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A theoretical study of the dynamics of semiconductor lasers subjected to pseudorandom digital
modulation at gigabit rates is presented. The eye diagram, turn-on jitter (TOJ), and power
fluctuations in the modulated laser wave form are analyzed. The study is based on numerical
large-signal analysis of the laser rate equations. Influences of the biasing and modulation currents on
the eye diagram and TOJ are examined. The degree of eye opening is measured in terms of a O
factor of the laser signal analogous to the Q factor determining the bit-error rate in transmission
systems. Influence of optimizing both the sampling and decision times on the signal Q factor is
modeled. We show that the most eye opening corresponds to shortening the sampling time
associated with lengthening the decision time. We also assess the relative contributions of the laser
intrinsic noise and pseudorandom bit pattern to the TOJ. The results show that the bit pattern is the
major contributor to the TOJ when the setting time of the relaxation oscillation is longer than the bit

slot. © 2007 American Institute of Physics. [DOI: 10.1063/1.2434803]

I. INTRODUCTION

Semiconductor lasers are the most representative radia-
tion sources in modern technological systems, such as optical
communications and optical disk. However, the laser radia-
tion inherently exhibits intensity noise' that affects the Sys-
tem performance. The intrinsic origins of this noise are in-
clusion of the spontaneous emission into the lasing mode and
processes of electron-hole recombination.’> Moreover, the
laser exhibits inferior characteristics during the transient re-
gime, such as time delay of the laser turn on.*” The turn-on
delay is defined as the time interval between the onset of the
electrical pulse and the resulting optical pulse. In digital
transmission systems where the laser is subjected to direct
digital modulation by “on-off keying,” the turn-on delay is
not a fixed quantity but exhibits random fluctuations giving
rise to jitter. This turn-on jitter (TOJ) is defined as the stan-
dard deviation of the random turn-on delay. The TOJ reduces
the bit rate and acts as a limiting factor in the performance of
transmission systems especially those working at gigabit
transmission rates.*’ The TOJ comes from both the intrinsic
intensity noise and the history of the bits preceding each
1 bit in the pseudorandom modulation pattern. The bit-
pattern-induced TOJ was proven as a main cause of chirp
noise,® which gives a bit-error rate (BER) floor.” Gustavsson
et al. showed that the bit-pattern-induced TOJ is enhanced
when the bit slot becomes shorter than the setting time of the
relaxation oscillations.'” Although several experimental and
theoretical studies have analyzed the TOJ,!2° inadequate
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attention has been paid to differentiate the relative contribu-
tions of the intrinsic noise and bit pattern to the TOJ spe-
cially under non-return-to-zero (NRZ) modulation.”! On the
other hand, the laser fluctuations are likely amplified either
intrinsically by mode competition phenomena22 or extrinsi-
cally due to external optical feedback,” which enhances the
TOJ and BER.''2% Therefore, modeling of laser fluctua-
tions and evaluation of the TOJ are essential to understand
the laser behavior and estimate its digital modulation perfor-
mance.

The dynamic response of digitally modulated lasers is
examined qualitatively and visually by the so-called eye
diagram.25 The eye diagram is constructed by dividing the
laser wave form into segments of an equal number of bits
and overlying each other. The degree of eye opening, which
is an indicator of the modulation performance, is degraded
by the existence of the intrinsic noise and TOJ. 1t is of
practical interest to determine the time interval within which
the eye diagram is most open, which is traditionally mea-
sured as the maximum on-off ratio of the signal power.25 In
digital transmission systems and for such a purpose, the de-
tected signal is sampled by the decision circuit over a period
called “sampling time” 7, within the bit slot 7). The sam-
pling is decided at an instant called “decision time” T,; which
is determined through clock recovery. The relations of 7 and
T, with T), are 0<T,<T, and 0<T,;<T,-T; as illustrated
in the scheme of Fig. 1 of a 3-bit-long eye diagram. The best
sampling and decision times correspond to the situation in
which the power on-off ratio is maximized. The choice of the
power on-off ratio as a measure of the eye opening, however,
becomes awkward when the amplitude of the associated
power fluctuations in either signal level is large and may

© 2007 American Institute of Physics
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FIG. 1. Tllustrative figure of a 3-bit-long eye diagram indicating the sam-
pling and decision times.

generate errors in estimating the modulation performance.
Nevertheless, theoretical modeling of the optimum choice of
the sampling and decision times is still lacking.

Balle et al.® introduced statistical analysis of the spectral
properties of laser pulses emitted under both return-to-zero
(RZ) and NRZ modulation schemes with gigabit rates and
investigated the TOJ and chirp noise. They showed that the
bit-pattern-induced TOJ is minimum when the laser is biased
slightly under threshold.® However, such analysis was lim-
ited to injection currents near (under and above) threshold
while fixing the modulation current at a higher value. Balle
et al.® also examined the dependence of the BER of the laser
emission on the sampling time but at a fixed decision time
demonstrating that the BER drops to lower values with the
increase of the sampling time.

In this paper, we introduce comprehensive numerical
simulations of the modulation characteristics of semiconduc-
tor lasers subjected to digital NRZ modulation with gigabit
rates. The modulation performance of the laser is determined
in terms of the TOJ and the quality of the eye diagram. The
degree of eye opening is evaluated in terms of a laser signal
Q factor Qgena, Which defines the difference between the
average intensities in the 1 and O states relative to summation
of the corresponding standard deviations. This factor is
analogous to the Q factor that determines the BER in trans-
mission systems.25 We introduce numerical modeling of the
optimum choice of the sampling and decision times for
maximizing the Qgona and compare the results with those
investigated by Balle er al® Dependences of the modulation
characteristics on both the biasing and modulation currents
as well as the bit rate are presented. We also assess the rela-
tive contributions of the laser intrinsic noise and pseudoran-
dom bit pattern to the TOJ. The results show that when the
setting time of the relaxation oscillations is longer than the
bit slot, the eye diagram exhibits splitting of the turn-on edge
associated with enhanced TOJ. Our results on the TOJ agree
with the experimental observation of Shen'” that the laser
exhibits strong TOJ when biased under threshold. When the
laser is biased well above threshold, we show that the intrin-
sic noise entirely dominates the contribution to the TOJ un-
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der low-speed modulation. Under high-speed modulation,
the pattern effect becomes the major contributor as long as
the setting time of the relaxation oscillation is longer than the
bit slot.

In the following section, we present the theoretical
model of semiconductor laser characteristics under digital
modulation. In Sec. III, numerical procedures of simulating
the eye diagram and evaluation of TOJ are given. The results
of dependency of the eye diagram, TOJ, and signal Q factor
on the biasing and modulation currents and the bit rate are
also given in Sec. III. The work is concluded in Sec. IV.

Il. THEORETICAL MODEL

In this section, we introduce the theoretical framework
of simulating the digital modulation characteristics of semi-
conductor lasers. The dynamics of semiconductor lasers un-
der direct digital modulation are simulated by numerical
large-signal analysis of the rate equations of the photon num-
ber S(r) and injected electron number N():

§—(G Gth S+a—V§N+FS(Z), (l)
=1 -AS - T4 F\(), 2)

s

where G is the optical gain (per second) which is described
by the nonlinear form

G=A-BS, 3)

where A and B are the linear and nonlinear (suppressed) gain
coefficients. They are given by

A= -Ny, 4)
9 in 2
=Eﬁ<§\: ) alR,[*(N=N,). (5)

In the above equations, a is a tangential gain coefficient, ¢ is
the confinement factor of the electric field to the active re-
gion whose volume is V and refractive index is n,, N is the
emission wavelength, 7 is the reduced Planck constant, ¢ and
g are the speed of light and permittivity in vacuum, N, is the
electron number at transparency, 7, is the electron 1ntraband
relaxation time, N, is an electron number characterizing the
nonlinear gain, R, is the dipole moment, e is the electron
charge, and 7, is the electron lifetime due to spontaneous
emission. Gy, represents the threshold gain level. The term
BS measures the gain suppression which affects the damping
rate of the relaxation oscillation.”’

The direct digital modulation is included in the current
term I(r), which represents the stream of coded bits of the
modulating electrical signal:

I(t)=]b+1mfm(t)’ (6)

where [, is the direct biasing current of the laser and /,, is the
modulation current which decides the modulation depth of
the laser. f,,(¢) is a time varying function with either O or 1
level describing the bit format of the modulating current; it
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commonly describes either a NRZ or a RZ pseudorandom bit
generation.

In Egs. (1) and (2), the terms F(¢) and Fy(z) are Lange-
vin noise sources describing the intrinsic fluctuations in S(z)
and N(r) that are associated with quantum transitions of elec-
trons between the valence and conduction bands. These noise
sources have Gaussian statistics and are ¢ correlated satisfy-
ing the following correlations:’

(Fs()Fg(t')) = Vst = 1'), (7)
(FN(Fp(t")) = Vyydt=1'), (®)
(Fs(OF (")) = Veyolt—1t'), )

where & is the Dirac delta function. The autocorrelation vari-
ances Vgg and Vyy and the cross-correlation variance Vgy
define the moments of the noise sources Fg(z) and Fy(z).
These variances are determined from the rate equations as
will be given in the next section.

The power P(z) emitted from the front facet of the laser
cavity is calculated from the fluctuating photon number S(z)
via the relationship

hve (1 —Rf)ln(l/Rbe)

P(t) = | ]
2’1,14 (1 - \erRb)(l - \’Rf/Rb)

(@), (10)

where n, and L are the refractive index and length of the
active region, respectively, hv the photon energy of the emit-
ted light, and R, and R, the power reflectivities of the front
and back facets, respectively.

lll. NUMERICAL SIMULATION AND RESULTS

The rate equations (1) and (2) are solved numerically by
means of the fourth-order Runge-Kutta method assuming
square pulses of the modulating current in Eq. (6). The time
step of integration Af is set to be as short as 2 ps, which
corresponds to a cut-off Fourier frequency (=1/Ar) of the
laser wave form that is much higher than the relaxation fre-
quency f,. This very small value of At helps to treat the &
functions numerically in Egs. (7)-(9) and to generate the
noise sources Fg(f;) and Fy(z;) at each instant #; as

Fylt) = V%(f")gs, (11)
2
FN(li) = \/VNN(ti) i ng(ti)/VSS(ti) 8N~ “//'Zssgl; Fs(t,') s

(12)

where gg and gy are independent Gaussian random numbers
with means of zero and variances of unity. The variances
Vgs(t;), Van(t), and Vgu(r;) are evaluated from the photon
number S(7;_;) and electron number N(z;_;) at the preceding
time #,_; supposing a quasi-steady-state (dS/dt=~dN/dr=0)
over Ar. They are given by’

a

Vislt) =22L801) + NG, (13)
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TABLE I. Typical values of the parameters of a single-mode InGaAsP laser
emitting with A=1.55 um.

Symbol Meaning Value Unit
a Tangential gain coefficient 7.85x 10712 57!
I3 Field confinement factor 0.2 .

Vv Volume of the active region 60 pm3
L Length of the active region 250 pum
n, Refractive index of the active 3.56
region
Ng Electron number at transparency 5.31x107
Tin Electron intraband relaxation time 0.13 ps
IR,,? Squared absolute value of the 9.53X1077  C?m?
dipole moment
Ns Electron number characterizing 4.05% 107
nonlinear gain
Beg Effective rate of nonradiative 3.9x 10716 57!
recombination
Gy Threshold gain level 8.84 %100 57!
1
VNN(ti)=2|:_+a_§s(ti—l):|N(ti—l)’ (14)
sV
ag
Vis(t;) == VN(ti—l)[S(ti—l) + 1]+ N,S(ty). (15)

The laser is modulated with a NRZ pseudorandom bit
stream (PRBS) of length 27—1. We consider four bit slots
T,=100, 125, 200, and 400 ps, which correspond to high
gigabit rates B=1/T,=10, 8, 5, and 2.5 Gbits/s, respectively.
The integration is performed over multiple lengths of PRBSs
in order to collect significant statistics of modulation param-
eters. The modulation characteristics are simulated as func-
tions of both the biasing current 7, and modulation depth 7,,,.
A Fabry-Pérot InGaAsP laser emitting with A=1.55 um is
considered in the simulation. The nonradiative recombina-
tion processes are taken into account in the rate equation
through the lifetime 7, as

1

- =BeffN/V, (]6)
TS

where B is the effective rate of electron recombination in-
cluding both the radiative and nonradiative recombination
processes. Typical parametric values of the considered laser
are given in Table 1. The corresponding threshold current is
I,=3.3 mA.

A. Eye diagram

In the present simulations, the eye diagram is con-
structed by dividing the stream of P(f) into 3-bit-long se-
quences and overlying each other. Figures 2(a) and 2(b)
show two examples of the eye diagram at bit rates of B
=2.5 and 10 Gbits/s, respectively. The biasing current is 1,
=21, i.e., the laser is biased well above threshold, and the
modulation current is /,,=41;. Both eye diagrams show the
relaxation oscillations that characterize the transient regime
of the laser. In this case of above-threshold biasing, the os-
cillations are characterized by high damping rate as predicted
by the small-signal analysis.n28 The relaxation oscillation is
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FIG. 2. Example of the simulated eye diagrams for (a)
B=2.5 Gbits/s, and (b) B=10 Gbits/s, when I,=21

and 1,,=41y,. (c) and (d) plot the corresponding eye dia-
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grams when ignoring the noise sources. The eye is well
open at B=2.5 Gbits/s, while the turn-on time delay
partially closes the eye at B=10 Gbits/s. Ignoring the
noise sources results in thinner borders of the eye
diagram.
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associated with the inferior property of turn-on time delay
which induces errors in identifying the logic state of the bit.
This effect is significant when B=10 Gbits/s compared with
the case of B=2.5 Gbits/s; TOJ is 4.73 ps for the former and
2.58 ps for the latter. The strong TOJ characterizing the
higher bit rate is a manifest of the pseudorandom bit pattern
(history of 0 bit preceding each 1 bit). This effect arises
when the biasing current /, corresponds to a setting time of
the relaxation oscillation (¢,=1/f,) longer than the bit slot T,
Following the small-signal analysis,” it can be shown that 7,
is inversely proportional to the biasing level I,

1 B I,—1I,\I,—1I
t,=—=~2 \/a—g(u—u)u. (17)
fr 14 Gth e e

This relation is plotted in Fig. 3 which indicates that ¢, is
approximately equal to the bit slots 7,=100, 125, 200, and
400 ps when I,=~4.31, 3.21, 2.21, and 1.31;, respectively.
The figure shows that ¢, decreases rapidly near I,=1;,, which
predicts rapid drop of the TOJ with the increase of I, for
longer bit slot T}, (or lower B). In the region of high I, 1,

1000 ==

800 —
600 —-i-
400 o-:-

200 =

LML MM A MMM

Oscilation Setting time t,. (ps)

() =

1.01.520253035404550556.0
Biasing current Iy, /Iy,

FIG. 3. Plot of the setting time 7, of the relaxation oscillation versus the
biasing current /. Near threshold, 7, decreases rapidly with the increase of
I,,, while the decrease becomes very slow in the high-biasing region.

becomes less sensitive to the variation of I, which indicates
stronger TOJ under high B. This result interprets the reason
why the TOJ limits the modulation performance at high bit
rates.

In Fig. 2(a) since ¢,=240 ps is short enough compared
with T}, the eye is well open with the 1 and O states of the
output power being well defined. The intrinsic intensity noise
is the main contributor to the TOJ as well as the fluctuations
seen on the eye borders. To confirm this effect, we plot in
Figs. 2(c) and 2(d) the corresponding eye diagrams simulated
by dropping the Langevin noise sources from rate equations
(1) and (2). Figure 2(c) shows much thinner borders of the
eye. The eye diagram in Fig. 2(b) of B=10 Gbits/s is par-
tially closed and characterized by a budge on the top. The
high TOJ appears as splitting of both the turn-on transition
and the budge on the eye top into two different paths. Figure
2(d) shows that ignoring the noise sources suppresses the
power fluctuations, making the eye borders thinner. How-
ever, the dual split of the turn-on edge is still seen as the TOJ
decreases a little to 4.41 ps confirming its origin from the bit
pattern. Nevertheless, the influence of intrinsic laser noise is
found to develop with lowering I, and/or I,, which corre-
sponds to degradation of the degree of laser coherency.

B. Variations of eye diagram with biasing and
modulation currents

Under digital modulation, both magnitudes of the bias-
ing current [, and modulation current /,, influence the laser
output and modulation characteristics.'!” Here, we examine
how the choices of both 7, and I, affect the eye diagram
characteristics. Figures 4 and 5 plot the eye diagrams simu-
lated at I, and 1, lower and higher than those in Fig. 2.
Figure 4 illustrates the effect of changing I, while keeping 1,
at 41,. Figures 4(a)-4(c) correspond to B=2.5 Gbits/s, Figs.
4(d)-4(f) to 5 Gbits/s, and Figs. 4(g)-4(i) to 10 Gbits/s
when 7,=0.8, 1.5, and 31, respectively. When the laser is
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biased under threshold, 7,=0.81, Figs. 4(a), 4(d), and 4(g)
show that the laser exhibits very strong TOJs of 19, 15.5, and
32.2 ps, respectively, as well as enhanced relaxation oscilla-
tion in the 1 level. The effect of strong TOJ is most pro-

200 400 600 8001000

100 200 300 400 500
Time (ps)

nounced in the case of the highest bit rate, B=10 Gbits/s,

which results in a completely closed eye. The eye is partially

open when B=5 Gbits/s and is most improved when B
=2.5 Gbits/s. By increasing I, to 1.51y, ¢, becomes compa-

rable to T}, for B=2.5 Gbits/s resulting in a weak TOJ and a

well-open eye diagram as shown in Fig. 4(b). When B=35

and 10 Gbits/s, Figs. 4(e) and 4(h) indicate less significant
TOJs of 6.2 and 6.4 ps, respectively, with the eye diagram of

0.64

0.3

0.0

50 100 150 200 250

J. Appl. Phys. 101, 033119 (2007)

FIG. 4. Eye diagrams at modulation
depth 7,,=4[; and different biasing
currents 1,=0.8, 1.5, and 3.0/, for
three bit rates of B=2.5, 5, and
10 Gbits/s. The eye quality improves
by increasing I;,, where both the TOJ
and thickness of the eye borders
decrease.

B=5 Gbits/s being more defined. However, the transients
are split into three paths because 7.~ 360 ps is still longer
than 7). By further increase of I, to 31, the eye diagram is
most defined when B=2.5 Gbits/s as shown in Fig. 4(c). In
Figs. 4(f) and 4(i), the TOJ is more suppressed to 1.9 ps
when B=5 Gbits/s and 2.68 ps when B=10 Gbits. While
less significant split of the turn-on transition is still seen in
Fig. 4(i), it disappears in Fig. 4(f) because 7.~ 150 ps is
shorter than 7),. These results necessitate the increase of [, in
order to improve the eye diagram quality and laser perfor-
mance under high-speed modulation.

Figure 5 illustrates the influence of varying the modula-

T T T T

@

B=2.5Gb/s

T T T T T T T T T

(d)

T ¥ T T

@

B = 10Gb/s

0.9

0.0

0.61

0.34

1.=2.01, (b)

®

Qutput power P(t) (mW)

0.6

1.2

T T T

1m‘= 5.611h ©
A A A

C S? T N NP

200 400 600 800 1000

100 200 300 400 500
Time (ps)

50 100 150 200 250

FIG. 5. Eye diagrams at a fixed bias-
ing current [,=2[; and different
modulation depths 7,,=1Iy, 2Iy, and

51, for B=2.5, 5, and 10 Gbits/s. The
eye quality improves by increasing /,,,.
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tion depth 7,, on the eye diagram while keeping the biasing
current above threshold, 1,=21I. Figures 5(a)-5(c) corre-
spond to B=2.5 Gbits/s, Figures 5(d)-5(f) to 5 Gbits/s, and
Figs. 5(g)-5(i) to 10 Gbits/s when I,,=1, 21, and 51, re-
spectively. In these cases, t,=~ 240 ps, which is shorter than
T, of B=2.5 Gbits/s, comparable to T}, of B=5 Gbits/s, but
longer than 7, of B=10 Gbits/s. Therefore, the split of the
turn-on edge disappears in Figs. 5(a)-5(c) of B
=2.5 Gbits/s but is apparent in Figs. 5(g)-5(i) of B
=10 Gbits/s. When B=2.5 Gbits/s, increasing /,, results in
an increase of the power P;(¢) in the 1 level accompanied
with reduction of power fluctuations. The TOJ also reduces
from 3.59 ps in Fig. 5(a) to 3.0 ps in Fig. 5(b) and to 2.5 ps
in Fig. 5(c). This reduction contributes to improvement of
the eye diagram. Similarly, the characteristics of the eye dia-
grams of Figs. 5(d)-5(f) improve with the increase of I,,, but
the eye borders are thicker than those of Figs. 5(a)-5(c). For
the highest bit rate B=10 Gbits/s, the TOJ is stronger and
the turn-on edge is split into two paths. In Fig. 5(g), the
splitting is shown also in the bulge on top and the eye is
degraded. Increasing [, results in an increase of the eye
opening as shown in Figs. 5(h) and 5(i) where the eye edges
and upper levels become more defined. These results point to
improvement of the eye quality by increasing I,,,.

It should be noted that the above simulated eye diagrams
describe the intrinsic digital modulation characteristics of the
laser rather than of an entire laser-based transmission system.
In such a system, dominating thermal receiver noise is su-
perimposed on the detected signal which results in less dis-
tinct eye diagrams. The above investigated dependencies of
the eye diagram on [, and /,, are in good qualitative agree-
ment with those simulated and recorded by Gustavsson et
al."® and Valle and Pesquera20 on VCSELs.

C. Dependences of TOJ on biasing and modulation
currents

As given in the above discussion, the TOJ is an impor-
tant indicator of the quality of the eye diagram especially
under higher bit rate. Therefore, it is essential to examine
influences of both the biasing and modulation currents and
bit rate on the TOJ in order to gain insight on how to control
the laser diode and its modulation performance. We define
the turn-on delay as the time at which the power P(¢) in the
1 bit first surpasses 50% of the summation of the steady state
powers corresponding to I, and I, i.e., P,(f) crosses the
middle of the eye diagram. Figure 6(a) plots dependency of
the TOJ on I, for B=2.5, 5, 8, and 10 Gbits/s. The calcula-
tions are done at /,,=41l,. The figure shows that when the
laser is biased under threshold, I, <Iy, the TOJ maintains
high and almost constant values until 7,~0.5Iy, and then
decreases rapidly with the increase of [,. Near the free-
biasing limit, /,=0, where the intrinsic noise is pronounced,
the TOJ is highest when B=2.5 Gbits/s and lies within a
lower narrow range for higher bit rates. This result means
that near 7,=0, the contribution of intrinsic noise to the TOJ
is more enhanced with the decrease of B. Above the thresh-
old current and depending on the magnitude of [,, the de-
crease of the TOJ with the increase of I, becomes slower.

J. Appl. Phys. 101, 033119 (2007)

LN 1 I I I I LI
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(a) Biasing current I, /1,

TOJ (ps)

00 05 1.0 15 20 25 30 335 40
(b) Modulation current 1 /X

FIG. 6. Dependencies of TOJ on (a) I, with 1,,=41; and (b) I,, with I,
=21 for B=2.5, 5, 8, and 10 Gbits/s. For a given B, the TOJ generally
decreases with the decrease of either I, or 1. Above threshold, the TOJ
increases with the increase of B.

The calculated values of the TOJ around I,=1; are compa-
rable to those calculated by Balle et al® In the high-biasing
region, I, >3.21,, the TOJ saturates at about 2 ps regardless
of the value of B. The magnitude of /, at which the turning to
this slower rate happens increases with the increase of B; for
example, it is [,~1.4l; when B=2.5 Gbits/s, I,~1.71
when B=5 Gbits/s, I,~2.51;, when B=8 Gbits/s, and I,
~3.21;, when B=10 Gbits/s. Since these turning currents
are comparable to those deduced from Eq. (17) for the cor-
responding bit slots, it can be understood that the strong TOJ
is a pattern effect because 7}, <t,. This pattern effect can then
be diminished by raising 7, when the bit rate B is increased.
A similar behavior of the TOJ with I, >1 is observed in
experiment by Weber et al.'®

Figure 6(b) plots dependency of the TOJ on I,, at a fixed
biasing current above threshold of 1,=21,. The figure shows
that at a given bit rate B, the TOJ decreases rapidly from
about 12 ps with the increase of /,, in the region of /,, <1,
The TOJ then decreases slowly with further increase of 1.
This means that the TOJ depends not only on 7, but also on
I,,, which is consistent with the predictions and measure-
ments of Shen,'” and Valle and Pesquera.zo The figure shows
also that at a fixed value of I, especially when 7,,>0.51y,
the increase of B beyond 5 Gbits/s results in an increase of
the TOJ, whereas decreasing B to 2.5 Gbits/s has almost no
change. This effect is also due to the bit-pattern effect that
develops with the increase of B. The calculated values of the

TOJ almost agree with those measured in (J,xperiments.”’18
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D. Laser signal Q factor

Of practical interest is to determine the most open sec-
tion of the eye diagram over which statistics on laser power
fluctuations are frequently taken.® In this paper, we deter-
mine the opening of the eye diagram in terms of a character-
istic quantity analogous to the Q factor that controls the BER
in transmission systems.25 We call this factor “laser signal Q
factor” Qgienai, and define it as

P, -P

0'0+(Tl,

signal = (18)
where P; and aj, with j=0 or 1, are the time average of the
power and the standard deviation of the corresponding fluc-
tuations in either signal level, respectively. The merit of us-
ing this factor is twofold. First, its numerator determines the
difference of the power levels in the 1 and O levels while the
denominator gives the sum of the power fluctuations. There-
fore, it contains combined information on the vertical width
of the eye diagram and the fluctuations around the average
power of either logical level. Second it may be used as indi-
cator to the contribution of laser noise to the BER in practi-
cal transmission systems.

The illustrative eye diagram of Fig. 1 is used to deter-
mine the most open section of the eye diagram in terms of
Osignal as follows. During each bit of duration 7}, the fluctu-
ating power is sampled over different sampling times 7, with
0<T,<T, and at different decision times in the range 0
<T,<T,-T,. For each pair of T, and T, the average powers

P, and P, and the corresponding variances 021 and 020 in the
1 and 0O levels, respectively, are calculated. These values are
then used to calculate Qggny Via Eq. (18). The most open
portion of the eye diagram then corresponds to the pair of
times 7 and T, that results in the maximum value of Q-

In Figs. 7(a)-7(c), we show variation of Qg With T, at
different times 7, for three bit rates B=2.5, 5, and
10 Gbits/s, respectively, when [,=1,,=21I,. The figures cor-
respond to the eye diagrams of Figs. 5(b), 5(e), and 5(h),
respectively. The figures show a common feature that the
Ogigna 18 maximum when 7,=0.27, and 7,=0.8T}. This
shortest sampling time and far decision point (near the end of
the bit) correspond to the middle of the eye, which is the
most open region as can be seen in the corresponding eye
diagrams. On the other hand, the figures show another com-
mon and interesting feature that at a given decision time T,
Ogignal improves with lengthening the sampling time 7. This
result agrees with the prediction of Balle et al.® that mini-
mum BER is achieved when T is longest under NRZ modu-
lation. This technique of determining the most eye opening
section can be applied to determine the optimum choice of T
and T, that corresponds to minimum BER in transmission
systems.

E. Dependences of Qg On biasing and modulation
currents

Here we discuss quantitatively influences of both 7, and
I, on the eye diagram opening in terms of Qg,ny. Figures
8(a) and 8(b) plot variations of Qgiena With I, when 1,,=41,

J. Appl. Phys. 101, 033119 (2007)
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FIG. 7. Qggna as a function of T, and 7, for (a) B=2.5 Gbits/s, (b) B
=5 Gbits/s, and (c) B=10 Gbits/s when I,=2I; and I,=21. Shorter T
with longer 7, is optimum to achieve maximum Qg;eny-

and with [, when I,=21, respectively, for bit rates B=2.5,
5, 8, and 10 Gbits/s. Figure 8(a) shows that over the entire
range of 1, Ogena decreases with the increase of B, which is
due to enhancement of the power fluctuations induced by the
bit pattern. This effect corresponds to closure of the eye dia-
gram and deterioration of the laser modulation performance.
The entire range of Qggny in this graph is 0.5-150. It is
shown also that for B=2.5 and 5 Gbits/s, Qg increases
with the increase of [, in the under threshold region, I,
<Iy, reaching a maximum value around /. With further
increase of [, Qgjona decreases over a narrow range of 7, and
finally increases. The maximum Qgony is about 150 occur-
ring at I, = Iy, for B=2.5 Gbits/s and is about 19 occurring at
I,=1.21, for B=5 Gbits/s. The peak shown in the cases of
B=2.5 and 5 Gbits/s can be understood as follows. When
I, <Iy, the increase of I, results in increase of both average

powers P, and P, in the 1 and O levels, respectively. How-
ever, the increase of P; (above threshold) is greater than that
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FIG. 8. Variation of Qggny With (a) 1, with 7,,=41y, and (b) I, with [,=21,
for B=2.5, 5, 8, and 10 Gbits/s. Qeny increases with the increase of 1,
and/or I,, but decreases with the increase of B.

of P, (under threshold), which then enlarges the numerator

(P,-P,) of Eq. (18). The power fluctuations in the 1 level
are simultaneously suppressed due to improvement of laser
coherency,3 while those in the O level slightly change which
then decreases the denominator (o + ;). The net result is an
increase of Qgiona With the increase of [, as shown in the
figure. On the other hand when 7, is higher than but near I,
the power Py(r) exhibits relaxation oscillations with en-
hanced fluctuations,’ increasing the denominator (o +0y).

The powers P, and P, should increase with the same amount
above threshold, however, the enhanced relaxation oscilla-

tions of Py(r) may increase average power P, within the
optimized sampled period 7. Therefore, the numerator of
Eq. (18) is reduced decreasing Qy;gna and revealing the peaks
shown in the figure. For B=8 and 10 Gbits/s, Qgena is al-
most constant for 7, <0.7l, and then increases with the in-
crease of /,. Such increase of Qgjona becomes much slower
when [,=1.51; for B=8 Gbits/s and [,=2[; for B
=10 Gbits/s. Figure 8(b) shows also that for a given modu-
lation current /,,, Qgona decreases as B increases with the
difference of Qg getting smaller. It is also shown that for
a given bit rate B, Qgjopy increases generally in a monotonic
fashion with the increase of /,,, which is due to the coupled

effect of increasing the average power P, and suppression of
the power fluctuations. The entire range of Qgjgny is 1.7-50,
which is lower than the values shown in Fig. 8(a). This is
because [, is kept constant in these calculations. The ob-
tained results indicate improvement of laser eye diagram
quality with the increase of /,, and decrease of B.
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FIG. 9. Influence of ignoring noise sources on the TOJ as a function of 7,
when (a) 1,=1.21 and (b) I,=21y,. When 1,=1.2I, the TOJ is less affected
by ignoring noise sources. When [,=21, dropping the noise sources de-
creases the TOJ to lower values in the low regime of I,, specially for B
=2.5 Gbits/s.

F. Contributions of intrinsic noise and pseudorandom
bit pattern to TOJ

In this section, we assess contributions of both the intrin-
sic noise and pseudorandom bit pattern to the TOJ. We per-
form this analysis numerically by comparing the TOJ calcu-
lated by both including and ignoring the Langevin noise
sources in rate equations (1) and (2). Such a comparison is
illustrated in Fig. 9 for bit rates B=2.5 and 10 Gbits/s as a
function of 7,,. Figure 9(a) corresponds to near-threshold bi-
asing, I,=1.21, whereas Fig. 9(b) corresponds to far above
threshold, 1,=21,. Figure 9(a) shows that dropping the noise
sources causes almost no change in the TOJ values when B
=10 Gbits/s and a little decrease when B=2.5 Gbits/s. That
is, the bit-pattern effect is the main contributor to the TOJ
around the threshold biasing current. This behavior agrees
with the experimental measurements of Shen.'” On the other
hand, when I,=21, Fig. 9(b) shows that dropping the noise
sources results in drop of the TOJ to lower values in the low
regime of /,,. Such drop of the TOJ reduces with the increase
of I,, and almost diminishes at 7,,>1.5[,. In the case of B
=10 Gbits/s, the drop of the TOJ is much smaller and dimin-
ishes around /,,=1. This means that when biasing the laser
far above threshold, the intrinsic noise becomes the major
contributor to the TOJ at lower speed modulation, B
=2.5 Gbits/s. However under high-speed modulation, B
=10 Gbits/s, the large values of the TOJ are almost a bit-
pattern effect as long as #,.>T),.

IV. CONCLUSIONS

We demonstrated theoretical analysis of the dynamic
characteristics of semiconductor lasers under high-speed
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modulation. The study is based on a computer simulation
model of the laser rate equations including a NRZ pseudo-
random bit generator. Dependencies of the eye diagram and
TOJ on the biasing and modulation currents as well as the bit
rate were examined. We can draw the following conclusions
from the obtained results.

(1) The TOJ originates from both intrinsic laser noise and
the pseudorandom modulating bit pattern.

(2) Contribution of the bit pattern to the TOJ enhances when
the bit slot is shorter than the setting time of the relax-
ation oscillation. This is seen in the eye diagram as split
of the turn-on edge into distinct paths.

(3) Opening of the eye diagram is measured in terms of a Q
factor of the modulated signal. The largest signal Q fac-
tor (most eye opening) corresponds to the shortest sam-
pling time around the middle of the eye.

(4) The TOJ and eye opening improve with the increase of
the biasing current and/or modulation current but de-
grade with the increase of the bit rate.

(5) When the laser is biased under or near threshold, the
TOJ is mainly a bit-pattern effect. At far above thresh-
old, the intrinsic noise becomes the major contributor as
long as the setting time of the relaxation oscillation is
shorter than the bit slot.
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