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Abstract—We have derived an exact large-signal theory of vary linearly with modulation (the general case is considered
propagation in a dispersive fiber of an optical wave with sinusoidal pelow). The complex electric field amplitudé)}, at the laser
amplitude and frequency modulation. This has been applied to the output can be expressed in the form
study of large-signal direct-modulation of semiconductor lasers.
It is shown that the large-signal response can significantly deviate

from the predictions of the small-signal theory. In particular, the E(t, z=0)

improvement in modulation response caused by frequency-to-in- = (}/2 (1 + my cos (Q + <P1M))1/2 eimEM sin (S2t+ern)
tensity modulation conversion in propagation that occurs with

small-signal modulation is no longer achieved with large-signal (1)
modulation, which could affect systems such as dispersion sup-

ported transmission. Experimental results confirm our theory. whereF; is the average output power; andmpy are the

Index Terms—Frequency modulation, intensity modulation, op- intensity mOdU|_ation (IM) and frequency modulation (FM? in-
tical fiber communication, optical fiber dispersion, optical fiber ~dexes, respectively, angpy and ¢y are the corresponding
measurement applications, semiconductor lasers. phases. The ratinpy /imm )e’>%, whereAy = opy—@m,
will be referred to in what follows as the phase-to-intensity
(modulation index) ratio, PIR. For light produced by a semicon-
ductor laser, the PIR is a function of the modulation frequency,

HE technologically important problem of the effect ofand can be expressed as

dispersive fiber propagation on the intensity modulation
response of semiconductor lasers has been treated in the past PIR= M jing _ & <1 + “(Q)> (2)
by assuming either small-signal modulation [1], [2] or low (Wi 2 i€2

dlsper5|on [3]. In this W(.)rk we _extend_ the angly5|s to the C@3herea is the linewidth enhancement factor, ar(d?) is related
of large-signal and arbitrary dispersion, which more close

. " N . X . several laser parameters and contributes to a quasi-adiabatic
approximates conditions in intensity modulation-direct detegPirp 5], [6]

tion (IM-DD) systems. We show that the highpass behavior 6 Equation (1) indicates that the electric field spectrum consists

the fiber transfer function that is predicted by the small—signa} . . .
. . . ~ of sidebands at harmonics of the modulation frequency centered
theory [1] is degraded as the amplitude of the modulation signal . L .
o . . iorCht the laser optical frequency. Due to group velocity dispersion,
is increased. This could affect systems that use dlspersmnl. 0 L . . . :
. 7~ linear propagation in a dispersive optical fiber produces a phase
enhance the modulation response after propagation in fiber, : . . : .
. ) e . change of the sidebands relative to the optical carrier, which re-
such as dispersion supported transmission [1], or after a fiber, = . . . .
Bragg grating [4] sults in partial conversion of FM into IM, which is then pho-
' todetected at the fiber output.
Small-signal analyses have been previously proposed
that only take into account the fundamental sideband at the
A. 1-Tone Large-Signal Modulation modulation frequency. This is a reasonable approximation

Semiconductor lasers exhibit chirp, i.e., the frequency of tIJ;(ér transm|tters with no chirp, put It dqe; not well describe
emiconductor laser light, which exhibits large frequency

optical field is modulated whenever the intensity is modulated: dulati ¢ lativel Il intensit dulation. |

To a first approximation, the intensity and frequency of the Iigt odu al"”? even O; rgﬁ Ively smail in e?ﬁ' %’trr:]o”\l/lj a |ont.) n il

generated by a laser directly modulated at a frequén(r € analysis presented here we assume that the IVl can be st
linearized, but keep the exact form of the FM. Thus, the IM is

approximated by an amplitude modulation (AM) as follows:
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a series of Bessel functions [7], the electric field amplitude cdanction of modulation frequency [5]. In addition, from (8) (or
be written as: (16) in Appendix A) and (9) we observe that the large-signal re-
. sponse of the laser after propagation in fiber is also fully charac-
E(t, 2= 0) terized by the laser PIR and the laser intensity modulation index
=~ /2 (1 + % cos (2t + <PIM)) eimen sin(Stkeen) oy,
_ P1/2 i en(z = O)Gi"(mﬂ“m) ) B. N-Tone Large-Signal Modulation
e —oo The analysis presented in the previous section can be ex-
tended to the case of an input signal consisting of an arbitrary
oy _ inAg MM number/N of tones at angular frequenci®s (and also the case
cn(2=0) =c [’]"(mFM) T where the nonlinear dynamics of the laser cannot be neglected).
) (Jn—l—l(mF]\'I)eiA(; + Jnfl(mFM)C_iA(’c)} ' The complex electric field envelope can be expressed as

N
(5) E(t, ZIO) EPS/Q <1+Z M COS(th—i-(prk))
In propagation through the fiber the different harmonics ac- k=1 2
quire different phase changes due to dispersion. The harmonic N
amplitude atz can be expressed as exp <L Z mpag, sin (Qt + <PFA4k)>
k=1

cn(z) = &P, (0) (6) (12)

where6(z) = —(1/2)3.2%z, 3, is the fiber dispersion pa- By using the same type of analysis as above, we obtain that
rameter and: is the fiber length. The detected photocurrenthe detected signal after propagation in dispersive fiber is given
It (t, 2), is obtained by squaring the electric field amplitudegy
In previous analyses, this was calculated either numerically [8]

or by using the small-signal approximation. Here, we have ap: =
plied a summation theorem of the Bessel functions [7] to denvédet( z) = Z B Taet z_: e 2
the exactl . for an electric field with AM and FM as in (4), """2""’"7\,__00
and is given b )
IS given by - exp <'L Z e (et + <p11\4k)>/L(z). (12)
g k=1
Liet(t, 2) = Liet(nQ, 2)eH+en) JL(z) (7
det(t, 2) n;m dec (7, z)e /E=z) (@) The photodetecteg intensity for the intermodulation product
(|MP) Qmip = Ei\:l n, IS given by
Tet (n€2, 2) = R(nSQ) Poi" ¢! ™2% Lie(Qnmp, 2)
.MM
. []n(u) — 14— cos nd _ R(QIMP)POLZI» L exp < Z ﬂkA<Pk>
(Jn_l(u)c_m"; - Jn+1(u)ciA9;)} (8) N N
LI M,
whereu = 2mpy sin 76, 14 (nQ, z) photocurrent at the U [1 - kzl T = cos by

nth harmonic;R(n2) photodiode responsivity at frequeneg;
L(z) fiber power loss in linear units. iAo iAo,

(T21e fiber modulation transfer function relates the photode-’ (Fo=a Cur)e™ 27 = T (ui)e'274) / (i)
tected current at the modulation frequency after and before prop-
agation in dispersive fiber. From (8), we obtain wherew,, = 2mpp, sin 6, and 6, = —(1/2)520.Qmvp 2.
The total intermodulation distortion at a particular frequency
H (2, 2) = cos 6 (Jo(u) — ,JQ(U)(;?A@) _ 2? Ji(v) is equal to the sum of all the IMP's in (12) that fall onto that

M ©) frequency.
In Appendix B the theory here developed is applied to the

case of a typical CATV transmission system.

(13)

1A@

which simplifies in the small-signal approximation to the well-
known expression

Hpin(Q, 2) & cos 6 — 2 (ide i g lll. SIMULATION
mn
— cos 6 — ZPIRI,]\STIH 0. (10 In this section, the validity of the approximation in (3), i.e.,

linearization of the laser IM, is verified by comparison with
Equation (10) indicates that the small-signal fiber transféihe exact analysis. The laser PIR is assumed to be that of the
function only depends on known fiber properties, naniglgnd MQW-DFB laser tested belownf = —4). Fig. 1 shows the
fiber length, and the PIR, which is a laser intrinsic property. Imodulation transfer function after 85 km of standard fiber
fact, by measuring the small-signal fiber transfer function fdor several intensity modulation indexes. It is observed that
several lengths of fiber, the laser PIR can be determined atha large-signal fiber transfer function deviates significantly
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Fig. 1. Numerical simulations of fiber modulation transfer function after -7 dBm
propagation in 85 km of fiber for different modulation indexes. Dashed fromn 10+
(9), dotted from (16) and solid is exact.
— 5-
from the small-signal model for intensity modulation indexes 5
greater than 0.2. On the contrary, (16) remains accurate eve_ or
for intensity modulation indexes close to unity. The majol ’g
discrepancy occurs at the dips of the transfer function, whe 5 -5r
the received intensity is very small and the effect of the sma =
IM sidebands becomes more important. -10r
Comparison of (9) and (10) (as can also be observed in Fig. 15
indicates that the maximum of the fiber transfer function for an' 2285 km
given laser parameters occurs at #mallestintensity modu-

lation. Thus, the enhancement of modulation response due 0 2 4 6 8 10 12 14
propagation that is attained in the small-signal regime is suj. Modulation Frequency Q/2r (GHz)

pressed asi IS Incre.aSEd' Thls could pose Sever? “.mltatlor;ﬁ .2. (a) Intensity modulation index measured at the laser output for several
to systems such as dispersion supported transmission [1] g@ulation powers. (b) Fiber modulation transfer function after propagation in
rely on the improvement in the modulation response to comtsstkm of fiber for the same modulation powers as in (a). Solid curve is theory.
dispersion.

Fig. 2(a) shows the measured intensity modulation index,
myy, as a function of modulation frequency at the laser output
for several modulation powers. The frequency dependence of

The predictions of our large-signal theory have beenr is due to both the laser driving electronics and the laser
compared to the measured photocurrent of light from dynamics. Thisnpy together with the PIR, measured in the
directly-modulated MQW-DFB laser at 1.58m after prop- small-signal regime as described above, were used to predict
agation in several lengths of standard fiber. The resonartbe large-signal fiber transfer functio s;,(2, z), for 85
frequency, the damping coefficient and the PIR were d&m of fiber. This is plotted in Fig. 2(b) (solid) together with
termined from the small-signal modulation response befotlge experimental data points. Aspy; increases, the highpass
and after propagation in fiber. The method presented in [BEhavior that is attained with small-signal modulation (circles)
allows precise determination of the PIR. Here, we used insteiaddegraded. At very largeunyr, our theory does not perfectly
a simpler method that consists of fitting the small-signagree with the experiment due to the presence of IM harmonics
transfer function to the theoretical PIR for a MQW laser [6]and consequently FM harmonics) at the laser output that were
This method is accurate enough and overcomes the problamglected in (1), and not to the approximation in (3). This was
encountered with other oversimplified techniques (see [Bgrified by estimating the effect of these higher order terms
for more details). The intensity modulation indexgy;, was in the modulation response (a complete determination of the
determined by measuring the modulation response befonedulation response including these terms was not possible
propagation in fiber and subtracting the response of the receibeicause the relative phase between the IM harmonics was not
(photodiode + amplifier). The receiver spectral response wasown).
determined by using the amplified spontaneous emission nois&éVe have also measured the harmonic distortion after prop-
of an erbium-doped fiber amplifier as white noise source. Ttagation in fiber. Fig. 3(a) shows the power in the modulation
absolute value of the receiver gain was measured by using freguency£2, and in higher order harmonics &f (normalized
known spectral density of shot noise. by the power in the optical carrier) in dBc at the laser output

IV. EXPERIMENT



PERAL AND YARIV: LARGE-SIGNAL THEORY OF THE EFFECT OF DISPERSIVE PROPAGATION ON SEMICONDUCTOR LASERS 87

0 T T 10 T
-10_
-20t 4
@ &
© ©
-30f 4
-40f .
2=0 km
-50 i L ' . ' ! -60 ‘\ L L L L ' !
0 2 4 6 8 10 12 14 2 4 6 8 10 12 14 16
Modulation Frequency Q/2r (GH2) Modulation Frequency Q 1/21: (GHz)
10 r T T T T T
signal Fig. 4. Experimentally detected normalized power in dBc for 2-tone
0000 i 1 —_
09,,0000,_000, o o o modulation at the laser output @4 (open triangles) anf, = 0.9 Q; (open
or > o < PR circles) and after propagation in 50 km of fiber @t (solid triangles),2.
(solid triangles) and2, — €2 (solid squares). Solid curve is theory.
-10_
o V. CONCLUSION
[s0]
© The exact large-signal theory of dispersive propagation of an
201 optical wave with sinusoidal amplitude and frequency modu-
lation was derived and applied to the study of large-signal di-
.30k rect-modulation of semiconductor lasers. Thus, an expression
for the intermodulation distortion after fiber propagation for
modulation with an arbitrary number of input tones was ob-
-40 - . : : . tained. This expression fully characterizes transmission of light
0 2 4 6 8 10 12 14

produced by semiconductor lasers in dispersive (linear) fiber in
the frequency domain. In fact, the nonlinear transfer functions
(or Volterra kernels) that describe the transmission can be de-

::ig- 3. )Engrir:\jznﬁa"y dete(cted pOW)er in Si?na(lj E)Cifchles), SECQHdhhameWed from it straightforwardly. This analysis could be applied to
crosses) and third harmonic (squares) normalized by the power in the carrie, . . . L .
dBc, (a) at the laser output, (b) after propagation in 85 km of fiber. Solid cur\fﬁé deSIQn of pre- and/or postdlstortlon circuits or carrier phase

is theory. management schemes in SCM systems, for example to reduce
intermodulation distortion. The same type of analysis as pre-
sented here has also been used to characterize dispersive propa-

(2 = 0). The harmonic d!StOI’tIOﬂ at_ the laser output come ation of light from externally frequency and/or amplitude mod-
from the poor spectral purity of our signal generator, and al fated lasers, and will be subject of a future publication
S ’ '

to a smaller degree from the nonlinearity of the laser dynamics.
The measured power in the modulation ton€dhigher order

IM harmonics were not included in the analysis) together with APPENDIX A

the PIR were used to predict harmonic distortion after propag#* MORE ACCURATE AND AN EXACT LARGE-SIGNAL THEORY

tion in 85 km of fiber. This_, theory is shown in Fig. 3(b) (solid |, (4) the AM index was approximated by /2. We can
curve), and agrees well with the experiment. Thus, we can Cqfisiead expand the IM, i.e., the left-hand side of (3), as a Fourier

Modulation Frequency Q/2r (GHz)

clude that in our case the main source of harmonic distortiggrieS

after propagation comes from beating of the FM sidebands and

is well described by (16). It is also observed in Fig. 3(b) that 12 i

the power in the harmonics exhibits the same characteristics as (1 +mu cos (Qf + o))" 2y~ mye (14)
that in the modulation tone, namely peaks and dips that repeat !

more rapidly as? increases and as the order of the harmon{'ﬁhere the Fourier coefficients,, are given by [7]

increases.

The intermodulation distortion was measured by modulating -
the laser with two tones at angular frequendigsandQ, = my = (—1)1*1 Z (4n + 20 — 3)! <2n + l) (m)Qn-H.
0.9 Q. Fig. 4 shows the detected signal before and after prop- — (4n 4 2D n 2
agation in fiber (in dBc) at the modulation tone frequencies and (15)
in the IMP §2; — 21, which agrees with our theoretical predicBy keeping only the AM sideband at the modulation frequency,
tion (solid curve). i.e., by using the approximation (3) withh sy, = 2mq, We
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obtain that the detected photocurrent at frequencyis given
by

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 1, JANUARY 2000

Assuming that all channels have the same intensity modula-
tion index,myry;, = mm, thenth-order intermodulation dis-

tortion (IMD,,) normalized by the power in the RF carrier is

e inAg

Liee(n, 2) = R(nS) Py
mg I

a

(u) + 2imgmy cos né

approximately given by

B tAY _ —iAp A (Q
(Srga (e ) n-()e ) AL IMD (€2, =) n(82) (M) (21)
+ 4m? ( ) cos 2n8 — J,_s(u)e 2% (n—1)!
+2(u) ZQAV)] n> 1. (16) \where
In Section Ill, we show that the above expression is very accu-
rate even for intensity modulation indexes close to unity. N
If all the harmonic sidebands of the IM in (14) are taken into A (Q) = Z SiEem, EoEen, ) (22)

account, we obtain

0
LlU=—oc
. N ;
_ez(n+lfl )A(,,eznﬂ(l+l )]

v (1),

Lt (nQ, 2) = R(nQ) Py =t

mymy

(17)

i, in=1

Q=£0; +odQ;,

From (21) and (22), it becomes evident that by proper man-
agement of the carrier phases it should be possible to affect the
intermodulation distortion spectrum.

For uncorrelated carriers the total intermodulation distortion

IMD is

Equation (17) is exact for an electric field with IM and FM. The
double infinite sum in (17) converges fast and only a few terms
are needed. This is simpler than previous formulations [8] that
involved four infinite sums with slower convergence.

APPENDIX B
INTERMODULATION DISTORTION IN CATV SYSTEMS

As an example of the theory developed in this paper, we con-
sider transmission d¥ NTSC channels of CATV. At the typical
CATV frequencies, the laser chirp is mostly adiabatic, and can
be approximated by

(mn\qQS)n_1 ’

IMD(, 2) & > N.(Q) (=1

n

(23)

whereN,,(§2) = {|A.|?) is the number of beats for that order.
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PIRx — 210

2 Q2 (18)

For moderate propagation distances
(1

Uk = 2mpn, O = imia, akof22Qmip = un(Qive, 2).

(19)
Thus, the value of the IMP’s depends only on the frequency of
the intermodulation product;yp, but not on the frequency of
the beating tones.

In CATV systems, small intensity modulation indexes are 4]
usually employed in order to avoid clipping of the signal. By
substituting (19) into (13), and using a power series expansion
of the Bessel functions, we obtain [5]

[2

(3]

Lyet (Smp, 2) 6]

N
m
= R(Qmur) o H <

k=1

(i QupE)" (1 + (20) I

)
2tChvpé
where¢ = (1/4)arofez andn = S°_ || is the order of )
the IMP.
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