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A Theoretical Analysis of Optical Clock Extraction
Using a Self-Pulsating Laser Diode

P. Rees, P. McEvoy, A. Valle, J. O'Gorman, S. Lynch, P. Landais, L. Pesquera, and J. Hegarty

Abstract—The potential for using inexpensive compact disc
laser diodes as optical clock extraction elements in transparent
networks has led to an increase in research into the dynamics
of self-pulsating laser diodes. We use a rate-equation model to
simulate the synchronization of the self-pulsating laser output
pulses to a periodic optical signal. In particular, we investigate
the time it takes for the laser to synchronize to the input signal
and also, the time taken for the laser to unlock when the signal is
removed. The effect of varying the power of the optical signal and
the detuning of the input signal frequency relative to the laser’s
self-pulsation frequency are determined. Our results enable us
to identify important issues which need to be addressed when a

app

self-pulsating laser diode is used in a clock extraction subsystem. fFR ~ Lapp
In particular, we find that the signal frequency and laser free- f < f
running frequency must be as close as possible to minimize IR app

errors. Also, the higher the signal power the quicker the laser . . o . .
synchronizes to the signal, although we find that if the power Flg: 1._ Asc_hema_nc showing the synchronization of an SPLD with an applied
becomes too large the laser can no longer lock, which would causePe"odic optical signal.

a significant increase in detection errors.

Index Terms—Optical clock extraction, semiconductor lasers, subsystems and to optimize the laser operating conditions for
synchronization. low bit-error transmission.

This paper is the first of two related papers which investigate
the use of self-pulsating laser diodes in optical clock extraction

] subsystems. In this paper, we outline the physical principles
T HE EVER-INCREASING demand for higher rates ofynich effect the laser dynamics when a synchronizing ex-

data transfer has led to a significant research effort {8rn| periodic optical input is applied to a laser diode. Our
the area of all-optical communications. It is widely believegestigation enables us to make recommendations about the
that the low cost and availability of self-pulsating laser diOdeﬁroperties of the data signal relative to the laser output in
means that these devices will play a major role in all-opticglger to reduce read errors due to a mistimed clock. The
subsystems. The potential for optical clock extraction angi:ong paper [3] uses a similar model including noise sources
clock distribution by the synchronization of a self-pulsating, simylate the synchronization of a self-pulsating laser diode
laser diode (SPLD) has already been demonstrated [1], [¢]- 5 pseudorandom data signal in order to perform a full bit-
In this paper, we have used a standard model for an SPLR caiculation for the data signal using the clock generated

to examine both the dynamics of the laser when an optiqg) the |aser diode. The results described in this paper are then
synchronizing signal is applied and how the synchronizatiQeq to minimize the bit-error rate in the system.

is effected by changes in the optical input signal. This allows |4 order to be able to read each data bit in an optical data

us to assess their potential for use in optical clock extractig{bnaﬂ the receiver must know the precise time at which to
detect if the signal is “0 or “1.” The receiver must therefore

ﬁ_ioduce a periodic signal of exactly the same frequency as

I. INTRODUCTION
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TABLE |
PARAMETERS USED IN SIMULATIONS
Parameter Parameter Value
Symbol
Bimolecular radiative coefficient B 3.0x10 em’ s
Coefficient of Auger recombination C 7x107% ecm®s™
Gain section fraction & calculated as in ref. [4]
Absorber section fraction & calculated as in ref. [4]
Volume of the gain section Vi calculated as in ref. [4]
Volume of the absorber section V, calculated as in ref. [4]
Langevin Noise term Fy(t) calculated as in ref. [8]
Group velocity of light Vg 7.5x10° cm s™
Transparency carrier density in the gain ngy, Noz 1.2x10"% cm?
and absorber regions
Non-radiative recombination coefficient — Ax 1x10% s
Gain and Absorption saturation £1, €2 5x10" cm®
parameters
Differential gain parameter o 2x107 cm?
Differential absorption parameter o 6x10"° cm?
Spontaneous emission coupling factor B 1x10°
Current density i varted to obtain free running self
pulsation frequency
Round-trip losses o, 1200cm™
Active region thickness d 6x10° cm

synchronized output of the laser diode to generate a clockds represent the proportion of the optical power in the gain
order to trigger the decision-making process on each data Biction and the side absorbing regions, respectively,rand
and,; are the diffusion times between the active and passive
Il. THEORY sections. These four parameters are recalculated every time
step as described in [4] in order to describe the time develop-
S . , ent of the self-pulsationS;,, represents the perturbation to
normal QC blgsmg conditions .due to saturable gbsorpt!on [ 'e photon number due to the input synchronizing pulse. We
The optical field in the electrically pumped active region ave previously used this kind of calculation to successfully

the laser spreads out and overlaps the neighboring unpum éjdict the behavior of the optical synchronization of a CD
regions which act as the distributed saturable absorber. S Jf—pulsating laser diode [5]

pulsation occurs when volumes of the pumped and unpumpe
regions are properly balanced. The photon and carrier dynam-
ics of such a laser can be described using three rate equations III. TIME TAKEN TO SYNCHRONIZE

[4]. Two equations govern the rate of change of the carrlerWe have simulated the synchronization of the SPLD by

density in the central active regigm,) and the neighboring . S
absorbing regionén.) while a third equation governs the rateaddmg a periodic impulse terii,, to the photon number rate

of change of the photon numbg§) in the laser cavit equation of the model to represent the optical input signal [5].
9 P y For our example, the optical input signal was assumed to be

Self-pulsation occurs in compact disc (CD) lasers und

dni _ j1 9 a train of rectangular pulses at a frequency of 2 GHz and a
At ed (A + By + Ony) duty cycle of 50%. The number of photons in the rectangular
N1 — N2 pulse is modified to give the required input power (which
- S/Vi — 1
§1099(m)S/V2 Ti2 @) depends on the wavelength of the photons and the length of
dno the optical pulse). When investigating the synchronization of

—= = —ny(Ap + Bng 4+ Cnd)

dt an SPLD experimentally, it is extremely difficult to measure
ng — M the increase in photon number in the cavity because the
) S/Vy — 2 . . . . .

+ &avga(n2) S/V2 To1 @ coupling of the light pulse outside the cavity to the optical
as S field in the cavity is difficult to determine. Unfortunately, this
dt =0gl619(n1) — 20x(n2) — o ] makes a detailed comparison between theory and experiment

+ BBnIVL + Fs(t) + Sin (3) practically impossible, and, in this paper, we attempt to show

_ _ N _ the trends in the properties of the synchronization of the laser
The gain and absorption coefficients are given by and not absolute comparisons with experiment.
an(nm —nor)  an(ngs — o) Ir_l F_|g. 2,_ we _show the effect of the application of _the_
g(n) = ———+= a(ne) = ———F+—- periodic optical signal (at pulse number 20) on the periodic

1+e.5/Vi 14+ e5/Vy -

output of the SPLD. We have plotted the instantaneous fre-
The symbols used in the above equations are describedjirency of the self-pulsatiomw,, versus the pulse number,
Table | together with typical values used. In particuarand the instantaneous frequency being the inverse of the time



REESet al: ANALYSIS OF OPTICAL CLOCK EXTRACTION USING A SELF-PULSATING LASER DIODE 223

( 35
2.05 ;i
30
o~
172}
2.00 )
o 25
) £
sp -~
(CHz) %0 ”
1.95 5
@]
)
15
1.90 ){)(
10 20 30 40 50 100 110 10

Pulse number 0 90 180 270 360

Fig. 2. The instantaneous self-pulsation frequency is shown versus pulse
number for three free-running self-pulsation frequencies of 1.922, 1.955, and
1.987 GHz. The optical synchronization signal of 2 GHz is applied at pul
20 and removed at pulse 100.

Phase delay after last pulse (degrees)

?‘?g. 3. The locking time is shown as a function of the phase delay after the
last output pulse, in this case for a frequency detuning of 0.5%¢@responds
to the start of the output pulse).
between successive pulses which allows us to monitor the
laser output frequency on the pulse-to-pulse level. It is clelmcking time. In between pulses, the input pulse causes a large
that when the optical signal is turned on the frequency pErturbation due to the small number of photons in the cavity
the SP is modified to the input frequency, as expected witbpontaneous emission) resulting in quicker locking times.
synchronization. However, this change does not take placelo explain the increased locking time as the frequency
instantaneously, but over a number of pulse cycles. Curvdstuning is decreased, we consider the initial input pulse
are shown for initial free-running laser frequencies of 1.922ntering the laser at a time in the output cycle where it has
1.955, and 1.987 GHz; the larger the difference between timnimal perturbation (i.e., during or just after the previous
free-running and the synchronizing signal then the quicker tbatput pulse). The next input pulse will enter the laser at a time
laser output locks to the applied signal. When the applietliring the output cycle which is determined by the frequency
signal and laser output pulses are unsynchronized, the systigtuning between the input and output frequencies. The larger
cannot make a decision about any data bits received andtise frequency detuning the sooner an input pulse will be in
this gives an indication of how many redundant pulses mustregion where the perturbation is large and start the fre-
be sent before the data can be transmitted. guency synchronization process. Should the detuning be very
The frequency of the laser diode self-pulsation is variesmall, a large number of input pulses will be required before
by altering the bias current. The free-running self-pulsatisynchronization can occur, resulting in a lengthy locking time.
frequency increases with increased bias current, in this casé&ig. 2 showed the locking dynamics for three different
from 600 MHz at threshold to 2.5 GHz at twice thresholdrequencies at one particular value of synchronizing signal
We have found that the time to lock to the synchronizingower. In Fig. 4, we demonstrate the effect of the input power
frequency is also dependent on the initial phase differenoa the locking characteristics. The time for the SPLD to lock
between the input and output signal (as was the case forthe synchronizing optical signal of 2 GHz is shown in
electrical synchronization [6]). In a clock extraction systenkig. 4 as a function of frequency detuning for three different
there would be no control over this phase difference and signal powers. The higher the signal power then the larger
the results presented in Fig. 2 are for cases where the initia¢ frequency range over which synchronization occurs and
phase difference gives the slowest locking times. the shorter the locking times. For clock extraction, a reduction
An example of the dependence of the time to lock to tha the time taken for the free-running SPLD’s to lock to the
synchronizing signal on the initial phase of the input pulse applied signal and also an ability to extract a clock from as
given in Fig. 3. The locking time is shown as a function obroad a range of data rates as possible are both desirable.
the phase delay after the last output pulse in this case foiflerefore, our initial investigation indicates that the data signal
frequency detuning of 0.5% {Qorresponds to the start of theshould be as optically intense as possible to achieve quick
output pulse). Clearly there is a large difference in the lockidgcking over a range of frequency detunings. However, we
time depending on the initial phase, and this result enableswitl show in Section V that problems can occur when the
to explain the increasing time to lock as the frequency detunisgnchronization signal becomes too powerful.
decreases. At certain times during the pulsation cycle the inpuWhile the data consists of consecutive 1's, the laser remains
pulse has a greater effect than at other times during the putsechronized to the data, but obviously when the synchroniz-
period. For example the phase delay between 0 afidc@® ing signal is removed the SPLD reverts back to its free-running
responds to the output of the laser pulse, the large numberstdte. The important issue is how long the synchronized self-
photons in the laser cavity means that the input pulse is onlyalsation can be used as a clock when the incoming signal
very small perturbation to the system corresponding to a largeremoved or how many “0” bits in the data stream can be
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Fig. 4. The time for the SPLD to lock to the synchronizing signal is shown
as a function of frequency detuning of the signal (relative to the free-running
pulsation frequency). Examples for applied optical signal powers of 0.01,
0.05, and 0.1 mW are given.

300

v— 0.012mW
200 =—un 0.025mW
o——0 0.050mW

accommodated before the clock signal drifts out of time with
the input bits. Fig. 2 also shows the behavior of the SPLD
when the synchronizing optical signal has been removed at
pulse number 100. The important point to note is that the time
for the laser to unlock is much faster than the time to lock
(within 3—4 pulses) and is independent of the detuning. This

100

Relative Phase Difference (Degrees)

. . . 20 30 40 50
result has been shown experimentally in a previous paper [7]
and the effect verified using the same model as we employ Emitted Pulse Count
in this study. This result means that after a few consecutive (b)

0's the SPLD would have reverted b_aCk tQ i?s free'runn.iﬂgg. 5. (a) The instantaneous phase as a function of the applied pulse number
frequency and the clock would obtain a timing error witlfor three different frequency-detuned applied signals (pew@025 mw). The
respect to the data signal. Initially this would seem to sugg ical signal is applied at pulse number 20. (b) The instantaneous phase as a
, . ! . unction of the applied pulse number for three different applied signal powers
that SPLD’s are Unsu'tablf-' for clock extraction t_’e_caus_e thtuning=10%). Again the optical signal is applied at pulse number 20.
laser falls out of lock so quickly after the synchronizing signal
is removed. This, however, is very misleading, as can be
seen when we investigate (in Section VI) the phase differeng

between the applied optical signal and the SPLD output.

An important quantity for analyzing synchronization of
PLD's is the instantaneous phase difference. This is defined
as the phase between an applied signal pulse and the next
emitted pulse from the laser [5], given by

V. PHASE A®p = fapp - 27 - (time between signal and output pulse

Previously we have shown (both experimentally and the- When the self-pulsating laser is synchronized to an ap-
oretically) that a phase difference exists between an appliglied signal, there is a fixed instantaneous phase difference,
optical signal and the synchronized output of an SPLD [Sflependent on the detuning between the applied frequency
This phase difference was shown to depend on the powgg, and the free-running frequency [5]. Fig. 5(a) is a plot
and the frequency difference between the applied signal asfdthe instantaneous phase as a function of the applied pulse
the SPLD free-running output. In an optical clock extractionumber for three different frequency-detuned applied signals.
subsystem, the receiver would be required to compens&téth no noise in this calculation, the instantaneous phase
for this phase difference while reading the data. Ideally wemains constant, for all signals, once synchronization has
want the decision-making process to coincide exactly with theeen achieved. The value of the instantaneous phase increases
midpoint of the rectangular data bit in time. The nature of with the detuning between the applied signal and free-running
rectangular bit shape means we have a margin of error whigpetition frequencies. When the detuning is zero, we see the
depends on the length of the data bit. For a duty cycle time to lock takes about 20 pulses, which is much longer than
50%, the data pulse lasts for 86f the pulse cycle, and sofor nonzero detuning, as was seen in Fig. 2.
for a perfect rectangular bit an error éf90° in the timing Fig. 5(b) shows the instantaneous phase as a function of
can be accommodated. Of course, the data received wotlld applied pulse number for three different applied signal
have degraded after transmission through optical fibers, efmowers. Clearly, the instantaneous phase when the laser is
and this value would decrease for a realistic situation. synchronized decreases with increasing applied power. A
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stronger signal pulse injected into the SP laser causes the a5
synchronized pulse to be emitted earlier. The time differ-
ence between the extracted clock and the decision-making
process can be optimized for one particular phase difference.
If the power of the signal changes (which is highly likely
in a transparent network where signals arrive via different & 1s0
paths) or if the frequency of the incoming signal changes, 4
then the phase difference changes. This means the decision- .
making process is no longer in the center of the bit slot, *
significantly increasing the likelihood of errors. It is clear then E— A— -
that a detailed knowledge of how the power and frequency
of the data signal arriving at the clock extraction element ' ' ' _
would vary is needed in order to compensate for the efféc. . The ienianeons phase ouer 100 emitcn piscs o apated opica
this has on the phase difference and, therefore, the timiggied line). The input optical pulses are applied after the tenth emitted pulse,
of the data reading process. Previously, we have measuaedn initial phase of 360

the variation of the phase difference between the optical

Synchronizing signal and the output of the SPLD (as anﬂCti(y’md free-running pu|ses' as shown in F|g 5(a) and (b) The
of both power and frequency detuning), and our modelial curve, the dotted line, corresponds to an applied peak
results showed excellent agreement with these experimegggical power of 40Q:W. Here the self-pulsating laser seems
[5]. As mentioned earlier, exact comparison of experimegy synchronize within a few pulses, but the instantaneous
and theory was impossible because the signal coupling gRase is not constant and slowly decreases, thereby showing
the optical field in the cavity could not be measured. Oyhat synchronization has not occurred. The phase decreases
model successfully predicts the experimental frequency apiil the output pulse occurs “before” the signal pulse, which
power limits in which lock can be achieved [5] as well agorresponds to 360

the regions where lock cannot be obtained. Recently, thispreviously, we have shown that the single-mode rate-
model has been used further to verify the synchronizati@guation model will not allow the self-pulsating laser to lock
limits for the cases of OptiCﬁ' synchronization with frequencu) a signa| frequency which is less than the Se|f-pu|sati0n
multiplication and division [7] Most of the initial results Offrequency [5] This causes the |ocking range to be very
this paper would be very difficult to measure experimentallysymmetric about the signal frequency, and it also explains
because we are studying timings on the pulse-to-pulse lewgé reason for the phase oscillations. The stronger the applied
where noise would play a major role (although we have vegptical signal power becomes, the larger the optical pumping
ified the model using optical power spectrum measurementgjfect, and therefore the larger the increase in the self-pulsation
Despite this, the success of this kind of model in pl’ediCtiﬂ%quency of the laser. If the Se|f-pu|sa’[ion and the Signa|
a large number of experimentally observed properties of @quency are very close initially, a strong signal increases
SPLD means we have a high level of confidence in itge self-pulsation frequency above the signal frequency, so
predictions. the laser can no longer lock.

As seen in Fig. 4, the higher the input signal power, the Fig. 7 helps to explain why we see phase oscillations when
quicker the SPLD locks to the synchronizing signal. Thereforghe laser cannot lock to the synchronizing signal. The time
itis to be expected that the signal power should be as highé@glution of the signal and output pulses is shown together
possible for efficient clock extraction, however, we will ShOWVith the instantaneous phase difference between them when
in the next section that problems can arise when the sigigé input power is too large to synchronize the laser. The input
power becomes too large. pulse hastens the emission of the next output pulse, decreasing
the phase between the signals, although the laser can no
longer lock so the phase does not settle to a fixed value but
continues to decrease. Once the instantaneous phase reaches

Fig. 6 shows the instantaneous phase over 130 emittegto degrees, two emitted pulses occur between the applied
pulses for the three extremes of applied optical power. Tipelses, and the phase starts again af 368is process occurs
input optical pulses are applied after the tenth emitted pulse pafriodically and appears as an oscillation of the instantaneous
an initial phase of 360 The lowest applied optical power, thephase.
dashed line, corresponds to a pulse peak power gA¥0The This phase oscillation reoccurs with a periodicity dependent
self-pulsating laser slowly synchronizes to the applied signalas the applied optical power and the detuning between the
seen by the instantaneous phase decreasing. Synchronizaigplied and emitted pulse repetition frequencies, as shown in
will be complete when the phase settles at a steady value. Hig. 8. The larger the detuning, the stronger the signal power
second curve, the solid line, corresponds to an applied peakjuired to increase the self-pulsation frequency above the
power of 25,W. Here the self-pulsating laser synchronizesignal frequency and cause a phase oscillation. Also shown
after about 30 applied pulses. The instantaneous phase remairnisig. 8 is the periodicity with which the phase oscillations
constant, its value related to the applied optical power andcur as a function of detuning for three different signal power
the detuning between the repetition frequencies of the appliedels. It is clear that the lower the power of the input signal
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& o use the laser to derive a clock signal; therefore, a detailed
o o , ‘ ‘ understanding of when this phenomena occurs is vital for
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clock extraction systems. When noise is included in the model,
the successive decrease in the instantaneous phase which is

Fig. 7. (a) The dynamic evolution of the input signal (dashed lines) anghserved when the free-running frequency is above the applied
the laser output pulses (solid lines) together with (b) the instantaneous phase

difference between them for the case when the SPLD cannot lock to the inﬁﬂgnal frequency 1S d'srUpted' This occurs because the random
signal. The signal detuning is 1.05% and the input power is 0.07 mW.

fluctuations due to noise can modify the instantaneous phase
in such a way that it returns above its starting value, thus
resetting the process. The phase oscillations therefore do not

0.4 T
occur until a much stronger optical signal is applied, causing
a successive reduction in phase, which occurs at a quicker
03 1 rate than the rate at which the noise resets the process. The
:;E‘ effect of noise on the loss of synchronization between the self-
@ o2 , pulsating laser diode and the data signal is studied in detail in
§ / the second paper [3] where the full effect of this problem is
related to a calculation of the bit error rate in such a system.
o1 / } Previously, we saw that when the synchronizing optical
o signal is removed the SPLD reverts back to its free-running
00 - : ; : : . pulsation frequency within a couple of pulses. Initially this
would suggest that the laser can no longer be used to success-
150 i ' ' ’;’ | fully produce a clock for the read process. However, in the
A ot - : next section, we examine the relationship between the input
_ // - P, =005 MW signal and the laser output when the signal is removed in order
g wo / 1 to prove that under certain circumstances the unlocking of the
®) 8 o laser is not too significant.
Y osol R / ]
e VI. LoSS OF PHASE
00 : s : s p Fig. 9 shows the instantaneous phase difference between the

Detuning (%)

input optical signal and the laser output after the synchronizing
signal is removed at pulse number 100. Curves are shown for

Fig. 8. (a) The power at which the phase oscillations appear together Wﬂ*ée-running frequencies of 1.99, 1.996, and 1.9975 GHz. The

(b) the period of these oscillations as a function of signal detuning.

broken lines do not include noise while the solid lines are
calculated when a spontaneous emission noise term (Langevin

then the longer the period of the phase oscillations for ampise source) is included in the photon rate equation [8]. Noise
detuning value. Again, we see that as we detune the sa#rms in the equations for carrier density are neglected since
pulsation frequency from the signal frequency the less likelyis known that these terms are less important in predicting
is the occurrence of the phase oscillations. the properties of the laser [8].
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First, we consider the case where the noise term is neglecteldck extraction subsystem is outlined. Finally, we show how
When the applied optical signal is removed, the SPLD returesrors would be introduced when the laser is synchronized
to its free-running frequency within a couple of pulses, as wasing a true data signal by calculating the drift of the phase
shown in Fig. 2. When the SPLD has reverted to its freelifference between the signal and the clock obtained when the
running frequency, a constant phase drift is introduced to edalput signal is removed to simulate O bits.
pulse due to the difference in frequencies. It is simple to show
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