). As the detunings are equal for

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 6, NO. 10, OCTOBER 1988

the two channels (8, = §,), the gain is identical for the
two channels and to a very good approximation also in-
dependent of the modulation scheme. The asymmetry of
the Fabry-Perot modes due to the changes in refractive
index with carrier density is clearly seen.

As both the AM crosstalk and FM crosstalk are found
to be very sensitive to the detuning of the two channels
and to the residual facet reflectivities, we have carried out
worst case calculations. By worst case we understand the
maximum crosstalk which results when the detunings 6,
and 6, are varied independently over intervals of «. Fig.
3 gives the maximum obtainable AM and FM crosstalk
versus gain for input powers of —30 dBm to each channel
and for facet reflectivities of 73 = rZ = 2 x 107> (solid
curves), 1072 (dotted curves), and 10™* (dashed curves).
The results are obtained at bias levels for which the un-
saturated gain ripple is smaller than 5 dB. For the high
facet reflectivity of 2 X 107> the AM crosstalk is propor-
tional to the gain while the FM crosstalk is proportional
to the square of the gain until the gain reaches a level
determined by (23). Beyond this level the crosstalk in-
creases more rapidly with gain until a saturation level
marked by the vertical lines is reached. For gain levels
exceeding this limit, the amplifier can only be operated
with restrictions as far as the detuning (frequency) of the
input signals is concerned (when also fulfilling the re-
quirement of a maximum gain ripple of 5 dB). In both the
AM and FM case, the crosstalk can be reduced by reduc-
ing the facet reflectivities, but only in the case of fre-
quency modulation can the crosstalk be reduced to insig-
nificant levels. A reflectivity of 2 X 1073 is readily
obtained with presently available AR-coating techniques
whereas a reflectivity of 107 is among the best reflectiv-
ities reported for amplifier AR coats.

Fig. 4 gives the maximum obtainable AM and FM
crosstalk versus input power to each channel (P = Pg)
for a fixed gain of 20 dB and for facet reflectivities of r{
=r3 =2 x 1073 (solid curves) and 10~ (dashed curves).
In both the AM and FM case, the crosstalk is proportional
to the input power. System penalties of 1 and 0.1 dB re-
sult for crosstalk levels of —10 and —17 dB, respectively
[14]. A penalty of 0.1 dB is considered acceptable for
systems applications and from Fig. 4 it is seen that for 20-
dB gain the input power should be lower than —33 dBm
(r? = r2 = 2 x 107%) and —24 dBm per channel (r? =
r3 = 107*) in order to avoid serious penalty due to AM
crosstalk. On the contrary the FM crosstalk will not imply
any restrictions for realistic input power levels at a 20-dB
gain.

For comparison, Westlake and O’Mahony reported [4]
the power penalty due to crosstalk in a direct detection
system to be negligible for input powers of —22.5 dBm
in the case of a 19-dB gain in an amplifier with facet re-
flectivities of 1073, According to Fig. 3 (taking the cross-
talk to be linear with input power) we predict an AM
crosstalk of —13 dB and therefore a penalty of 0.4 dB for
the same gain, input power, and facet reflectivities. Con-
sidering the uncertainties in parameters, our results are
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Fig. 4. Worst case AM and FM crosstalk versus input power to each chan-
nel (P}, = Pky) for 20-dB gain (channel 2) and modulation frequency
of 500 MHz. The facet reflectivities are 2 X 107> ( ) and 107*
(----). (AM-case: m,y = 0.5, FM-case: 8} = 1.0.)

considered to be in acceptable agreement with these ex-
perimental results.

The crosstalk is dependent on the modulation frequency
and according to a small-signal analysis [13] the AM
crosstalk has a low-pass characteristic and the FM
crosstalk a high-pass characteristic. Both have the same
3-dB frequency which is largely determined by
dR(N)/dN, which can be interpreted as the dynamic car-
rier lifetime. For an amplifier gain of 20 dB the 3-dB fre-
quency will be approximately 375 MHz.

III. MEASUREMENTS

A. Experimental Setup

Measurements of AM crosstalk are performed using the
setup shown schematically in Fig. 5. As sources for the
two-channel experiments we use single-mode external
cavity lasers as depicted in Fig. 6. The external cavity
lasers are based on 1.52-um DCPBH lasers AR-coated on
one facet. Since we only have access to one facet the light
is coupled from the cavity lasers into a single-mode fiber
using the zero-order Bragg reflection of the grating and a
microscope objective. The threshold current for the soli-
tary laser was 16.5 mA before AR-coating and 30 mA
after AR-coating. A tuning range of approximately 100
nm has been obtained, as can be seen from the measured
threshold current versus wavelength shown in Fig. 7. The
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optical amplifiers are 500-gm-long 1.52-um DCPBH la-
sers and AR coated on both facets. The AR coatings are
produced using single-layer e-beam evaporation of zir-
conium oxide and titanium oxide, which reproducibly re-
sults in residual power facet reflectivities of the order of
2 x 107,

One of the sources is RF modulated. Optical isolators
are used to reduce the interaction between the laser sources
and the amplifier, especially being a problem when the
latter at high gain levels is operated close to its lasing
threshold. Using quarter-wave and half-wave retarder
plates before and after the isolators, respectively, and ro-
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tatable mounts for the latter, the transmission loss for the
isolator is minimized and gives us the ability to control
the direction of polarization for the linearly polarized light
from the isolators. The two signals are coupled into one
single-mode fiber using a beamsplitter, and from the other
branch of the beamsplitter, the light is coupled through a
scanning Fabry-Perot interferometer, which is used for
monitoring the external cavity lasers. The light is coupled
into and out from the optical amplifier using tapered lens
endings, with coupling efficiencies of typically 25-30
percent. On the output side of the optical amplifier, the
single-mode fiber is coupled to a grating spectrometer for
spectral filtering of the two channels. Their wavelength
separation is of the order of one amplifier-cavity mode
spacing. After having filtered out one of the channels, the
RF content of the optical power is in turn measured using
a Ge p-i-n diode, 40 dB of amplification, and a HP8566
RF spectrum analyzer.

B. AM Crosstalk Measurements

For two different modulation frequencies and channel
spacings, we show in Figs. 8 and 9 measured and calcu-
lated AM crosstalk and gain versus normalized injection
current I/1;,. The input wavelengths are approximately
1.474 um which matches the gain maximum at high in-
jection levels. The channel separations are 14.5 and 9.6
A (corresponding to 2.4 and 1.6 times the amplifier cav-
ity mode spacing) and the modulation frequencies are 100
and 500 MHz for the two experiments shown in Figs. 8
and 9, respectively. In both cases, the powers coupled
into the amplifier are estimated to be —24 and —30 dBm
for the modulated and unmodulated channels, respec-
tively. Measurements of AM crosstalk are indicated with
markers in Figs. 8(a) and 9(a), while calculations of AM
crosstalk are shown as full curves. The corresponding
measured gain levels for the modulated channel are indi-
cated with markers in Figs. 8(b) and 9(b), while calcu-
lated gain levels for the modulated and unmodulated
channel are shown as full and dashed curves, respec-
tively. The channel separations are measured using the
spectrometer and are also given in terms of amplifier cav-
ity mode spacings, as that directly gives the differences in
detunings, i.e., |8; — 8,| = 0.4w and |6, — 8,| = 0.6«
for the two cases. The two experiments clearly illustrate
the critical dependency of the crosstalk on the detunings
relative to the residual amplifier modes, which are moving
towards shorter wavelengths with increasing injection
current. In the case of |8, — 8,| = 0.4m, the crosstalk
decreases with increasing injection current at high current
levels, while it increases in the case, where |8, — 6,| =
0.6w. The qualitative agreement between measurements
and calculations was obtained by keeping the differences
between the detunings constant, as indicated above, and
sweeping the frequencies of the two channels relatively to
the gain spectrum of the amplifier. Considering the un-
certainties on estimating experimental conditions as well
as amplifier parameters, we find the agreement between
measurements and theory to be acceptable.
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Fig. 9. (a) (b) As Fig. 8, but with channel separation 9.6 A and modu-
lation frequency 500 MHz.

IV. ConcLusION

A dynamical model for a near-traveling-wave optical
amplifier was established. The model is based on field
equations for the injected light and intracavity light and it
enables calculation of AM and FM crosstalk between
simultaneously amplified channels. Residual facet reflec-
tivities and channel frequencies relative to the Fabry-
Perot resonances of the amplifier were identified as fac-
tors which have a strong influence on the crosstalk. The
worst case crosstalk was calculated versus gain and input
power. In the case of amplitude modulation, crosstalk
levels of up to —14 dB were found for a gain of 20 dB
with input powers of —30 dBm per channel and realistic
facet reflectivities of 2 x 107>, These crosstalk levels can
be prohibitive for multichannel amplification of AM sig-
nals and cannot be largely reduced by improved AR coat-
ings. The FM crosstalk levels on the other hand were
found to be acceptable, i.e., —32 dB for 20 dB gain, and
can be reduced further to insignificant levels by use of
high quality AR coatings (R = 10™*). Experimentally,
we have characterized the AM crosstalk which was mea-
sured to be as high as —7 dB. Generally, we found ac-
ceptable agreement between theoretically and experimen-
tally determined AM crosstalk versus injection current to
the amplifier.
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