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Modulation Performance of a Semiconductor Laser
Coupled to an External High-Q Resonator

GOVIND P. AGRAWAL, SENIOR MEMBER, IEEE, AND CHARLES H. HENRY

Abstract—The dynamic response of a semiconductor laser coupled
to an external resonator is studied using the single-mode rate equations
modified to account for the dispersive feedback. Both the frequency
and the damping rate of relaxation oscillations are affected by the feed-
back. The frequency chirp that invariably accompanies amplitude
modulation is significantly reduced. The feedback also reduces the
phase noise and the linewidth. To investigate the usefulness of exter-
nal-resonator lasers in high-speed optical communication systems, we
have solved the rate equations numerically to obtain the emitted chirped
pulse; the pulse is propagated through the fiber, detected, and filtered
at the receiver. The simulated eye diagrams show that such lasers can
be operated at high bit rates with negligible dispersion penalty owing
to their reduced frequency chip. An improvement in the bit rate by
about a factor of two is predicted by the use of an external high-Q
resonator under typical operating conditions.

I. INTRODUCTION

THE coupling of a semiconductor laser to a passive res-

onator can improve the laser performance by, among
other things, reducing the linewidth and the frequency
chirp [1]-[16]. The reduced linewidth is useful in coher-
ent-communication applications; indeed, the use of an ex-
ternal grating placed at 10~20 cm from the laser has led
to linewidths ~ 10 kHz [1]. Low chirp is necessary for
direct-detection systems in which information is trans-
mitted along dispersive fibers at high bit rates [17]. The
physical mechanism behind the chirp and linewidth re-
ductions realized by coupling the semiconductor laser to
an external passive resonator is the resonant, frequency-
dependent optical feedback into the laser cavity from the
high-Q resonator. While the coupling can greatly reduce
the chirp, it also alters the dynamic response of the laser,
especially by reducing the damping rate of relaxation os-
cillations. The purpose of this paper is primarily to inves-
tigate whether such coupling can improve the bit rate for
transmission along dispersive fibers.

Several schemes have been used to form the high-Q res-
onator by using the techniques such as 1) the formation
of a long external cavity by placing a mirror or grating
[1], 2) the use of an external Bragg reflector butt-coupled
to a laser facet [13]-[16], and 3) the use of a narrow-band
resonant optical reflector [18] to form the external reso-
nator. For ease of reference, we shall collectively call
these devices external-resonator lasers. Recently, Kaza-
rinov and Henry [12] have analyzed such lasers under CW
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or low-frequency operation and showed how the reduc-
tions in the adiabatic chirp and the linewidth are simply
related. In this paper, we extend their analysis to study
the dynamic response of an external-resonator laser under
high-frequency modulation. In Section Il we obtain the
single-mode rate equations modified to account for the
resonant optical feedback from the external resonator
governed by two feedback parameters 4 and B. These
equations are used to study the small-signal modulation
response in Section III. The resonant optical feedback af-
fects both the frequency and the damping rate of relaxa-
tion oscillations. Whereas the damping rate is always re-
duced, the relaxation-oscillation frequency can be
increased (up to a factor of two) by an appropriate choice
of the feedback parameters 4 and B. The frequency chirp
that invariably accompanies amplitude modulation is sig-
nificantly reduced and the reduction factor depends on the
modulation frequency. In particular, the low-frequency or
adiabatic chirp is reduced by a factor of F determined by
the feedback characteristics of the external resonator [12].
The consideration of phase noise in Section IV and [12]
shows that the linewidth is reduced by a factor of F2. Fur-
thermore, the relative amplitude of the satellite peaks oc-
curring at multiples of the relaxation-oscillation fre-
quency is also reduced. The linewidth reduction by the
use of external resonators has been predicted in earlier
work [2]-[5].

The enhancement of the relaxation-oscillation fre-
quency and the reduction of the linewidth have been ob-
served for an external reflector by Vahala ef al. [9]. The
relation between chirp and linewidth reductions was re-
cently verified by Olsson er al. [14] using an external
Bragg reflector. Olsson et al. [13] have demonstrated the
potential of such external-resonator lasers in a 1.55 pm
transmission experiment at 1.7 Gbits/s over a 82.5 km
long dispersive fiber. There is some experimental evi-
dence [13] that chirp reduction by resonant optical feed-
back can improve the system performance over that
achieved by conventional single-frequency lasers (e.g.,
distributed feedback lasers).

In order to quantify the performance improvement ex-
pected by the use of resonant optical feedback, we have
simulated numerically the transmission experiments and
the results are given in Section V. More specifically, we
solve the rate equations to obtain the chirped pulse emit-
ted by the laser, propagate the pulse inside a dispersive
fiber, and fiter the pulse at the receiver. The laser perfor-
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mance is measured through the dispersion-induced deg-
radation of the eye diagram. We find that the reduced chirp
can increase the bit rate by about a factor of two for dis-
persion-limited optical communication systems.

1I. RATE EQUATIONS FOR EXTERNAL-RESONATOR
LASERS

The modulation and noise characteristics of a simple
Fabry-Perot laser without external feedback are well de-
scribed by a set of rate equations given by [11], [12]

3 =1(G — v) (1 — ia)B + Fs(t) (1)
N=cC-58-G|B +Fy(r) (2)

where 8 is the complex optical amplitude, « is the line-
width enhancement factor, 7“ is the photon lifetime, and
G is the gain or net rate of stimulated emission. In (2), N
is the number of electrons inside the active region, C is
the carrier-generation rate, and S represents the rate of
carriers lost due to the spontaneous recombination pro-
cesses. The fluctuations in B and N are accounted for by
the Langevin noise sources Fg(t) and Fy () which are
assumed to be delta-correlated in the Markoffian approx-
imation [19].

For an external-resonator laser, the facet reflectivity be-
comes frequency dependent and (1) must be modified. The
modification can be carried out using the Green’s function
approach [10]. The modification consists of multiplying
8 by a complex factor determined by the resonant nature
of the external feedback. More specifically, the modified
form of (1) is [2]-[4], [12]

<1+A—z >B_(G2 )(1——ia)6+F5(t)

(3)
where A and B are frequency-dependent feedback param-
eters defined by [12]

@) =22

In (@) r = |r(w)]| exp [i¢(w)]is the effective reflection
coefficient of the facet facing the external reflector, and
7o is the roundtrip time of the laser cavity. Dividing (3)
by (1 + A — iB/a), we see that the external feedback
affects not only the gain change but also the spontaneous-
emission noise governed by Fg(1).

We can separate (3) into two real equations using

= JTexp (—i®), (5)

where I has been normalized such that / represents the
number of photons in the active cavity. Before separating
(3) into its real and imaginary parts, an important point
should be considered. The gain change AG = G — G,
where G is the steady-state value. However,

AG = AGy + AG,

ldr

and B(w) = 7 4o
2

(4)

70

consists of two contributions A Gy and A G; arising from
changes in the electron and photon populations, respec-
tively. Only A Gy leads to an index change; the index
change associated with AG; is negligible. Thus, aAG
must be replaced by aA Gy in (3). To obtain the intensity
and phase equations, we follow the method of Lax [19].
Details are given in the Appendix. The result is

[(1 + A+ BYAGy + (1 + A)AG,]I + R
(1+ A) + (B/oz)
Fi (1)

+ 2 1/2 (6)
[(1+4) + (B/a)]”
& = 1a(l + A)AGy — (B/a) (AGN + AG))
2 (1 + A) + (B/a)
Fd>(t) 73 (7)

+ 2 2
[(1+4) + (B/a)]

where R is the spontaneous emission rate. These equa-
tions reduce to those describing a laser without feedback
when A and B are set to zero.

As discussed in [12], the parameters A and B have a
simple physical interpretation in the gain-frequency dia-
gram showing how the gain and the optical frequency
change with the external feedback. Such a gain-frequency
diagram is shown in Fig. 1 for the specific case of a high-
Q resonator formed by using a resonant optical reflector
[18]. The “‘loss curve’’ with a central dip shows the fre-
quency dependence of the laser-cavity loss resulting from
the resonant optical feedback; the minimum of the loss
curve corresponds to the frequency at which the feedback
is strongest. The laser, however, does not necessarily op-
erate at the minimum-loss wavelength since is has to sat-
isfy the phase condition that the roundtrip phase change
of the field should equal 2N, where N is an integer. This
condition is expressed graphically by the phase curves
shown dashed in Fig. 1. The gain and the frequency of
the lasing mode at threshold are determined by the cross-
ing of the loss and phase curves.

The frequency dependence of the parameters 4 and B
obtained by using (4) is also shown in Fig. 1. 4 is related
to the slope of the phase curve while B is related to the
slope of the loss curve. Clearly, B is large only when the
laser operates away from the loss minimum; this situation
is sometimes referred to as the detuned-loading configu-
ration [5], [9]. By suitable design optimization, it is pos-
sible to choose the operating point corresponding to the
frequency at which B is maximum. Fig. 1 also shows F
=1 4+ A + B since, as shown below, the factor F plays
an important role in determining the effect of resonant op-
tical feedback on the laser characteristics.

III. SMALL-SIGNAL MODULATION RESPONSE

In this section we consider the small-signal response of
an external-resonator laser to a weak modulation of the
applied current. The purpose is to study how the relaxa-
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Fig. 1. Frequency dependence of the feedback parameters A and B for a
specific external-resonator laser for which the high-Q resonator is formed
by using a resonant optical reflector. A is related to the slope of the phase
curve while B is related to the slope of the loss curve. The intersection
of the loss and phase curves determined the operating point and the val-
ues of A and B. The chirp reduction factor F = | + A + B is also shown.

tion oscillation characteristics are affected by the resonant
optical feedback governed by the parameters 4 and B. Let
p(t), n(t), and ¢ (7) represent the deviations in I, N, and
® from their steady-state values (corresponding to the bias
level). We linearize (2), (6), and (7) in p, n, and ¢. For
simplicity, we neglect the effect of the Langevin noise
sources on the modulation response. The gain changes
A Gy and AG; in (6) and (7) are taken to be

AGN = Gan AGI = _'G[p (8)

where Gy = dG /0N is the gain coefficient, and A G, gov-
erns the nonlinear gain reduction occurring due to spectral
hole burning. The linearized rate equations can be written
in a form similar to that for solitary lasers [11] and be-
come

n=-I'yn - Gp + C, (9)
p=-Tip+ Gyln (10)
¢ = laGyn + 1BGp (11)
where C,, is the modulation current and
Ty = dS/dN + Gyl (12)
T, =R/l + Gl (13)

are the damping coefficients for the electron and photon
populations. The parameters affected by the resonant op-
tical feedback are R, o, Gy, and G,, and the effective val-
ues are given by

- R
k= (1 +4) +(B/a) (14)
_ ol +4) - B/«

“ 1+A4+B (15)

_ 1+A4+B Gy (16)

YT+ AY + (Bja)

— 1+ 4
G = 2 2
(1 +4) + (B/a)
The parameter 8 in (11) is given by
B
a(l + A4)

G, (17)

B = (18)

Since (9) and (10) are formally identical to the case of
a solitary laser, one can write the expressions for the fre-
quency and the damping rate of relaxation oscillations di-
rectly as [11]

Q = (GGyI)'”, T = {(T, + I'y). (19)

Using (12)-(17) and noting that the dominant contribution
to I' comes from the spectral hole-burning term in (13),
we obtain

Q° 1+A4+B G

55—(1 +A)2+(B/oz)250 (20)
r 1+ 4 (21)
To (1 +4) + (B/a)

where Qy and T, are the frequency and the damping rate
of relaxation oscillations for the solitary laser. An expres-
sion identical to (20) was obtained by Vahala and Yariv
[5]. For simplicity, we assume that G = G,, i.e., the
threshold gain or the photon lifetime is not significantly
affected by the resonant feedback. Fig. 2 shows the vari-
ation of Q/Q, and I' /T, with B for several values of A
after choosing « = 6. In general, low values of A are
desirable for enhancing the relaxation-oscillation fre-
quency; for 4 = 0, an enhancement by nearly a factor of
2 can occur when B = «. The damping rate T' is always
reduced, an undesirable feature from the viewpoint of the
system applications. Again, low values of A are required
to minimize the decrease in I'. As seen in Fig. 1, low
values of 4 are realized when the laser operates away from
the minimum-loss wavelength.

In the absence of parasitics, the small-signal modula-
tion bandwidth », is governed by the relaxation-oscilla-
tion frequency (v, = Q/27). Fig. 2 shows that »,, can
be nearly doubled for external-resonator lasers by an ap-
propriate choice of the parameters 4 and B [5], [9]. In
practice, however, 4 and B cannot be chosen indepen-
dently. As seen in Fig. 1, when B takes its maximum value
of ¢, A = 1. If we assume that B = o = 6and 4 = 1,
Fig. 2 shows an enhancement of about 25 percent for the
relaxation-oscillation frequency and a decrease of 60 per-
cent for the damping rate of relaxation oscillations. If B
is reduced to about 4 so that A = 0.5 in Fig. 1, it is
possible to enhance © by 50 percent, as also observed ex-
perimentally for a specific scheme [9]. However, as shown
below, from the point of view of the chirp and linewidth
reduction, it is important to maximize the factor F = 1 +
A + B. For the case of a resonant optical reflector [18]
when F is maximum, the ratio B/A4 = o.
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RATIO

Fig. 2. Variation of the frequency @ and the damping rate I' of relaxation
oscillations with the feedback parameter B for three values of 4. Q; and
T, are the frequency and the damping rate of a solitary laser (4 = 0,B
=0).

The frequency chirp v = ¢ /2= under small-signal
modulation can be obtained from (11). A relevant mea-
sure of chirp [19] is the chirp-to-power ratio (CPR). For
the case of sinusoidal modulation at the frequency w,,, we
obtain the following expression of CPR from (9)-(11):

¢ _ 1 = =7

CPR = e =2 |(T) + iw,) @ /1 + BG|. (22)
For modulation frequencies such that w,, << T, the use
of (15)-(17) in (22) yields the following result for the low-
frequency or adiabatic CPR.
1 OéG[
CPR =z ————.
21+ A+ B
Thus, the static or low-frequency chirp is reduced by a
factor of

(23)

F=1+A+8B (24)
for external-resonator lasers. As discussed in [12] and in
the following section, the same factor F governs the line-
width reduction; more specifically, the linewidth reduces
by a factor of F2

1V. PHasE NOISE AND LINEWIDTH

In this section we consider the effect of the resonant
optical feedback on the phase noise and the linewidth of
semiconductor lasers. Both the intensity and phase noises
can be studied using the rate equations (2), (6), and .
In terms of small fluctuations p (), n(t), and ¢ (¢) from
the steady-state values, these equations become

n=—Tyn — Gp + Fy(1) (25)
. = Fi (1)

= -Ty Gyl 2 24172 26
P P n+[(1+A)+(B/a)]/ (26)
A —— Fu(t)

=5 labyn G; 2¢ 172
¢ 2( G + B p)+[(1 + A) +(B/a)2]/

(27)

where various quantities are defined by (12)-(18). We ne-
glect the carrier noise Fy (1) in the following discussion
since it does not affect the phase noise significantly in the
above-threshold regime. The Langevin noise sources are
assumed to be delta-correlated, i.e.,

(Fi(1) F;(1)) = 2Dyo(r — 1") (28)
with D;; = RI and Dy, = R/41. The phase noise is gov-
erned by the variance [11]

(Ap*(r)) = 7—11_Re S_m (‘dg(w)r) [1 = exp (iwr)] do

(29)

where ¢ (w) is the Fourier transform of ¢ (7). The solu-
tion of (25)-(27) in the Fourier domain leads to the fol-
lowing expression.

|5GyG — BG(Ty + )| )

(1))
_E<L
"\ " e -0 i le+ -]
(30)

The integration in (29) is performed using the method of
contour integration, and the result is

(A0*(1))
_R| D 1 —exp [i(Q + )]
ZI[CHH‘ Re( (@ +ir)’ >]
(31)
where
co 4+ @GOG BGTT (32)

(@7 + 1)’
D = |GG — iBG/ [0 +i(T - roll. (33)

Similar to the case of a solitary laser [11], the phase
variance is the sum of a linear term and a damped oscil-
latory term that has its origin in relaxation oscillations.
The spectral line shape is obtained by taking the Fourier
transform of exp [ — (A¢p%(1))]. In the absence of the
oscillatory term, the line shape is Lorentzian with the
linewidth (FWHM)

RC

Av pt (34)
The oscillatory term gives rise to satellites separated from
the main peak by multiples of the relaxtion-oscillation fre-
quency Q. Resonant optical feedback in semiconductor la-
sers changes the linewidth as well as the location and the
relative height of the satellites. In general, the satellites
are almost completely suppressed for external-resonator
lasers with B/A = a.

A simple expression for the linewidth Av is obtained if
we note that typically @ >> T and 8G,T'y << aGyG in
(32). Using Q= GGyl, C =1 + a’. If we now use
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(14) and (15), for R and @&, the linewidth is given by
_ R _ 1+ an
41 (1 + 4 + B} F

where Av is the linewidth of the solitary laser and F = 1
+ A + B. Thus, the resonant optical feedback reduces
the linewidth by F?. Since F = 30 should be achievable,
a reduction by up to three orders of magnitude can be
realized (Ay ~ 100 kHz at I mW).

For coherent communication systems, phase fluctua-
tions occurring during a single bit generally limit the sys-
tem performance. Thus, it is not the linewidth but the
phase variance (A¢2(t) Y, where t ~ B™!, that needs to
be minimized (the linewidth is a measure of only low-
frequency phase fluctuations). Fig. 3 shows the variation
of { A¢>(¢)) with time obtained from (31) using typical
parameter values. The dashed line shows the linear in-
crease resulting from the first term in (31). The second
term in (31) arising from relaxation oscillations enhances
the phase noise; its contribution is oscillatory and depends
on the specific values of parameters A and B. The two
curves in Fig. 3 correspond to F = 30 with B = 0 and
B/A = a = 6. Even though the linewidth is reduced by
the same amount in both cases, high values of B are de-
sirable to reduce the overall phase noise.

(35)

Av

V. LARGE-SIGNAL MODULATION

In Section III we considered the small-signal modula-
tion response and found that the resonant optical feedback
reduces the frequency chirp, but at the same time it de-
creases the damping rate of relaxation oscillations. Al-
though low chirp is certainly beneficial, the reduced
damping of relaxation oscillations can lead to degradation
of the system performance [21]. In this section, we study
the performance of external-resonator lasers under large-
signal modulation conditions such as those encountered
in a realistic 1.55 um optical communication system op-
erating at high bit rates (Bg ~ a few gigabits). More spe-
cifically, we assume that the laser current is modulated by
a random sequence of on-off pulses of duration T = B!
in the nonreturn-to-zero (NRZ) format. The resulting se-
quence of optical pulses is transmitted through a disper-
sive fiber and filtered at the receiver. To simulate a real-
istic receiver, we assume that the receiver incorporates a
low-pass second-order Butterworth filter with a frequency
response [22]

5
£ 17+ N2
where f is the cutoff frequency. In our numerical simu-
lations, we choose f. = 0.75B. The system performance
is measured through the degradation of the ‘‘eye dia-
gram’’ formed by superposition of a large number of re-
ceived pulses. Our procedure is similar to that employed
by Corvini and Koch [23]. However, rather than using a
pseudorandom bit sequence, we have considered isolated
pulses up to 3 bits long and formed the eye diagram by a

H(f) = (36)
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Fig. 3. Time dependence of the phase variance ( A¢ (1)) for two values
of B. In each case, the chirp reduction F = 1 + A + B = 30. Dashed
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alone.
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superposition of many such pulses. Although this proce-
dure may have excluded some pattern effects, it suffices
for the present purpose. The use of a fourth-order Butter-
worth filter [22] did not alter the conclusions reached here.

The first step in our simulations consists of solving the
rate equations (2), (6), and (7) numerically to obtain the
pulse shape and the associated transient chirp for a spe-
cific sequence of bits. For a current pulse of m bits long,
the carrier-generation rate C in (2) is taken to be

C=[l+ Lf(]/q (37)

where I, is the bias current, /1, is the modulation current,
and f (1) is given by

1 —exp(—t/7,)
exp (= (1 — 7)/1,]

where 7 = mT is the duration of the m bit long current
pulse and 7, is the rise time.

Fig. 4 shows the pulse shape and the transient chirp for
an external-resonator laser after choosing Bz = 4 Gbits/s,
IL,=11,1,=1,,7,=02T, and 7 = T (single isolated
bit) in (37) and (38). The feedback parameters are chosen
tobe A = 1 and B = 6 (see Fig. 1). To clarify the changes
associated with the resonant optical feedback, the bottom
part of Fig. 4 shows the large-signal modulation behavior
for 4 = 0 and B = 0, the values corresponding to a sol-
itary single-frequency laser. All other parameters are
identical in both cases and were taken corresponding to a
typical buried-heterostructure laser with active-region di-
mensions 0.2 X 2 X 250 um®. A parameter that needs
special attention is the nonlinear gain parameter e that
leads to the power-dependent gain change A G, resulting
from phenomena such as spectral hole buring [24]-[27].
It is defined using

for 0O <tr=<r~

£ =] (38)

for 1t > 7

AG; = —GeS (39)
where S is the photon density. The parameter e is esti-
mated to be in the range 1-3 x 107"7 cm? for 1.55 um
InGaAsP lasers; we used e = 2 X 10" em® in our sim-
ulations.
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Fig. 4. Pulse shape (solid line) and transient chirp (dashed line) for
external resonator (upper figure) and conventional (lower figure) lasers
for a 250 ps wide current pulse (B = 4 Gbits/s) with [, = 1.11, and /,,
= I

A comparison of the two cases shown in Fig. 4 reveals
that the transient chirp is considerably reduced by the res-
onant optical feedback but at the same time the pulse shape
is distorted because of a decrease in the damping rate of
relaxation oscillations. Thus, the qualitative features of
the small-signal analysis considered in Section III remain
valid even in the large-signal regime. The chirp reduction
factor is, however, different than F = 1 + A + B that
occurs at low frequencies. In Fig. 4 the chirp is reduced
by nearly a factor of 5 if we define the chirp as the max-
imum frequency shift occurring during the pulse duration.
The reduced chirp is beneficial for optical communica-
tions systems since it reduces the dispersion-induced
broadening of the optical pulse. However, one has to con-
sider simultaneously the effect of pulse distortion result-
ing from the enhanced relaxation oscillations.

To quantify these effects, the emitted pulse is propa-
gated down the fiber assuming a chromatic dispersion of
16 ps/km/nm. We used the Fourier transform method to
propagate the pulse inside the dispersive fiber. The de-
tected pulse was filtered using (36) to simulate a realistic
receiver. Fig. 5 shows the received pulse shape for three
different fiber lengths corresponding to the emitted laser
pulse shown in Fig. 4. As in Fig. 4, an external-resonator
laser with 4 = 1 and B = 6 is compared to a conventional
single-frequency laser for which 4 = B = 0. As ex-
pected, the pulse broadens considerably for a conven-
tional laser because of the relatively large chirp (~20
GHz), and the broadening is proportional to the fiber
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Fig. 5. Comparison of received pulses for three different fiber lengths. The
parameter values are identical to those used for Fig. 5.

length. For an external-resonator laser, by contrast, little
broadening occurs because of the reduced chirp. Fig. 5
also shows that the broadening is mainly due to a chirp-
induced shift of the leading edge of the pulse. In fact, if
we use the simple relation that the shift A7 = DzAN with
D = 16 ps/km/nm, z = 80 km, and AN = 0.16 nm (cor-
responding to a frequency chirp of 20 GHz), we obtain
A7 = 0.2 ns in agreement with the numerical result shown
in the lower part of Fig. 6. We may note that relaxation
oscillations occurring in the emitted pulse (Fig. 4) do not
appear in the received pulse because of the use of the low-
pass Butterworth filter with a bandwidth less than the re-
laxation-oscillation frequency. The filter, however, dis-
torts the pulse shape to some extent because of the non-
linear phase response associated with (36).

The pulse shapes shown in Fig. 5 correspond to a single
isolated bit. To simulate the performance of an actual
communication system, all possible bit patterns should be
considered. For this purpose, we have numerically gen-
erated the ‘‘eye diagram’’ which is commonly used to
monitor the system performance. Fig. 6 compares the eye
diagrams for an external-resonator laser and a conven-
tional single-frequency laser when a 4 Gbits /s signal is
transmitted over 80 km long fiber. All parameters are
identical to those used for Figs. 4 and 5. Because of the
chirp-induced broadening of the pulse seen in Fig. 5, the
eye is almost closed for the conventional laser (indicative
of the error floor in the bit-error-rate curves). By contrast,
the external-resonator laser has an open eye because of
the reduced chirp. It is important to stress that the perfor-
mance of the conventional laser cannot be improved sim-
ply by increasing the laser power.
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It is possible to operate external-resonator lasers at even
higher bit rates. As an example, Fig. 7 compares the eye
diagram for the external-resonator and conventional lasers
for By = 6 Gbits/s and z = 70 km. The other parameters
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Fig. 8. Eye diagrams for a conventional laser under conditions identical
to those used in Fig. 7 but at lower bit rates of 2 and 3 Gbits /s.

are identical to those used for Fig. 6. Again, the eye is
nearly open for the external-resonator laser while it is
completely closed for the conventional laser. We can es-
timate the improvement in the system performance real-
ized by the use of resonant optical feedback by reducing
the bit rate for the conventional laser and noting the bit
rate at which the eye is open enough to be acceptable in
the system experiments. Fig. 8 shows the eye diagrams
for the conventional laser under identical operating con-
ditions for a bit rate of 2 and 3 Gbits/s. The eye is wide
open at 2 Gbits/s but starts to deteriorate at higher bit
rates. Although there is a partial closing of the eye (in-
dicative of the chirp-induced power penalty), the laser can
be used at 3 Gbits/s. We have performed similar simu-
lations for different operating conditions. In all cases we
have found that the lower chirp for an external resonator
can increase the bit-rate-distance product by about a fac-
tor of two.

VI. CoNcLUSION

The coupling of a multimode semiconductor laser to a
passive high-Q resonator not only provides mode selec-
tivity but also leads to a reduction in the frequency chirp
and the linewidth. Such low-chirp, narrow-linewidth, sin-
gle-frequency lasers may prove useful for high-speed 1.55
pm optical communication systems whether a direct-de-
tection or coherent-detection scheme is employed. In the
case of coherent detection, the linewidth requirements are
easily met since the linewidth can be reduced by up to
three orders of magnitude by suitably optimizing the feed-
back parameters A and B. The phase-noise analysis pre-
sented here shows that relaxation oscillations do not sig-
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nificantly increase the phase variance deduced from the
consideration of the linewidth alone. In the case of direct
detection, it is the low chirp that helps to improve the
system performance. Our numerical simulations indicate
that the bit rate can be increased by about a factor of two
by the use of external-resonator lasers for nearly error-
free transmission along dispersive fibers.

APPENDIX
DERIVATION OF (6) AND (7)

The complex field 3 satisfies (3) or equivalently
a8 _ AG(1 - ia) 5+ Fy(1)
dt 2D D
where AG = G — vy and

D=1+A4-i8/a

(A1)

(A2)

The Langevin noise source is taken to be delta-correlated
in the Markoffian approximation, i.e.,

(F3(t) F3(s) = Ro(1 = s)

where R is the rate of spontaneous emission.
Consider the Langevin equation for the intensity [ =
| B|. Using (A1), one readily obtains

(A3)

dl d dg*
Rl
:%+ (ﬁg—Mf—f) (A4)
where
Q = Re [AG(1 — ia) D¥]
=(1+A+ B)AGy + (1 + A)AG,. (AS)

In obtaining (AS), we used AG = AGy + AG, and re-
placed oA G by oA Gy as discussed in Section II. Since
(BF§)Y #+ 0, it is necessary to evaluate this average.
Using the method of Lax [19], we write 8(z) = 8(t.) +
' B(s) ds so that

(B(r) Fi(1)) = S’(‘(B(S)Fék(t))ds, (A6)

where 8 = dB/dt and 1, is slightly smaller than r. We
substitute (A1) in (A6) and use (A3) to perform the aver-
age. The result is

R
Fi(1)) = == A7
(B(1) FE(0) = 55 (A7)
where the factor of 1/2 results from integration over only
half of the area covered by the delta function. Using (A7)
in (A4), we obtain

dl _QI+R F(1)

i |p b’

(A8)

where F, (t) has zero mean and is delta-correlated ac-
cording to

(Fi(1) F(s)) = 2Dyo(t = s) (A9)
with D;; = RI.

Equation (6) of the text is obtained from (AB8) by sub-
stituting D and Q from (A2) and (A5). An essentially
identical procedure can be used to obtain (7) for the op-
tical phase. The Langevin noise F, () is again found to
be delta-correlated with the diffusion coeflicient Dyy =
R/4l
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