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The problem of turn-on delay induced by the subthreshold bias of the semiconductor laser in the burst-mode fiber optic trans-
mitters is discussed. An easy to use method of estimation of the turn-on delay is proposed and experimentally verified. The
Simulink model of the laser is proposed, allowing to simulate the data pattern distortions in fiber optic communication sys-
tems. Presented considerations may be useful for high-speed burst-mode system designers.

Keywords: semiconductor laser, subthreshold biasing, burst-mode transmitters.

1. Introduction

The passive optical networks (PONs) [1-4] create new re-
quirements for laser transmitters. In such a network (Fig. 1),
an upstream traffic is organised in the form of time division
multiple access (TDMA) where the number of transmitters
send bursts of data (in prescribed time slots) to the same re-
ceiver. Thus, residual optical powers of inactive transmitters
build up at the receiver input cause an undesirable pedestal in
the optical signal, difficult to be dealt with in the receiver cir-
cuitry [5,6]. One of the proposed solutions is to eliminate the
residual optical power by subthreshold laser biasing [3,7].
This allows the laser to be completely extinct, but on the other
hand some dynamic distortions, caused by the laser turn-on
delay, arise. The aim of this paper is to give the method of
quantitative estimation of these distortions in various biasing
and modulation conditions, basing on a few easy measurable
laser parameters.
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Fig. 1. Data upstream transmission in a typical PON.
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2. Data pattern distortion under subthreshold
laser biasing

When biased below threshold, the optical gain of semicon-
ductor laser active region is insufficient for stimulated
emission and output optical power is very low. To start
lasing, the threshold carrier concentration should be
reached in the laser active region. Thus, when the modulat-
ing current is applied to the subthreshold biased laser, some
time must elapse to rise the carrier concentration to the
threshold level. It is equivalent to the delay in laser optical
power turn-on. This effect is illustrated on the plots shown
in Fig. 2.

Initially, when the current flowing through the laser is
below the threshold value (I < I7y), some initial carrier
concentration Ny is established, but no significant optical
power is emitted. After applying the current pulse, the car-
rier concentration rises with a slope dependent on the car-
rier lifetime and the current step value. When the concen-
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Fig. 2. Laser turn-on delay.
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tration reaches the threshold value Ny, the lasing starts,
and so the optical power appears after the turn-on delay 7.
Further increase in the carrier concentration (dotted line in
Fig. 2) is eliminated because of the lasing process, so it be-
comes clamped to Ny regardless to the current pulse am-
plitude [8,9]. Thus, when the current pulse finishes, the
concentration drops below the threshold practically imme-
diately, so no significant turn-off delay occurs. The differ-
ence between turn-on and turn-off behaviour leads to the
pulse-width distortion.

Although there is no significant delay during optical
signal turn-off, the carrier concentration diminishes rela-
tively slowly, according to the carrier lifetime. When the
next current pulse is applied, the optical response turn-on
delay depends on the residual carrier concentration, what is
sometimes referred as so-called patterning effect.

The turn-on dependence on the time interval from the
previous pulse is illustrated in Fig. 3. The solid, dashed and
dotted lines are used for different time intervals between
two consecutive current pulses, relevant carrier concentra-
tion and optical power plots. It is seen that if the turn-off
time is shortened, the residual carrier concentration stays
significant and the turn-on delay is reduced.

When investigating the impact of the aforementioned
dynamic distortions on the standard intensity modulation
(IM) fibre optic data transmission system, it is convenient
to analyse the data eye pattern. The comparison between
ideal and distorted eye pattern is shown in Fig. 4. For
subthreshold biased laser the rising edges of the optical sig-
nal are delayed, so the pulse-width is distorted, and the hor-
izontal eye opening is reduced. Additionally, this delay is
affected by the number of consecutive “zero” symbols
transmitted prior to actual rising edge (i.e., the “zero” to
“one” transition). This results in pattern dependent jitter,
what disturbs the clock recovery circuitry in the receiver
[1,10,11]. It should be mentioned that, for a given turn-on
delay, the eye pattern degradation increases with a data bit
rate, and so becomes a serious problem for nowadays trans-
mitters operating at gigabit-per-second rates.
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Fig. 3. Turn-on dependence on interval between current pulses.
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Fig. 4. Ideal (a) and distorted (b) data eye pattern.

3. Laser turn-on delay estimation

Although the turn-on delay effects are widely described in
literature [3,7-9], there is lack of quantitative data and esti-
mation methods useful for laser driver designers. Basically,
the laser dynamics is completely described by the rate
equations [8,9], but unfortunately they need a large set of
difficult to obtain parameters [12,13] what make them
practically useless for driver designers. In the following
chapter, we propose the expression for the turn-on delay,
basing on two easy measurable laser parameters.

Because the turn-on delay is determined by the
up-to-threshold growth of carrier concentration, the simpli-
fied laser rate equation may be used for calculations. In the
subthreshold regime (i.e., for N < Nyy) this equation can be
expressed as [8]

dN  nl
— = —— R(N), 1
dr gV (N) ey

where N is the carrier concentration, 7] is the current injec-
tion efficiency, / is the supply current, V is the laser active
volume, and R(N) is the recombination rate. In general,
R(N) may be written as [8]

R(N) = AN + BN? +CN°, 2)

where A, B and C are the unimolecular, bimolecular, and
Auger recombination coefficients, respectively. Restricting
the considerations to the long-wavelength lasers (i.e.,
1.3 pm and 1.55 pm), the coefficients A and B approxi-
mately may be assumed to be zero [8], and Eq. (1) may be
rewritten as

==L _cN’. 3)
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Thus, assuming that during the pulse the current is constant
and equals I, the turn-on delay is

NTH 1
ip= | TP — )
N, —E _cN3
qV

where N, is the initial carrier concentration at the beginning
of a driving current pulse.

Unfortunately, neither the threshold concentration nor
some equation parameters are known for the driver de-
signer. To overcome this problem we proposed to replace
the carrier concentration by the equivalent steady-state la-
ser current. Putting dN/dt = 0 into Eq. (3) it can be written

13
_[w
v - g

where J is the steady state current producing certain carrier
concentration N.
Using Eq. (4), Eq. (3) can be rewritten as

ALy 6)
dt c

c=7 ; (N
3 T]ZC

is the parameter which may be determined experimentally.
Similarly to Eq. (4), the turn-on delay may be written as

where

T J -2/3

| . ®)

tD =C
j e

where Jyy is simply equal to the laser threshold current /7y
and J; is the initial value of J which depends on the bias cur-
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The basis of the model is nonlinear state Eq. (6). Addi-
tionally, it should be taken into account that accordingly to
carrier concentration behaviour, the equivalent current J
may increase only to the threshold value /7. When J arises
to the threshold, the lasing starts and J is clamped, so
dJ/dt = 0 should be used instead of Eq. (6). In this regime,
an optical power appears and may be calculated as [1,8]

where ¢ is the laser slope efficiency. When the driving cur-
rent [ falls below Iy, optical power disappears, and J di-
minishes accordingly to Eq. (6).

The model described above was implemented as
Simulink M-file S-function and is presented in Fig. 5.
Some results obtained using this model will be shown in
the next section.

5. Experimental results

To verify usefulness of the proposed turn-on delay estima-
tion method, various long-wavelength (1.3 pm and
1.55 pm) communication lasers were examined, using a

function [sys,JO,str,ts] = lasmod(t,],I,flag,Ith,c,eps)
% S-function parameters:

% Ith laserthreshold current

% ¢ equation (6) parameter

% eps laser slope efficiency

switch flag
case0 % Initialization
sys=[1,0,1,1,0,1,1];

JO=1e-5 % initial cond.
str=[1;
ts=10,0];

casel % Derivatives

if (J>=1th&I > Ith)
sys=0;
else
sys = (372)"(1/3)*(1-J)/c;

rent and the time interval between the present and previous end
pulse. Its value may be find numerically from Eq. (6). How- case 2 % Discrete state update
ever, when this time interval is long enough, i.e., the laser was sys=[1;
in the steady state before the pulse beginning, J; is equal to the
bias current /5. Thus, by measuring #;, for some particular val- case 3 % Outputs
ues of Iz and I, the parameter ¢ may be obtained from Eq. if ] <=1th
(8). It may be pointed out that only two laser parameters, i.e., sys=0;
the threshold current and ¢ used in Egs. (6) and (8) are suffi- else
cient to describe laser turn-on behaviour. end sys = eps*(I-Ith);
4. Simulation model case 9 % Terminate

, o _ sys=[1;
Basing on the above considerations, the dynamic perfor-
mance of semiconductor lasers under subthreshold biasing  end
may be modelled.

Fig. 5. Laser model listing.
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test set presented in Fig. 6. The ultra fast laser driver was
based on a dedicated integrated circuit manufactured by
Maxim. The independent bias and modulation current ad-
justment was arranged. The laser output power was sup-
plied, via the photodiode module, to the digital oscillo-
scope. The square wave laser modulation (with 90 ps
rise/fall time) was applied. Modulation frequency was rela-
tively low (in the range of few MHz) to ensure that laser
steady state was reached before the beginning of each
pulse. The laser bias was changed from zero to the thresh-
old current value and modulation current was adjusted to
maintain the constant optical pulse amplitude. The turn-on
delay was measured as a rising edge time position differ-
ence observed for overthreshold and subthreshold laser bi-
asing. Then, the coefficient ¢ was chosen for the best fit be-
tween Eq. (8) and the measured data.

Laser under Photodiode
test module
HP8091A
3867

T TEZﬁZX

Bias and modulation
current control

Generator Laser driver

MAX

Oscilloscope

SYNC HP IN
54845 ¢

Infinium

Y

Fig. 6. Test set used for laser turn-on delay measurement.

Characterization of all measured lasers together with
the obtained parameter values and estimation inaccuracies
are collected in Table 1. Comparison between the measured
and estimated turn-on delay plotted versus normalised bias
current is illustrated in Fig. 7 for four picked lasers.
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Fig. 7. Comparison between measured and estimated turn-on
delay.

It can be concluded that Egs. (6) and (8) correctly ap-
proximate the turn-on delay. The results for all measured
lasers were similar. In all cases, the largest impairments
was observed for zero bias current, however, the sign of
this error was different from one to another device, so no
a priori correction factor may be introduced. Omitting the
data obtained for zero bias, the mean inaccuracy between
estimated and measured turn-on delays was in the range of
2.6 ps (for laser No. 3) to 31 ps (for laser No. 7). It can be
noticed that better approximation accuracy was obtained
for nowadays MQW lasers than for bulk ones. Moreover,
all measured 1.3 pm MQW lasers have similar values of
¢ parameter what suggest that some initial analysis may be
undertaken without measurement effort.

In further experiments, two of the lasers were measured
at the ambient temperature, increased to 60°C. The esti-
mated and measured turn-on delays are compared in Fig. 8.
Estimation was obtained from Eq. (8) leaving the value of ¢
extracted from previous measurements performed in nor-
mal ambient temperature. Only /7y and I were corrected to

Table 1. Lasers characteristics.

Type Vendor A Ity Nom. power Parameter ¢ Estimation inaccuracy
(um) (mA) (mW) (nsxmA?/3) (ps)

MQW, DFB Lucent 1.30 12.0 2.0 2.94 44

MQW, FP Mitsubishi 1.30 13.0 2.0 3.01 11.2

MQW, FP Lasermate 1.30 7.5 1.5 2.74 2.6

MQW, DFB Lasermate 1.55 11.5 1.0 1.70 7.8

Bulk, FP OKI 1.30 24.0 1.0 6.65 9.9

MQW, FP AOC 1.30 8.5 1.0 2.47 59

Bulk, FP AOC 1.30 35.0 1.8 4.64 31.0

Bulk, FP AOC 1.55 42.0 1.5 6.21 27.0
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Fig. 8. Comparision between estimation and measurements
performed at 60°C.

their new actual values. As it is shown, the estimation is
still correct, so the parameter ¢ seems to be practically tem-
perature independent.

Additionally, the turn-on delay was measured with
I reduced to obtain half of the nominal optical power from
the laser. The actual value of I was used in Eq. (8), and the
parameter ¢ was left as extracted from previous measure-
ments. Good agreement between measured and estimated
values was obtained (Fig. 9).

Next, the data transmission eye-pattern for 1 Gb/s data
rate was measured and simulated for three cases of a laser
bias. The measurement set was similar to this from Fig. 6,
with only the square wave generator replaced by pseudo
random bit sequence (PRBS) generator. The laser used was
No. 1 from Table 1. The Simulink model (Fig. 10) con-
sisted of the laser model listed in Fig. 5, driven by PRBS
generator and constant bias source. The bandwidth limita-
tion of photodiode module (2.2 GHz) and oscilloscope
(1.5 GHz) was modelled by the first order transfer func-
tions.

The comparison between measurements and simula-
tions are illustrated in Fig. 11. The eye degradation (rising
edge jitter and horizontal eye opening reduction) is practi-
cally equal for the measured and simulated traces for all
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Fig. 9. Comparision between estimation and measurements
performed for reduced power.

bias conditions. Some overshoots visible at the measured
traces suggest that the real transfer functions of photodiode
module and oscilloscope are more complicated that the first
order ones, taken in simulations. However, these effects are
not in the scope of our considerations.

6. Conclusions

Assuming the simplified carrier recombination descrip-
tion in the laser active region, the model of dynamic dis-
tortions under subthreshold bias conditions was pro-
posed. Experimental verification of this model confir-
med its usefulness in application to nowadays II and
III-window communication lasers. The model allows
calculating the laser turn-on delay for arbitrary bias and
modulation currents. In contrast to the standard rate-equa-
tion approach, the only two easy obtainable laser param-
eters are needed.

Basing on the developed formulae, the simulation
model prepared in Simulink was constructed to simulate
dynamic data stream distortions in high-speed transmission
systems. The presented model may be used to aid the de-
sign process and evaluation of high-speed laser drivers op-
erating with subthreshold laser bias.
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Fig. 10. Simulink model for eye pattern simulation.
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Fig. 11. Measured (upper traces) and simulated (lower traces) 1 Gb/s eye patterns.
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