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Fundamental Limits for Linearity of CATV Lasers

V. B. Gorfinkel and S. Luryi, Fellow, IEEE

Abstract— We have considered nonlinear distortions in a sub-
carrier multiplexed optical transmission system arising from
carrier heating effects in the source laser. We included two
sources of carrier heating: free-carrier absorption of the coherent
radiation in the cavity, and the power flux into the active
layer, associated with the input current. Resulting from the
very existence of modulated optical and electrical signals, these
effects cannot be avoided in any laser structure. Simple analytic
expressions have been derived for the intermodulation distortion
in multichannel single-mode lasers. For an 80-channel 60-540
MHz system with 3% optical modulation depth per channel, the
composite second-order (CSO) distortion brought about by the
hot-carrier effects is near the tolerance limit for CATV systems.

1. INTRODUCTION

UBCARRIER multiplexed (SCM) optical transmission
Ssystems, such as cable television (CATV) networks, re-
quire low-distortion distributed feedback (DFB) lasers. The
amplitude modulation (AM) frequency division multiplexing
(FDM) scheme is the preferred SCM technique in CATV
networks, mostly because of its compatibility with conven-
tional electrical transmission systems. The AM-FDM scheme
presents severe requirements to the linearity of the transmis-
sion. Typically, the composite second-order distortion must not
exceed —60 dBc. Channel capacity in current systems is about
40 channels, but future CATV networks are expected to carry
much larger number of channels [1]. Linearity specifications
for an 80-100 channel system become extremely stringent.

The dominant intermodulation distortion (IMD) is com-
monly attributed to the nonlinearity of the light-current char-
acteristics arising from a spatially inhomogeneous distribution
of the optical field. Other sources of nonlinearity, such as the
leakage current and the intrinsic (resonance) distortion, are
considered relatively small [2]. However, inhomogeneous field
distribution is not fundamentally inherent to DFB lasers. Thus,
lasers with a practically homogeneous field distribution have
been obtained [3] by introducing two \/8 phase shifts in the
DFB grating. It is therefore reasonable to discuss fundamental
limitations to the linearity of analog lasers without the spatial
hole burning.

Two fundamental sources of nonlinearity have been dis-
cussed in the literature: the intrinsic (resonance) distortion
[4] and the clipping of the multiplex signal at the laser
threshold [5]. The clipping distortion has been extensively
studied [6]-[9] and accurate formulas are available. As to the
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intrinsic distortion, it is sometimes claimed to be small in the
CATV frequency range (<< 600 MHz). That claim, however,

-must be qualified: since the intrinsic IMD decreases with the

increasing resonance frequency f. of the laser as (f/ fr)?
[4], it becomes small only at sufficiently high bias currents.
However, increasing the steady-state bias introduces additional
nonlinearities that account for the observed minimum in the
dependence of the CSO on the bias current (see, for example,
Kawamura et al. [10] who considered a phenomenological
threshold gain term in the rate equations that varies under
modulation). Whether or not the intrinsic distortion is “small”
depends on the position of the minimum, and therefore on the
nature of the additional nonlinearity.

Presently, we consider another fundamental nonlinearity,
arising from the free-carrier absorption of the coherent ra-
diation in the laser cavity. Although by itself this effect is
linear, it becomes a source of nonlinearity when one takes into
account the carrier heating by the coherent radiation and the
input current. Resulting from the very existence of a modulated
optical signal, these effects cannot be avoided in any laser
structure. Extending the standard model of laser dynamics to
take into account the carrier heating effect, we derive simple
analytic expressions both for the static nonlinearity of the
light-current characteristics and for the CSO distortion in an
arbitrary AM-FDM SCM system with any (not necessarily
random) distribution of carrier phases. For an exemplary
random-phase 80 channel 540 MHz system, based on a 1.5
pm InGaAsP DFB laser, we show that these fundamental
nonlinearities alone, even without the inclusion of clipping,
account for an IMD near the limit of acceptable.

II. MODEL

We describe the laser by the standard system of rate equa-
tions for carrier(n) and photon (S) densities in the active layer,
combined with an energy balance equation for carriers:

dn n
o T _ 08— — 1
dt J—98 Tep (1a)
ds S
— =TS(g - - — 1b
o (9 —an) — (1b)
§dTe _aSkQ  JA 3T.-T (16)
2dt = 2 2n 2 T,

where J = I/eV, is the electron flux per unit volume V; of the
active layer, I the pumping current, g the optical gain in the
active layer, € the optical frequency, I the confinement factor
for the radiation intensity, 7, the lifetime of carriers (including
nonradiative), Tp, the photon lifetime in the cavity, T the
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TABLE 1
ASSUMED PARAMETERS (MULTIPLE QW LASER)
Symbol Value Comment
[ ¢] 08eV A=155pum
(me,my) (0.041, 05)my (electron, hole) eff. mass
Smax 4010 em™! Eq. ()
dow 70A 7 wells
V. 12.25um® 250x1x0.05
r 0.04 confinement factor
A 300 meV (AE g Dett
a 019107 em®/s a =25cm ! at p=10"® em™3
[ 0.75-10" cm/s T=clry, g=4
Tph 334ps photon lifetime
Tp 05ns carrier lifetime
Te 2ps energy relaxation time
| V. QS/T 1y output optical power
n 05 S - P efficiency
Ryy 1.9610-7 mA-cm® s I:] ratio
Rps 5.88:10" % mW-cm® P:S ratio

carrier temperature in energy units, 7. the energy relaxation
time, o > 0 is the free carrier absorption rate, and A is the
kinetic energy per carrier injected into the active region. It
is assumed in (1c) that effectively only one type of carriers
absorbs radiation and that the number of electrons and holes
is the same in the active layer, n = p, hence the factor of 2.

For the free-carrier absorption coefficient, Henry et al. [11]
citeag = 25 cm~! at p = 10! cm~3 and A = 1.6 pum. Our
a is related to ag by ag = ape, where € = ¢/k, is the group
velocity. The energy A depends on the laser structure, e.g., the
fraction of carriers that get into the active region by tunneling;
in general, we can say that A < AEg, where AEg is the
bandgap difference between the cladding and the active layers.
For InP cladding (Eg =1.35 eV) and 1.55 pm active layer,
AEg = 0.55 eV; we take a conservative estimate A = 0.3
eV. For the energy relaxation time, we take 7. = 2 ps. At
higher carrier concentrations, one can expect even longer 7,
because of the optical phonon bottleneck. Our assumed values
of A and 7. result in a steady-state overheating of T, — T' ~ 4
K at the laser threshold, which is quite modest compared to
calculations (see, e.g., [12]) that include the bottleneck effect.
Experimental estimates for 7. vary widely; recently Hall et
al. [13] found a time constant of ~ 1 ps in strained-layer
quantum well (QW) 1.5 pm laser amplifiers. Sensitivity of
our results to the assumed value of 7. is discussed in Section
VL

We assume that the carrier ensembles are at all times
described by a quasi-equilibrium distribution, parameterized
by the effective temperature 7, which we moreover assume
to be the same for both electrons and holes. Validity of
this approximation relies on the rapidity of the electron-
electron and electron-hole scattering rates, compared to all
other characteristic times in the problem, including energy
relaxation. The gain function g is then of the form

g(Tev n, Q) = gmax(.fe + fh - 1) (2)

where f. and f}, are the Fermi functions of electrons and holes,
respectively, at energies selected by the incident photons A{2.

We consider a multiple QW laser with the radiative transi-
tion between the heavy-hole and the lowest electron subbands
near the fundamental absorption edge. In this case,

fe(ns, Te) =1- e—ﬂ'hQns/msTe (33)

fulns, T.) =1 — e~ ns/mTe. (3b)
where m. and my, are, respectively, the effective masses of
electron and holes, and n, = ndqw is the sheet carrier
concentration in the QW. Assumed parameters of the laser
at T = 300 K are listed in Table L.

The values of n and T, corresponding to the situation when
the laser is pumped to transparency (g = 0) will be denoted by
nx and T, x. Even though the lightwave intensity is negligible
below threshold, S =-0, there is some carrier heating due to
the current Jx = nx/7sp. The values of ny, T.x, and Jx
are determined by the equations

Ty -T = 22 (4a)
37
fet fu=1 (4b)
Away from transparency, we can write approximately
g =g”1"(Te —Tex)+g§,(n—nx) (&)

where the coefficients are readily determined from (2)—(4)

(2 rhd
gn(Tex, nx) = {6—9] :—TQ_W<Q + ﬁ)gmu
Plny, Tex eX Me  Mp
(6a)
/ _ ag _ ,
gr(Tex; nx) = | = —(nx/Tex)gp. (6b)
oT. nx, Tex

Fig. 1 compares the linear approximation (5) to the exact
expression, (2).
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Fig. 1. Gain function g(Te, n) calculated from (2) and (3)for fixed values of
(a) T. and (b) n. Dotted lines correspond to the linear approximation, (5) with
the parameters T x = 304.6 K,ny = 1.24 - 1018 em—3, ¢/, = 1.01-10°
cm®/s, and g = —4.75 - 101! meV—1. 571

__We shall denote the stationary variables by a bar, viz.
S, J, 7, etc., From (1) we have

J=g5+~ (7a)
Tsp
g=an+ ! (7b
9= FTph )
T.=T+~sS+757 (7c)
where

1 1
Vs = §C¥’feﬁ9 V5 = =TA. ®

3n

Threshold values of 7., and n are determined by letting S = 0
in (7)

9(Ttn, nen) = omen + 1/T7pn (9a)
A

T —T = YJTth _ T_ (9b)
Tep 3Tsp

The subscript “th” denotes threshold values, e.g., gn =
9(Ten, nen). Comparing (4a) and (9b), we see that Ty, = Tex.
The value of n¢, must be found by solving the transcendental
equation (9a). An estimate can be made with the help of the
linear approximation (5). Substituting g = gJ, (nen — nx) in
(9a), we have

1 Trpn+gpnx

Tith 7
n—C

(10
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It is evident from Fig. 1(a) that (10) underestimates n¢n
@in fact, quite severely for small values of I'pn). This is
particularly obvious if we neglect the free carrier absorption
so that the threshold is achieved when g rises to match the
constant loss (I'7pn) ™! at the mirrors. Clearly, the linear
approximation reaches the same level at a Jower value of n
than does the concave exact curve.

II. STATIC CHARACTERISTICS
Denoting by AX the steady-state value of a variable X

relative to its threshold value, viz. AX = X — Xin, let us
rewrite (5) in the form

an

where the parameters g/, and g7, are defined at the threshold

6
gl — [ g]
nth, Ttn

_ mh’dow (1— fe(nen) | 1= fa(nen)
= +
Tin Me

g =g+ 9gp AT + g, AT

) gmax (12a)

mh

(12b)

il

Is)
g [9] — —(nen/Ten)h
neh, Tth

T,

Note the difference between (12a) and (6a), arising since at

threshold the transparency equation (4b) no longer holds.
Variations 67 and én (not necessarily small) between any

two steady states are related. Indeed, (7) is valid for any steady

state; varying (7b) we find that the variations AT, and A7

are related as follows:

_grAT. __gr(1s A5+, AJ)

an= gn — gn — @
=75 AJ + T59tnS (13)
where
AT =T — Jip; AS=73;
AT, =T, - Twn;  AR=T— e (14
and
ry =~ 91 - A
gl —a 3Tin
4 angy, Te - A

Substituting (14) in (7a) and using (11) and (13), we ob-
tain the following expression for the nonlinear light-current
characteristic:
AT —T1/7sp) = Sgn(1+7s/Tep) +§2ag¢h1'5 +S AJar;y.
(16)
The slope efficiency is found by differentiating (16), giving
E _ 1 1—TJ/T5p—TJa§
dJ ~ Gin 1+ 75 /Tep + 27508 + Ty(0t/gen) AT
o 1= &S
- gth

an
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TABLE I ,
CALCULATED STATIC PARAMETERS
Symbol Value Comment
T 304.6K from Eq. (9b)
T 2610"® em™2 from Eq. (9a)
-2 80102 5! from Egs. (9)
8n 35107¢ em?/s from Egq. (12a)
8r -3.510" meV'-57! from Eq. (12b)
s 1.3ps from Eq. (15)
Ty 8.0ps from Eq. (15)
& 351078 em® . from Eq. (18)
s 1.0-10° % meV- em® from Eq. (8)
Y 7.710"® meV-cm®-s from Eq. (8)
I 1025mA nw/tp X Ry
dp/d! 03684 W/A at threshold
d?p/dr? -0.081W/A? at threshold
dp ﬂ) . pump current signal contains [V channels at frequencies wg, =
40 _' T T '—dt:se:\; wo+ K1 Aw, K1 =1,2,---, N, viz.,
3 :z A 4 oaer ol . .
ol 1 oass Ji =Re Z ak, exp (i0k, ) exp (iwk, t)
= i K;=1
£ 20 - 4 o365 ! N
a
i — 7 o%e4 = ) RelJk, exp(iwk,t)] (20)
& wor - 0363 K .
5 - o362 ) )
L0 g where ag,(t) is the (real) modulated amplitude, Jg, =
0.361 2 . .
0 20 40 60 8 100 ak, exp (ifk, ), and O, is the phase of K;th channel signal.

Bias Current | (mA)

Fig. 2. Calculated static characteristics of the exemplary laser with param-
eters as in Table 1. Variation of the slope efficiency is shown by the broken
line.

where

d?8

b =2a(rs +75) —gfhj. (18)

Note that in the absence of free-carrier absorption (o
0, 7s = 0), the light-current characteristic is linear in our
model, even if there still is carrier heating by the current (77 #
0). As an increasing J heats the carriers, their concentration
will rise to compensate the effect of higher 7', on the steady-
state gain. As evident from (7b), g is constant for o = 0.

Calculated parameters of the laser are listed in Table II and
the characteristics shown in Fig. 2.

IV. DYNAMIC CHARACTERISTICS
It will be convenient now to change the notation slightly.
We shall denote the static values by the subscript 0, and time-
dependent terms by an index ¢ = 1 or 2, with the increasing
refinement of the approximation

§ =80+ 51+ Sz; Te = Teo + Teq + Toz;

n =ng + ny + ns. (19)

The input current is of the form J = Jy + J;. The signal
S1(t) is the first-order modulated response of the laser. The

In a CSO testing setup, the amplitudes are kept constant,
ax, = a, and the optical modulation depth is defined by
a = OMD - AJy. At this point, we make no assumption
about the set of {0k, }; in particular, they may or may not be
functions of time.

The second-order variations Sa, ng occur at frequencies
w%) = |wk, £ wp, |, where K1, M} =1, 2,---, N. Because
of the equal spacing of the carrier frequencies wg,, within
each channel the wﬁg) beat appears at —6w and wgg;) at dw
relative to the carrier frequency, where dw = [wg modulo Aw]
(ie., wo = m Aw + éw, with m integer). The set of channel
numbers {Ky, My} contributing a second-order beat into a
given channel K, will be denoted by [K>)] (also the subsets
[K{")] and [K{™) contain channel pairs contributing to the
sum and the difference beats, respectively.)

Inasmuch as the energy relaxation is much faster (by two to
three orders of magnitude) than the characteristic frequencies
in the problem, 7. <« w™!, we shall neglect the small
frequency dependence of T, and assume that 7, follow S
and J instantaneously

Tez:7551+7JJza Z:]-? 2. (21)

Hence,
89 = (S0 + 51+ 52) x [go + gn(n1 + n2)
+9775(81 + S2) + gpvsJi).

Assuming that nonlinear effects are small, ny <« n; and
8§2 < 81, we can solve (1) by successive approximations.
The zeroth-order equation is given by (16). The first-order
equations are of the form

(iwk, + 7" +aSo)nk, + (T Yiwk, +90)Sk, = Jk, (22a)
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in
nK, — <m +TSQO)SK1 = TJJKl- (22b)

The second-order equations are of the form

(iwk, + 75" + aSo)nk, + (T liwk, + 90)Sk,

= —OL[Sl [ n1]K2 (232\)

WE,
— | —=—2— S
nK, <F80(g;; — a) +ngo) K
_ [$1® (131 + 759051 — )]k,
So ‘
The symbols [X; ® Y;]xk, are defined in a different way for
the sum and the difference beats

(23b)

(K]
1
Xienld) =7 Y XxYu +XanYe) (42
Ky >M,;
| K
X 1)) = i > (X, Yip, + X3, Yi,)-  (24b)
Ky >M;

Solution of the system of (22) and (23) is straightforward,
but the result is, in general, cumbersome. A compact analytic
expression obtains if we can neglect compared to unity (but
not, of course, compared to terms proportional to 7s or 7r)
the following terms:

w
— X WTph (25a)
Tgo ?
szph - 9’_}3 w'rs;l'rph _ (UTS;I 25b)
Sogl, ~ w?’ Sog, — w2’

These approximations are valid sufficiently far from the thresh-
old, at frequencies much less than the resonant frequency of
the laser, defined by 27 f, = w,, where

So(gn — @)

wi=
Tph

(26)
Under the approximation (25) (and also neglecting terms of
order wrs and wty, compared to unity), the determinant of
systems (22) and (23) is frequency independent and equals
—go. The first-order equations [(22)] give

nk, ~ Ji, (“"w—’j +rs+ n) @72)
J
Sk, ~ “Kr, (27b)
g0

From (27) we see that the right-hand sides of (23) contain the
following terms:

2
[ ® Ik, = %E[KQ] (28a)

; 2
[Jl ® iUJ1J1]K2 = 'LOJKZG,

Z[Ko] (28b)
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where the sums Y[K>] are given by

(K5

2K = 3 expli(fk, +6m,)]
K, >M;

(29a)

(K57

SIS = Y expli(fx, —O0a,))-
Ky >M;

(29b)

It is remarkable that all terms appearing in the sums (29)
are independent of the first-order frequencies that combine in
wk, and depend only on the phases of the components. Let
us trace how this comes about in the instance of (29b) and
the difference beat:

P
) _ 1 . . . /-
[ ®iw 1)) == Ti, (—iwpt g, + Jir, Gwre, )Tk,
2 4
K\ >M,
iwg. LE iwk,a> (
=2 N ki = SIS
Ky >M,;

Note that this independence on the constituent frequencies
would not hold for terms of the form [n; ® nilk,. Such
terms appear when the concentration dependence of the carrier
lifetime 7o, (e.g., due to Auger processes) is taken into
account, cf. the discussion in Section V.

Using (27)—(29) and (23), we find the following approximate
expression for the CSO distortion in the presence of carrier

heating effects:
1/2
s OMD | (v} wie, \
1Sx,| _ OMD [(% + 5050) + (w;? ) ] |Z[KC]|
™ r 'Sp
(30)

Sk, 4
where £ = 2a(7s + 77), as in (18). For frequencies below
600 MHz, as in CATV channels, the difference between the
exact solution of (22) and (23) and the approximation (30) is
negligible, except very near the threshold.

If the system were designed to control the subcarrier phases,
it would be possible to reduce the CSO distortion by a suitable
selection of the set {0k, }; it can be shown, for example,
that it is feasible to suppress the sum beats in high-frequency
channels at the expense of an enhancement in difference beats
which are dominant in low-frequency channels. Minimization
of the phase sums (29) seems to be a worthwhile mathematical
problem.

In a typical experimental arrangement, the CSO is measured
with random phasesf,, generated from a thermal source.
Averaging {%| over the random phases, we find

2

- [Kf;r)]

ISP = 3 1= NIK)
Ki>M;

T

ISEE= Y 1=NKS)

Ki>M;

(3D

The number N[K5] of channel pairs contributing a CSO
distortion in a given channel is plotted in Fig. 3 for an
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Fig. 4. Composite second-order distortion in a 80-channel analog laser as a
function of the pumping current. Laser parameters as in Table LOMD = 3%.

80-channel CATV system. The number of pairs M (K. (_)]
contributing to difference beats decreases linearly from 70 at
60 MHz to 0 in channels with w(_ > 480 MHz. For the sum

beats, N/ [K§+)] increases from O for wf,{t) <120 MHz to 35

at the high end.
Fig. 4 shows the calculated CSO for an exemplary laser.
The CSO is defined by

CSO[dBc] = 20log ('g"z l)

1

Within the accuracy of the figure, curves obtained by the
exact solution of (22) and (23) are indistinguishable from the
approximation (30).

Note that at high bias currents, the low-frequency channel
(difference beat) has a larger distortion than the high-frequency
channel (sum beat), hence the curve crossing in Fig. 4.
This phenomenon, often seen experimentally, occurs because
the number of contributing channel pairs is twice larger for
the low-frequency channel. Increasing current increases the
resonant frequency, and in the limit of w, — oo the only
dependence on the channel frequency is contained in A/ K]
In this limit, the difference between the two curves tends to
3 dB.

V. INCLUSION OF THE CONCENTRATION
DEPENDENCE OF CARRIER LIFETIME

Equations (22) and (23) and formula (30) were derived
under the assumption that the carrier lifetime 7, is constant.

A more accurate description of the differential lifetime [14]
75 (n) = A+ Bn+ Cn® (32)

introduces an additional nonlinearity directly into the rate
equation (la) for carriers. This leads to a slight modification
of our results.

Expanding the terms Bn? and Cn? according to the scheme
(19), we have

B(ng + n1 + n2)? = B(n + 2ngny + 2ngnz + n?) (33a)

C(ng+mn1+n2)® = C(nd+3n2n; +3n2na+3nen?). (33b)

Proceeding as in Section IV, we find that the left-hand sides of
(22) and (23) retain the same form, except that 7, is replaced
by Tes, given by

T4 = A+ 2Bng + 3Cnk (34

and in the right-hand side of (23a) appears an additional term
—(B + 3Cny)[n1 ® n1]k,. Using (27a), we can rewrite this
term in the form
1. ,
[71,1 ® n1]K2 = E[zlel ® 'Llel]Kz
2 .
+ -—(7%TJ)[J1 ® iwJ1)k,

+ (7'5 + TJ)2[J1 ® Jl]K2~ 35)

The second line of (35) contains sums of identical terms,
independent of the constituent frequencies that produce a beat
at wg,, cf. (28). In contrast, the sum [iw, J; @ w11k, does
not possess this property. Fortunately, the whole term in the

. first line of (35) is quite ne§llg1ble Let us show this in the

instance of a sum beat at wy’. The largest term in the sum
[iw1J1 ® iwidi]k, comes from WK, R wy, X 1/2wk,.
Therefore, comparing the first and the third terms in the
right-hand side of (35), we find that their ratio is less than

1wk
4wi(rs + 71)?

which is < 3%, except very near the threshold. Neglecting
the first term, we find a generalized expression for the CSO
(VIK)Y?

distortion in the form
2
(JJK2
(w;‘fTeﬂ") ]
(36)

|Sk,| _ OMD wzﬁ
Sk, 4

where T.g is given by (34) and the static nonlinearity coef-

ficient £ by

2 1/2

+£S)

€ = 2a(ts + 75) + 2g0(B + 3Cno)(7s + 75)% 37

Equation (36) is the main result of this paper. For simplicity,
it is written for the case when the measured CSO is an average
over random phases. Our discussion is general enough to
describe the CSO distortion for any distribution of carrier
phases, not necessarily random. To treat these situations, one
should replace /A by the phase sum |Z|, as in (30).
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Bias Current (mA)
Fig. 5. Composite second-order distortion in an 80-channel analog laser.
Laser parameters as in Table I, OMD = 3%. Carrier lifetime is given
by (32) with B ~ 3.8 - 10-1° cm®/s andC ~ 1.5 . 10728 cm®/s,
givingTep (n¢n) = 0.5 ns. The minimum in Ch.80 equals—61.6 dBc and
occurs at I ~ 40 mA (when f. ~ 7 GHz). For comparison, broken lines
show the result at constant 7sp = 0.5 ns (from Fig. 4).

Let us compare (36) to the results of Section IV. Take A=0
in (32) and choose B and C so that at threshold both terms
contribute the same rate, resulting in Tsp(nth) = 0.5 ns, as
in Table L. This corresponds to B = 3.8 - 107*° cm3/s and
C ~ 1.5 -10"28 cm®s. The calculated CSO distortion is
shown in Fig. 5. We see that inclusion of the concentration
dependence of 7, brings about a tangible correction. This
correction occurs for two reasons, both being of comparable
importance in our example. First, the static nonlinearity (37)
brought about by the dynamic carrier heating effects becomes
larger. Inclusion of the concentration dependence of 75 raises
the value of ¢ from £y = 3.5 - 1078 cm® [equation (18)] to
¢ = 5.6- 10718 cm3. Moreover, £ no longer depends entirely
on the free-carrier absorption: it does not vanish even when
a = 0. Second, 7Teg resulting from the variable 7,p(n) is
shorter than Tsp(nth); in our example, Teg = 0.2 ns.

Let us analyze (36) in more detail. It is easy to show that
the minimum CSO distortion in a channel of frequency wk,
equals

[|SK2|] _ OMD - wg,
SKl min 2\/§

(1+ ViTGmr )] o9

and occurs ‘at the following value of the photon density:

S[z' _ wi—szh V1+ (“’Kz'reff)_2 )
£(gn — @)

As evident from (38), an enhancement of the differential
gain g/, by a factor of two decreases the minimum CSO
distortion by about 3 dB. Clearly, increasing g;, is the key
strategy for improving CATV lasers.

It is worthwhile to stress that inclusion of the Auger re-
combination does not imply that we should concern ourselves
with a dynamical carrier heating by Auger processes. Such
an effect can be described by a term ~ Cn2Eg, added in
(1c). The only consequence of this term would be to alter
the steady-state carrier temperature—even if the Auger term
Cn? were the biggest in (32). The effect of Auger heating on
the CSO distortion in CATV lasers is negligible, as we have

. |: Tphf

7
g — @

(39
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Fig. 6. The OMD dependence of the minimum CSO distortion in
Ch.80.Laser parameters as in Fig. 5. The clipping curve, shown for
comparison, is calculated according to [9], including only 2nd-order processes

and taking the power count Df,z) = 70.

verified by a direct calculation. That this should be the case
is evident when we consider that the other heating terms in
(1c) are directly proportional to the modulated current, while
the Auger term works its dynamics only to the next order of
magnitude in w/w,., through the modulation of carrier density.
This argument is essentially similar to that above leading to
the neglect of the first term in (35).

VI. COMPARISON TO THE CLIPPING DISTORTION

It is instructive to compare the fundamental limitations
on subcarrier multiplexed transmission. Dependence of the
minimum CSO distortion in Ch. 80 on the OMD, calculated
with (38), is plotted in Fig. 6 together with the corresponding
clipping distortion, based on the expression given in [9]. It
is clear that for a given number of channels, the clipping
distortion [5]-[9] should be dominant at a high enough optical
modulation depth, since the CSO due to clipping increases
exponentially with OMD, while that due to hot-carrier effects
is linear, cf. (36). The characteristic parameter of the clipping
distortion, g = OMD-4/N/2, in the example of Fig. 5 is only
w = 0.19. In this range, the clipping distortion is below —100
dBc for all channels and does not account for the measured
values of the CSO distortion [9].

VII. VARIATIONS IN THE ASSUMED PARAMETERS

With the parameters chosen, (36) predicts a minimum
distortion of —61.6 dBc in the high-frequency channel. What
variations in the assumed parameters can affect this estimate?

The key coefficient in our model is £ given by (37). It
is determined by the energy relaxation time (mainly by the
product 7. - A), the free-carrier absorption coefficient a, and
the values of the recombination coefficients B and C. For
quantum well lasers, these parameters are not known to a great
accuracy. Choosing a different concentration dependence of
Tsp (With the recombination parameters varying over a range of
the data in literature [14]), we find a variation in the minimum
CSO (Ch.80) of about 3 dB. In our examples, 75 > 7s, ie.,
the effect of the heating by current dominates over that due
to free-carrier absorption. Inasmuch as the value of 75 is little
affected by a variation in the laser threshold [cf. (15)] and the
overall effect of the variable 7;,(n) [the second term in (37)]
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Fig. 7. Composite second-order distortion in an 80-channel laser with
parameters as in Fig. 5 and Table I, except 7 = 1 ps. The Ch.80minimum of
—65.5 dBc occurs at I & 56 mA (f, = 8.7 GHz). For comparison, broken
lines show the results at 7. = 2 ps (from Fig. 5).
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Fig. 8. Dependence of the minimum CSO in Ch.80 on the assumed relaxation
time 7.. Other laser parameters as in Table 1. Broken line shows the bias
current corresponding to the CSO minimum. ParameterT};, — T, from (9b),
is indicated on the top horizontal axis.

is scaled by the threshold gain gy, it is possible to reduce ¢
by lowering go.

Consider the dependence of our results on the assumed
value of the energy relaxation time 7.. Fig. 7 shows the CSO
distortion calculated with the parameters as in Table I, except
for 7. which is now taken equal to 1 ps [13]. The dependence
Tep(n) is included as in Fig. 5. We see that compared to the
case of 7. = 2 ps, the minimum CSO distortion decreases
(by ~ 4 dB) and the minimum shifts to a higher bias current
(~ 56 mA).

The 7. dependence of the minimum CSO distortion in the
high-frequency channel is plotted in Fig. 8. For a fixed A,
each assumed value of 7. implies a certain carrier overheating
Tin—T at the threshold, cf. (9b). The experimentally accessible
parameter Tiy, — T is indicated in Fig. 8 on a parallel abscissa
axis. The amount of overheating is quite modest compared to
recent estimates [13]. We believe the actual 7. in a QW laser is
hardly shorter than 1 ps. Note also that shorter 7. would result
in the minimum CSO occurring at very high bias currents.

VIII. CONCLUSION

We have considered nonlinear distortions in a subcarrier
multiplexed optical transmission system arising from carrier
heating effects in the source laser. We included two sources
of the carrier heating: free-carrier absorption of the coherent

radiation in the cavity, and the power flux into the active layer,
associated with the input current. Resulting from the very
existence of modulated optical and electrical signals, these
effects cannot be avoided in any laser structure.

We developed an analytical model describing nonlinear
dynamics in multichannel single-mode lasers, and obtained
simple expressions for the intermodulation distortion on the
dc bias level, channel frequency, number of channels, and
parameters of the laser. For an 80-channel 60—-540 MHz system
with 3% optical modulation depth per channel, we find a
minimum CSO & —62 dBc in the high-frequency channel.
This means that the included fundamental nonlinearities alone
account for a distortion near the tolerance limit in CATV
systems.

We have also considered another “fundamental” source of
carrier heating, resulting from Auger recombination in the
active layer. Although important in establishing the steady-
state carrier temperature, the Auger heating contributes little
nonlinearity and has a negligible effect on the intermodulation
distortion.
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