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The Effect of Relaxation Oscillations in
Integrated Optical Comb Demultiplexers based on
Injection Locking

Kevin Shortiss, Mohamad Dernaika, Maryam Shayesteh, and Frank H. Peters

Abstract—Narrowly spaced optical combs are being consid-
ered for use in future wavelength division multiplexing optical
networks. Optical injection locking has been demonstrated as an
effective method of demultiplexing these narrow optical combs,
and recent research has shown monolithically integrable designs
can achieve side mode suppression ratios of greater than 35 dB.
We present an experimental and theoretical study on how the
side mode suppression ratio of these demultiplexers varies with
the injected comb frequency spacing, the detuning between the
slave laser and the comb, and optical injection strength. We show
that the performance of these demultiplexers depends strongly on
the difference between the relaxation oscillation frequency and
the frequency spacing of the injected comb.

Index Terms—OQptical demultiplexing, injection-locked oscilla-
tor, optical comb.

I. INTRODUCTION

ITH the continued growth of internet traffic, new op-

tical communication infrastructures capable of dramat-
ically increasing network bandwidth are being considered. Op-
tical superchannels consisting of densely packed channels will
be required for future networks, which could be implemented
using optical frequency combs. Optical combs can increase
the spectral efficiency of these superchannels by allowing the
channels to be more densely packed [1]-[4], while simultane-
ously reducing the number of components required (decreasing
the energy consumption [5]), and simplifying the digital signal
processing required [6]. Flexible or elastic optical networks
could provide further improvements over current wavelength
division multiplexing (WDM) networks, as they allow the
optical bandwidth and modulation formats used throughout the
network to be dynamically adjusted to meet changing network
traffic [7], [8]. Optical combs could facilitate these flexible
networks, as the channel spacing [9] and modulation formats
can be varied from superchannel to superchannel, to optimise
the baud rates used between different nodes in the network
[10], [11]. The centre frequency, of each superchannel could
also be controlled using a similar method as discussed in Ref.

[9].
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However, despite these advantages, the trade-off between
cost and performance must be favourable in order for optical
combs to become feasible for use in future WDM networks.
Integrating several components together on a photonic inte-
grated circuit reduces both the cost and power consumption
of devices, and hence recent research has been focused on
creating suitable on-chip coherent optical comb transmitters
[12]. For a comb based superchannel, an integrated transmitter
would ideally consist of an optical comb source integrated
with a demultiplexer and an array of modulators, allowing
each carrier to be modulated individually, before becoming re-
combined and transmitted. Monolithically integrable coherent
comb sources with optical comb spacings between 4 GHz and
10 GHz have already been demonstrated on InP [13]-[15], and
laboratory WDM demonstrations have proven optical speeds
of greater than 30 Tb/s are possible using channel spacings as
narrow as 6.25 GHz [16]. Standard methods of demultiplexing
these narrowly spaced optical combs on a photonic circuit
are infeasible [17], as the size of arrayed waveguide grating,
Echelle grating or asymmetric Mach Zehnder demultiplexers
quadruples as the frequency separation between their output
channels halves.

Photonic circuits which instead use optical injection locking
[18]-[21] to demultiplex these narrowly spaced comb lines
have been proposed as a solution to this problem [17], [22]—
[26]. These demultiplexers operate by tuning the frequency
of a slave laser to frequency match a line in the optical
comb, causing the slave laser to injection lock to the selected
comb line, amplifying [18] and demultiplexing the line [22].
As shown in Ref. [12], these demultiplexers can then be
integrated with modulators to form a transmitter. This method
of demultiplexing is also flexible, as the individual slave lasers
can be frequency tuned to match different channels or optical
comb spacings, while maintaining the fixed phase relation
between the injected comb lines. Optically injecting with a
frequency comb differs from the extensively studied single
frequency case [18]-[21], as the comb lines which the slave
laser is not locked to can still affect the slave’s operation.

The side mode suppression ratio (SMSR) is often defined
as the ratio of the optical power between the strongest and
second strongest mode in an optical spectrum, and is a
common figure of merit used to indicate the effectiveness
of demultiplexers when they are integrated in a transmitter.
SMSRs of greater than 37 dB at an optical comb spacing of 10
GHz have been achieved by using seperate slave lasers to lock
to individual comb lines [24]. However, upon investigating the
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Fig. 1. Experimental setup used to investigate the SMSR obtainable. TLS:
Tunable laser source, VOA: Variable optical attenuator, MZM: Mach zehnder
modulator, PC: Polarisation controller, Iso: Optical isolator, EDFA: Erbium
doped fibre amplifier, OSA: Optical spectrum analyser.

SMSR of devices using a theoretical model [27], we previously
reported that the performance of these demultiplexers may be
negatively affected as the comb frequency spacing approaches
the relaxation oscillation (RO) frequency of the slave laser.

In this paper, we present an experimental and theoretical
study which investigates the limits of demultiplexing optical
frequency combs using injection locking. We study how the
comb lines which the slave laser is not locked to affect the
performance of an individual slave laser, focusing in particular
on optical combs with frequency spacings close to the slave’s
RO frequency. We directly measure the output SMSR from
a slave laser as a function of the injected comb spacing, and
prove experimentally that the slave laser ROs do negatively
affect the SMSR obtainable. We find that for specific frequency
spacings and optical injection strengths, the ROs can become
undamped, and can even become the dominant side modes
in the slave laser’s optical spectrum. Using our theoretical
model, we simulate the optical injection of the slave laser,
and find that the ROs become excited at rational fractions of
the optical comb spacing. With good qualitative agreement
between experiment and theory, we show that increasing the
slave laser pumping can dampen the ROs enough to increase
SMSR slightly, at the expense of the narrowing demultiplexer’s
locking bandwidth. We also calculate how the SMSR of these
demultiplexers varies as a function detuning, and show that the
undamped RO region originates at a slightly positive detuning,
but grows into negative detunings as the injection strength is
increased.

II. EXPERIMENTAL RESULTS

To study how well an injection locked slave laser can
demultiplex combs with narrow optical frequency spacings,
experiments were performed using the setup illustrated in
Fig. 1. A commercial master laser (ID Photonics CoBrite-
DX1) was intensity modulated using an Oclaro LiNbO3 Mach-
Zehnder modulator (MZM), to create a 3 line optical comb.
The optical comb power injected into the slave laser was
controlled using both a variable optical attenuator (VOA) and
an erbium doped fibre amplifier (EDFA). An optical filter
with a 50 GHz bandwidth at -3 dB was used to remove a
portion of the amplified spontaneous emission introduced by
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Fig. 2. Measured SMSR as the frequency spacing of the injected optical
comb was varied, for four different optical injection strengths. The slave laser
was maintained at current of 1.6 times threshold, at which the frequency of
it’s relaxation oscillations were measured to be 3.765 GHz. The free running
power coupled into the lensed fibre from the slave laser was -2 dBm. Vertical
gray dotted lines mark the first three multiples of the relaxation oscillation
(wyr, 2wy, and 3wy).

the EDFA. Two optical spectrum analysers (OSAs) were used;
a standard 2 GHz resolution OSA (Ando AQ6317B) was used
to ensure there was equal power in the 3 lines of the injected
optical comb, while a second 5 MHz resolution OSA (Apex
AP2061A) measured the output SMSR from the slave laser.
The slave laser used was an unpackaged single mode laser as
described in Ref. [28], with a free running SMSR of >35
dB emitting at 1550 nm, mounted on a brass temperature
controller. Optical coupling to the slave laser was achieved
using a lensed fibre.

Figure 2 shows how the measured SMSR varied as the
injected optical comb frequency spacing was swept from 14
GHz to 3 GHz. The slave laser’s temperature was fixed such
that the main lasing mode of the slave laser locked to the
centre line of the three line optical comb, amplifying the
centre line above the other neighbouring lines. The detuning
between the slave laser and the centre line of the comb was
approximately zero, and each point shows the average of 50
measurements. Four comb injection strengths are presented;
for the lowest injection strength (-23.1 dBm), the SMSR
decreases smoothly as the comb spacing was varied from
14 GHz to 3 GHz, dropping 14 dB in total. As shown in
our previous theoretical study [27], when the optical comb
frequency spacing approaches the frequency of the relaxation
oscillations, the SMSR reduces significantly. The relaxation
oscillation frequency w, of the slave laser was measured
to be 3.765 GHz, and the first three multiples of w, are
marked by grey vertical dotted lines in Fig. 2. It is known
that optical injection can modify the dampening mechanism
of the relaxation oscillations [19], and cause the ROs rise in
optical power. The intrinsic modulation due to the relaxation
oscillations adds to the frequency noise around each mode
within the slave laser, and hence as the comb lines which the
slave laser is not locked to approach the RO frequency, they
add to the already heightened noise floor.

As the optical injection strength is increased in Fig. 2,
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Fig. 3. Demultiplexed optical spectra, measured using an optical spectrum
analyser with 5 MHz resolution. The spectra presented highlight four operating
conditions with distinct behaviour. Grey vertical dotted lines indicate the
frequencies of the 3 lines in the injected comb. (a) Injected power of —23.1
dBm, comb spacing A = 14 GHz: Low RO power. (b) Injected power of
—23.1 dBm, comb spacing A = 7.62 GHz: ROs become undamped, rising in
power. (c) Injected power of —19.0 dBm, comb spacing A = 7.62 GHz: ROs
become excited, as A/2 approaches w;.. (d) Injected power of —16.5 dBm,
comb spacing A = 11.56 GHz: ROs become excited, as A/3 approaches wy..

we find that the SMSR decreases over all comb spacings.
However, the SMSR can also be seen to dip sharply at
specific comb spacings, as expected from the results in Ref.
[25], [26]. However, for comb powers of -20.3 dBm (red
diamonds) and -19.0 dBm (blue x’s), the SMSR drops sharply
at 7.5 GHz, as the comb’s frequency spacing approaches
2w,.. As the injection strength increases, this dip widens and
the SMSR drops to only a few dB. For the highest optical
injection strength presented, further decreases in the SMSR
are seen, with another significant decrease occurring as the
comb’s frequency spacing matches 3w,, with smaller drops in
performance occurring at approximately %w, and %wr.

The cause of these drops in the SMSR at comb spacings
of 2w, and 3w, is shown in Fig. 3. Different demultiplexed
optical spectra are presented, indicating four different types of
behaviour. In each case, grey vertical dotted lines indicate the
frequencies of the 3 lines in the injected comb. Figure 3 (a)
shows the slave laser output spectrum as the slave was locked
to the centre line of a 14 GHz optical comb, with optical
SMSR of 30 dB. The ROs in the slave (located =+ 3.675 GHz
from the centre line) are 40 dB lower than the lasing peak.
As shown in Fig. 3 (b), the ROs become further undamped
when the comb spacing is narrowed to 7.62 GHz. If the optical
power is increased further, the ROs can become excited, rising
higher than the sidemodes of the comb and reducing the output
SMSR (as shown in Fig. 3 (c)). As the injected comb’s power
is increased even further, it has been found that the ROs within
the slave laser can become undamped and excited whenever
the injected optical comb’s frequency spacing w, matches a
multiple of the comb’s frequency spacing. Demonstrated in
Fig. 3 (d), the excited ROs over take the side modes in the
injected optical comb, causing the SMSR to approach zero.

At larger slave laser pump currents, the frequency of the
ROs increases as they also become more strongly damped.
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Fig. 4. Measured SMSR versus injected comb frequency spacing for pump
currents of 1.6 and 2.6 times the free running laser threshold, with an injected
comb power of -17.66 dBm. Vertical dotted lines show the measured RO
frequency at 1.6 times (blue) and 2.6 times (red) the threshold.

Increasing the RO damping can prevent the ROs becoming
excited, and reduce the effect they have on the SMSR. Figure
4 experimentally demonstrates how increasing the slave laser
pump current can benefit the SMSR obtainable. Two different
slave laser pump currents were used, with a constant injected
optical comb power of -17.66 dBm. The ROs still negatively
affect the SMSR at comb spacings close to w,.. However, at 2.6
times the threshold current, the RO damping in the slave laser
was strong enough to prevent the slave’s ROs from becoming
excited and affecting the demultiplexing at higher mutliples of
w,.. For comb spacings far from the RO frequency, increasing
the pump current can increase the amplification seen by the
target comb line, which in turn increases the SMSR. This
increase in SMSR and lack of sensitivity at multiples of w,
comes at the expensive of the slave laser’s locking bandwidth.
As the locking bandwidth of the slave laser is proportional
to E;/E5 [21], the locking range shrinks significantly as the
power in the slave laser’s field grows.

III. THEORETICAL MODEL AND RESULTS

The rate equation model used to simulate the SMSR from
the slave laser was as described in Ref. [20], [29]. The model
assumes the slave laser’s field and carriers have no spatial
dependence, with the rate of change of the slave laser’s electric
field is given as:

G0 = (i) + 5 |GV = N - 2] )t

Tp
+Fop +nfaBm(t),

where G is the laser differential gain, Ny, is the free
running threshold carrier density, 7, is the photon lifetime
within the laser cavity, 7 is the coupling efficiency, fy is the
longitudinal mode spacing of the slave laser, and Fy,, describes
the spontaneous emission in the laser cavity.

The change in angular optical frequency with carrier density
is given as:

1
OJ(N) :UJO+§OéGN(N—Nth), (2)
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TABLE I
PARAMETER VALUES USED IN THE MODEL.

Gy 81x10 Bm3s~T
wo 3.798 x 10Mrads—1
Jé] 1x107°

Ny 17172 x 10%4m—3
ayg 3.5

Ts 1.5 x 107 9s

Tp 2.0 x 107125

n 1
fa 36 x 10°Hz

where wy is the free running angular frequency of the slave,
and « is the linewidth enhancement factor. The field of the
master laser E);(¢) which couples to the slave laser’s signal
was defined as in Ref. [29]:

nfaBu(t) = B, 3)
J

Here, I/; and w; are the field amplitude and angular frequency
of the j-th comb line.

Using the slowly varying envelope approximation, the field
of the slave laser can be written as:

Ey(t) = Ey(t)el@ote:(), @)

Taking the derivative with respect to time of (4) and com-
paring it to (1) allows us to write equations explicitly for the
amplitude F; and phase ¢ of the slave laser’s field:

des 1
7t = iGN(N* Nth)ES(t)
5
VALY B st ),
J
o
(©)

+\/Bf”"‘de%Sin(ijt_%(t))7
7 s

where Awj is the difference in the angular frequency of the
free running laser and the j-th comb line, 3 defines the
spontaneous emission strength, and £’ and £ are the Gaussian
white noise source terms which contribute to the spontaneous
emission term F,. The real and imaginary parts ¢’ and £ of
the noise fulfill the conditions (' ()¢’ (")) = (¢" ()" (¥)) =
d(t—t"), and (¢'(t)¢"(t')) = 0. The rate of change of carriers
for a pump rate I}, was given as:

= o= =GNV = N B0 = B0 )
For the above rate equations, the free running steady state
electric field Fj and the relaxation oscillation frequency w,
are given by [20] :

®)

Gn (Rp - N“’) )
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Fig. 5. Calculated SMSR as the frequency spacing of the injected optical
comb was varied, for four different optical injection strengths. The optical
injection strength K was defined as in Ref. [21], with K = dei/er(‘?~
The slave laser was fixed at 1.6 times it’s threshold, at which the frequency
of it’s relaxation oscillations was 3.765 GHz. Vertical gray dotted lines mark
the first three multiples of the relaxation oscillation (w, 2wy, and 3wy.).

Approximate values for Ny, Gy and 75 were found by fitting
measured values of the slave laser’s free running relaxation
oscillation frequency. All parameters values used in the model,
unless otherwise stated, are presented in Table I.

Our model was then used to simulate the experimental
results presented in Fig. 2. A fourth order Runge-Kutta method
[30] was implemented to solve the rate equations. A numerical
time step of 2.56 ps was used, and the slave laser was allowed
to reach steady state prior to optical injection. Data collection
started 1 ps after the optical injection, and was recorded
over a simulation time of 150 us. This provided a frequency
resolution of 6.7 KHz. The calculated results for how the
comb frequency spacing affected the SMSR is shown in Fig.
5. There is good qualitative agreement between theory and
experiment; as the experimental results indicated, the SMSR
decreases as the injected power is increased. The calculated
SMSR declines as the comb spacing was varied from 14 GHz
to the relaxation frequency w,, however after the reaching
the relaxation oscillation frequency, the SMSR can be seen
to increase again. This could be due in part to unrealistic
modelling of the ROs; the measured device ROs span a wider
frequency range than in the calculated results. This is also
likely the cause of the discrepancy between the widths of the
regions where the ROs have become excited, as these regions
appear larger in experiment than in theory. However, good
agreement is still seen, as at higher powers the model also
predicts drops in the performance at frequency spacings close
to wy, 2w, and 3w,, as seen in experiment.

From the simulations, we find that the comb lines which the
slave laser is not locked to can modulate the slave laser’s field
at a frequency corresponding to the comb’s frequency spacing.
When this extra modulation frequency becomes resonant with
the natural RO frequency (or a harmonic of the RO frequency),
the ROs undampen and rise in power.

The theoretical results also show that the large drops in
SMSR at specific comb frequency spacings can be avoided by
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Fig. 6. Calculated SMSR versus injected comb frequency spacing for pump
currents of 1.6, 2.0 and 3.0 times the free running laser threshold, with
an injected comb strength K = 0.023. As the pump current is increased,
the relaxation oscillations frequency increases. Vertical dotted lines show the
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(black) the threshold.
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Fig. 7. Intensity plot showing how the SMSR varies as the detuning and
comb injection power is varied, for a comb spacing of 10 GHz, and slave
laser drive current at 1.6 times threshold. The optical injection strength K
was defined as in Ref. [21], with K = dei/er()g.

increasing the slave laser’s pump current. As shown in Fig. 6,
increasing the pump current from 1.6 times threshold to 3.0
times threshold stops the ROs becoming excited. The model
predicts that the dip in the SMSR for comb spacings equal
to w, becomes wider and shallower as the pump current is
increased. In comparison, the SMSR at w,. was approximately
the same for both pump currents shown in Fig. 4. The dip
due to the ROs at comb spacings close to w, is also much
less pronounced in experiment than in the theoretical results,
indicating that possibly a more accurate description of the
carrier’s rate equation could be required. The model also omits
any roll off in the laser’s gain as the current is increased, and
we expect that as laser gain clamps, further increasing the
optical pumping will also lead to a degradation in SMSR.
Finally, we present how the detuning between the slave
and the centre line of the comb affects the SMSR. Figure

7 shows an intensity plot of the parameter space spanned
by optical injection strength and the detuning between the
centre comb line and the slave laser. High SMSR indicates the
regions over which the slave is frequency locked to the comb.
At lower injection strengths the SMSR is symmetric around
zero detuning [26], and as the injection strength increases, the
peak SMSR appears instead at slightly positive detunings. The
locking bandwidth grows as expected with increasing injection
strength, however slightly above an injection strength of K
= 0.02, the SMSR is seen to drop to zero within the cone-
shapped locked region in Fig. 7. This low SMSR region is
caused by the ROs becoming undamped and excited [19]. The
undamped RO region originates at a slightly positive detuning,
but grows into negative detunings as the injection strength
is increased. As higher SMSRs also predominantly occur at
lower injection strengths, operating at lower injection strengths
is favourable.

IV. CONCLUSION

A detailed study of the constraints of demultiplexing an
optical comb using an injection locked slave has been pre-
sented. We have shown, using both experimental and simulated
results that the SMSR decreases as the frequency spacing of
the comb’s lines approaches the relaxation oscillation in the
slave laser. In addition, it was shown that for specific frequency
spacings and optical injection strengths, the ROs can become
undamped, and can even become the dominant side modes in
the slave laser’s optical spectrum, causing the output SMSR to
approach zero in some cases. Increasing the slave laser drive
current can improve the SMSR for specific comb spacings, at
the expense of a reduced locking bandwidth. Using our model,
we show how detuning and optical injected strength effects
the output SMSR, and find that the ROs initially become
undamped and perturb the demultiplexing at positive detunings
from the centre comb line.

Our results show the output SMSR and the locking band-
width of the slave laser are inversely proportional. Hence,
optimal SMSR will always be achieved when the slave laser
is very weakly locked to the master. By integrating both
the optical comb source and demultiplexer on a photonic
circuit, one can minimise losses and reduce the effects of
thermal drift on the comb-slave system. This will require
an integration technique which does not affect the individual
performance of the comb source or the array of slave lasers
in the demultiplexer.
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