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Abstract—Nanophotonics, driven by low processing power and
high density integration, is appearing as the next logical step for
microwave photonics. Optical frequency combs (OFCs), which
play a vital role in integrated microwave photonics, have not yet
generated using nano-structured devices. In this paper, we propose
OFC generation based on all-optical modulation of nanophotonic
structures. A theoretical model based on temporal coupled mode
theory is developed to describe cascaded all-optical photonic crystal
intensity and phase modulators. Using a modulation light with a
sinusoidal waveform, a separate carrier light is modulated to gen-
erate an OFC. By manipulating the modulation power and device
dimensions, a flat OFC that spans over a 600 GHz is delivered. The
proposed system offers OFC generation with tunable comb line
spacing using devices with high density integration capabilities.

Index Terms—Microwave photonics, nanophotonics, optical
frequency comb, photonic crystal.

1. INTRODUCTION

HE convergence of integrated photonic technologies with

microwave photonics (MWP) has led to increased on-chip
device functionality [1]. In much the same way that MWP
produced new functionalities by combining microwave and
photonic engineering, integrated MWP produces unique device
capabilities. With advanced fabrication techniques and the inte-
gration of microscale photonic devices, the enhanced nonlinear
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interactions present in small-scale devices have enabled new
technologies. These technologies include plasmonic modula-
tors [2], on-chip stimulated Brillouin scattering [3] and on-chip
optical frequency comb generators [4].

Continuing on this same trend, on-chip integration of
nanophotonic devices is expected to increase optical nonlinear-
ity, decrease device footprint and thus enhance the progressing
research field of integrated MWP. Photonic crystal (PhC) devices
are currently emerging as a contender for the implementation of
nanophotonics. Strong light confinement in ultra-small mode
volumes (V') and ultrahigh quality (Q) factors enables promis-
ing functionalities in on-chip all-optical processing [5], [6].
Indeed, cutting edge studies have shown small volume all-optical
modulators [7], low power EO modulators [8] and low threshold
topological lasers [9], all implemented using photonic crystal
devices. To this end, implementing standard MWP components
using a photonic crystal platform would open the area of MWP
further. One such component that s yet to be realised in nanopho-
tonics is an optical frequency comb (OFC) generator.

Among the available OFC generation technologies, optical
parametric oscillation based on micro-resonators has hitherto
prevailed as a simple and elegant solution towards on-chip
OFCs [4]. With careful consideration of the dispersion charac-
teristics, optical nonlinearity and fine tuning of the pump laser,
chip-scale coherent OFC generators have been realised [10].
However, the pump to comb efficiency can be very low, often
less than 1% for the bright soliton case [11]. Furthermore, micro-
resonator based combs produce a fixed spacing between comb
lines which is dependant on the resonator size. In this paper, a
novel method to generate an OFC with a tunable mode spacing
that has the potential for on-chip nanophotonic integration is
proposed.

Another method of OFC generation which has been explored
in detail is the use of electro-optic (EO) modulators [12]. Using
EO modulators to generate an OFC increases the input power to
OFC efficiency when compared to micro-resonator Kerr combs.
Commercially available lithium niobate (LN) EO modulators
can have a half wave voltage down to 2-3 V, which enables
highly efficient OFC generators [13]. The mechanism used is the
refractive index change via EO modulation based on the large
LN EO coefficient. In order to scale down LN modulators, great
progress has also been made towards integrated LN modulators
based on thin-film LN [14], [15]. This work showed low half
wave voltages, 3.5 V - 4.5V, over a large bandwidth, 5-40 GHz.
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Fig. 1. (a) Schematic of OFC generation using cascaded electro-optic modu-
lators (b) The proposed scheme superimposed, showing the implementation of
(a) using PhC structures. RF-Radio Frequency.

The drawback of this system still resides in the overall size. The
waveguide length is often on the order of centimetres to induce
a sufficient modulation depth at low powers.

Other approaches to reduce device footprint have been pro-
posed based on electro-absorption modulators. Nozaki et al. [16]
demonstrated a low energy electro-absorption modulator based
on a InGaAsP-embedded PhC waveguide. However this in-
volved complex fabrication techniques to obtain a p-i-n junction
across the micro-scale waveguide. Decreased size and complex-
ity as well as chip-scale integration are a necessity for future pho-
tonic circuits and modulators based on EO interaction become
increasingly hard to implement when scaling down. Conversely,
all-optical modulators show great potential in micro- and nano-
scale devices due to the enhanced light-matter interaction, this
negates the need for complex and bulky electronic interconnects.
In this way, OFC generation based on all-optical modulation
shows strong potential for scaling down device size while main-
taining the characteristics of modulation-based OFCs.

Optical defects in PhC lattices produce cavities and waveg-
uides that have the ability to modulate the intensity and phase
of an input carrier light, as shown in Fig. 1. The high Q/V
ratio in PhC cavities leads to highly nonlinear optical processes
which facilitate low power all-optical intensity modulation (IM).
Switching energies of less than 1 femtojoule per bit [7] have
been demonstrated for PhC cavity-based IM and a range of
material platforms have been studied to tailor the operation
wavelength and modulation bandwidth [17]-[19]. Embedded
quantum dots (QDs) in a PhC waveguide enhance third order
nonlinear susceptibility which causes cross phase modulation
through saturable absorption of the QD layer [20]-[22]. A pulsed
pump light can therefore modulate the phase of an input carrier
light via a PhC waveguide. In this study, cavity-based all-optical
modulation followed by waveguide-based phase modulation
(PM) is analysed for the generation of OFCs.
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The proposed photonic circuitry is outlined in Fig. 1(b), the
optical modulation signal is split and enters the device via the
two input waveguides. These two input waveguides are shown on
the left of Fig. 1(b). A similar integration scheme can be found
in Ref. [22]. The optical modulation signal in the upper arm
generates intensity modulation of the carrier signal via the L3
cavity. The optical modulation signal in the lower arm interacts
with the carrier signal in the 600 pm waveguide that follows
the cavity-based IM, causing PM of the carrier signal. Schemes
based on multiple PhC cavities or the coupling of multiple PhC
waveguides is common and relies on confocal microscopy to
direct and collect light to and from different parts of nano- and
micro-scale devices. Different integration schemes are explored
to realise OFCs with a tunable mode spacing and broad spectral
range.

II. MODELLING CAVITY-BASED ALL-OPTICAL MODULATION

The device structure comprises of two layers of InAs QDs
emitting around 1550 nm embedded in a 220 nm thick InP
membrane. Holes are etched into the membrane in a triangular
lattice in order to produce a photonic bandgap. A lattice constant
of 480 nm and fill factor of 0.29 ensure a fundamental mode
wavelength at 1551 nm when three holes are removed to produce
an L3 cavity. The fundamental mode of an L3 cavity with these
dimensions has been simulated using COMSOL and shown in
Fig. 2(c). To create a waveguide through which light within the
photonic bandgap can propagate, a line of holes are removed
from the structure, as depicted in Fig. 2(a) and 2(b). Two schemes
to implement IM using PhC cavities have been studied here, they
are side coupled and direct coupled cavity-waveguide structures,
as shown in Fig. 2(a) and 2(b), respectively.

All-optical modulators based on PhC structures is a well-
established technique [7], [23], [24] in which various optical
nonlinearities are utilised. In the device proposed here, the
optical nonlinear medium is based on the saturable absorption
of embedded quantum dots. A model based on temporal coupled
mode theory (CMT) [17], [25] is used to numerically analyse
the optical modulation characteristics of the two schemes shown
in Fig. 2(a) and 2(b). The equations used in this paper are
derived from common CMT techniques for the modelling of
PhC all-optical switches [17], [18], [26], [27]. The simulations
are carried out by solving Egs. (1), (2), (5)—(7) numerically using
a standard routine for solving ordinary differential equations.
Egs. (6) and (7) give output from the side and direct coupled
cavity IM schemes. The output from the different IM schemes
lead into the input of the PM, as outlined in Fig. 1. The physical
parameters used are shown in Table I. The material system is
made up of a InP membrane with InAs quantum dots embedded
within the membrane.

Since optical nonlinear effects are the basis for realising a
cavity resonance shift, it’s necessary to analyse the nonlinear
process in the target situation. In principle, any type of non-
linearity can be utilised for shifting the cavity resonance, in
this study, both carrier and intensity-based nonlinearities are
considered. By exciting a PhC cavity with an increasing pump
energy, the refractive index of the cavity material will decrease
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TABLE 1
PARAMETERS USED FOR CMT CALCULATIONS
Symbol Parameter Value
Qint Intrinsic Q factor 30000 [24]
O, Coupling Q factor 9130 [24]
Yop Decay rate of carriers in QDs 1.25% 10705 T [30]
OFcA FCA cross section 4.5% 10T m? [17]
B TPA coefficient 2.4x 1070 m/W [17]
Vrpa TPA volume 3.13(A/m)> [24]
n Enhanced Kerr coefficient 1.24x 107 m%/w [31]
n Refractive index 3.17 [17]
Vear Free carrier cavity volume 4.62(}»/n)3 [24]
Tre Free carrier lifetime 50ps [17]
o Scattering loss of PhC waveguide 230 m'T [32]
ng Group index 40 [20], [33]

due to free carrier dispersion [28] through carriers excited by
two photon absorption (TPA), this term is calculated using Eq.
(4). Bandfilling is another common phenomenon used in all-
optical switching where the material absorption changes as the
conduction bands are filled. However, this can only be utilised
when the cavity resonance is close to the band edge of the bulk
material. Therefore this effect can be neglected due to the use of
an InP-based membrane structure. In addition to this, absorption
of the QD layer within the membrane leads to an enhanced third
order nonlinear susceptibility [5], [21], [29] which will change
the refractive index of a material, as defined through the Kerr
coefficient in Eq. (3). Cavity resonance shifts due to thermal
effects occurs over a relatively long time [11]. The dynamic
variables in the model are the field amplitude and the free carrier
density inside the cavity.

The devices shown in Figs. 2(a) and 2(b) are driven by an
input field from the left waveguide, the field amplitude in the
waveguide is given by 5™, ., where p and ¢ represent the pump
and carrier light respectively. The amplitude of the cavity field
is given in the form a,, .. The energy of the field in the cavity is
lay,(t)? and the power of the field in the waveguides is equal
to |s™, .(t)|>. Using the slowly varying envelope approximation
to define the field amplitude in the cavity gives the relation:

da, (t .
%T() = (—i(wo + Awpc(t) = Wp,c) = Vtotat/2)ap,c(t)
+ usi,’fc(t) (1
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It is assumed that a,(t) >> a.(t), so only a,(t) will have an
effect on the change in cavity resonance, denoted by Aw,. In
Eq. (1), wy is the angular frequency of the cold cavity resonance,
wp,c 1s the angular frequency of the input light, for either the
pump or carrier light. The total energy decay rate in the cavity
is represented by Veotar = Vint+2Ve + YQD + YFCA + YTPA-
The intrinsic loss rate v, is dependent on the vertical Q factor
of the cavity, such that 7;,; = wp/Qint- Ve = w/Q. represents
the coupling strength between the cavity and the waveguides.
v op represents QD absorption recovery time. ¥ 7pa and ypca
represent the losses due to optical absorption via TPA and free
carrier absorption (FCA), respectively. The coupling coefficient
is defined as u® = 27v. [25]. The shift in cavity resonance is
dependent on the energy inside the cavity and the density of
generated free carriers, given by:

Awy(t) = —(Kkerrlap(t)|* — KyeaNe(t)) )
Kj.q represents the contribution from free carrier dispersion
in the InP membrane which blueshifts the resonance fre-
quency [17]. Kger represents a simplified value for the third
order nonlinear dynamical process [7], [24] which redshifts the
cavity resonance. Ky, and Ky.4 are given by:

wocn
Kperr = —5 e 3)
nefkaer'r‘
2
Kpog= —o 4
fed 2n2wpeqmo @

where e is the elementary electric charge, n is the refractive
index of InP, €¢ is the vacuum permittivity, my is the effective
mass of carriers and c is the speed of light in vacuum. ns is
the cavity-enhanced nonlinear refractive index coefficient [21],
[29], which is enhanced by the QDs in the membrane due to a
single elect-hole pair generating transparency of the ground state
transition. V., is the Kerr nonlinear volume used to charac-
terise the average saturable absorption rate in the cavity. Due
to the small modal volume in the PhC cavity and the saturable
absorption of the QDs the optical nonlinear effect is greatly
enhanced and therefore dominates the switching process [20],
[24]. N.(t) gives the carrier generation term due to TPA in the
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(a) Frequency domain transmission characteristics for both the side and direct coupled cavity scheme. (b) A 3D plot, showing how the resonant cavity

modes shifts when a pump light is incident on the device, the white lines represent the mode spectrum at O ps and 3 ps, respectively.

device [17], [18], this is given by:

N (t) o |a;0(t)|2 1 1
N Trpa 2hwo Veaw

where h is Planck’s constant, 7¢ is the free carrier lifetime
and V., is the cavity volume for free carriers [24]. Fig. 3(a)
shows the transmission characteristics for both the side and
direct coupled scheme. In the direct coupled scheme, when the
frequency of the propagating wave and the cavity resonance
are equal, the light can transmit to the output waveguide. At
all other frequencies, the light reflects at the waveguide-cavity
interface. Conversely, for the side coupled scheme the inter-
ference between the energy in the cavity and the propagating
wave through the waveguide causes a drop in the transmission
at the cavity resonance. However, at all other frequencies, the
wave can transmit through the device. To generate an all-optical
switch, the cavity resonance can be perturbed via optically
induced nonlinear interactions. Fig. 3(b) is a 3D map which
shows the perturbation of the cavity resonance with the presence
of a pump pulse. The white lines in Fig. 3(b) show the cavity
mode spectrum. It gives an illuminating example that shows
how a so-called cavity switch works when a very short pulse
of 1.5 ps excites the nanophotonic cavity [7], [17]. The cavity
mode goes from 1551 nm and increases to 1552 nm when the
pump pulse is incident. When the direct coupled scheme is used,
the carrier light wavelength is set to 1552 nm. The pump light
will cause the cavity to come into resonance with the carrier
light, hence generating transmission of the carrier light. For the
side coupled scheme, the carrier light is set to the initial cold
cavity resonance at 1551 nm, meaning that no light can transmit
through the device. The pump light causes the cavity to come out
of resonance with the carrier light, hence allowing transmission.
As shown in Fig. 3(a), a resonance wavelength shift of 1 nm
will cause a drastic change in the transmission characteristics,
thus implementing all-optical intensity modulation. To induce
this change within the cavity, a refractive index change of
0.002 is needed. Achieving this refractive index change using
PhC cavities is common amongst the nanophotonics research
community [5], [22].

In the side coupled scheme, shown in Fig. 2(a), the output
of the device will be dependent on the energy inside the cavity,

Tfe &)

the coupling factor and the energy from the input directly. This
gives rise to:

acll) | giny) ©6)

out
t =
S ( ) u 2 c

59! is the field amplitude in the output waveguide. Conversely,
in the direct coupled scheme, shown in Fig. 2(b), the output en-
ergy will only depend on the energy coupled into the waveguide
from the cavity. This gives rise to Eq. (7):

sout(g) = 2t )

2

By using a pump light with a sinusoidal waveform that has a
repetition frequency of 10 GHz, it is possible to observe different
output dynamics from each coupling scheme.

Fig. 4(a) shows one pulse of the sinusoidal waveform, given
by the dashed line and the intensity modulated carrier light at the
output of the side coupled cavity-based IM, given by the solid
black line. The output from this side coupled scheme shows a
broad, asymmetric pulse. This shape is due to the carrier light
transmitting through the device as soon as its frequency is shifted
from the cavity resonance. A sharp increase in the transmission
is observed since the energy does not go through the cavity to
reach the output. At its maximum, the power from the input
light is being transferred to the output with only a small portion
coupling into the cavity. The frequency response of the carrier
light is given in Fig. 4(b). The broad pulse size dictates that the
side bands produced through sinusoidal modulation are heavily
suppressed. Their position relative to the carrier light frequency
at 193.42 THz is a direct relation to the modulation frequency
at 10 GHz.

The temporal response of the carrier light through a direct
cavity modulator matches the pump light more closely than the
side coupled modulation scheme. As the cavity resonance goes
towards the carrier light frequency, more energy can transfer to
the output waveguide, therefore matching the modulation light
closely, as show in Fig. 4(c). The frequency response at the
output of the direct coupling IM scheme is given by Fig. 4(d).
Prominent side bands are present for the direct coupled scheme
because the signal has a more sinusoidal profile with a slightly
flat-topped peak. The observation of side bands produced from a
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light. (b) The frequency domain response of the intensity modulated carrier light. (c)—(d) Direct coupled cavity IM scheme. (c) The time domain response of the
modulated carrier (solid red line) and the optical pump (green dashed line) light. (d) The frequency domain response of the intensity modulated carrier light.

PhC cavity-waveguide integration scheme at the telecommuni-
cations wavelength shows a promising step towards all-optical
signal processing [34].

III. IMPLEMENTING PHASE MOCULATION VIA
PHC WAVEGUIDES

The output from the IMs, given in Egs. (6) and (7), is fed into
an all-optical phase modulator implemented via a PhC wave-
guide. In this scheme, a pump light is used to induce saturable
absorption of QDs in the waveguide, which leads to a refractive
index change in the waveguide material via Kramers-Kronig
relation [31]. The carrier light experiences a corresponding
refractive index change, resulting in a phase shift of the carrier
light. This phase shift is therefore proportional to the intensity
profile of the pump light [20], [31]. In this study, a single optical
pump light is used for both the intensity and phase modulator,
this ensures coherence between the two modulators. The induced
phase shift is calculated using standard equations for PM:

B (1) = |9 (1) Pexp(iA0 — aLyg) (8)
s¢,:(t) is the output from either the side or direct coupled
scheme. « is the scattering loss within the waveguide. The
propagating signal will deplete due to both scattering losses
and TPA induced attenuation. TPA is a nonlinear effect and is
included in the nonlinear refractive index coefficient. Af is the
phase modulation index (PMI) in a PhC-waveguide PM [35],
given by:

AO(t) = kangZf-‘;nz

|57 ()]

9

where kg is the wavenumber in vacuum, L., is the waveguide
length, n4 is the group index and A is the cross section of the
waveguide mode. The nonlinear refractive index coefficient in
the waveguide, no, is derived from the literature, where similar
schemes have been realised [20], [31], [33]. This is estimated
to be 1.24 x 10715 m? /W. The PMI is therefore dependant on
two key parameters, the length of the waveguide and the power
of the pump light. The sinusoidal shape of the pump light will
induce a quadratic phase shift for the duration of the carrier
pulse. With a quadratic phase shift of the carrier pulse, the
signal can be accurately mirrored from the time domain into the
frequency domain [36]. Therefore, the PhC waveguide-based
PM will dramatically increase the number of sidebands in the
carrier signals frequency spectrum, hence generating an OFC.
The output response in the frequency domain from the PM is
calculated via the Fourier transform and plotted in Fig. 5. This
phenomenon has previously been reported for EO modulators,
in this case all-optical devices with a micron-scale footprint
have been used to realise modulation-based OFC generation.
Using a waveguide length of 600 um, an OFC can be produced
using both the side and direct cavity-waveguide scheme as
well as without a preceding IM as shown by Fig. 5. Although
the use of a waveguide-based PM increases the overall device
geometry, a waveguide length within the hundreds of microns
shows a significant reduction in size when compared to EO
waveguide-based PMs. To further scale down the size of PM
devices, PhC cavities can be considered which will generate a
scalable phase change by increasing the Q factors within a small
cavity of micron meter size [37].

Without a proceeding IM, an OFC is produced, this is shown
in Fig. 5(a). The benefit of a cascading IM-PM scheme can seen
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Fig. 5.
and (c) shows the OFC from the direct coupled cavity scheme.

from the comparison of Fig. 5(a) to Fig. 5(b) and 5(c). The result-
ing comb from the PM only scheme shows a non-flat spectrum,
where the maximum combline difference has been calculated to
provide a figure of merit concerning the comb flatness. In the
case of PM without a preceding IM, the difference is 13.3 dB.
This is improved to 5.6 dB for the direct coupled scheme and
down to 3.6 dB for the side coupled scheme. Fig. 4(a) shows the
output from the IM in the time domain when the side coupled
scheme is used. In this IM scheme, output pulse is slightly
broader than the sinusoidal pump pulse used for modulation,
as shown in Fig. 4(a). This means that at the beginning and end
of each carrier pulse the induced phase shift will be very small,
resulting in points where the instantaneous frequency function
dwells and a drop in comb line power is observed. This can be
seen in the resulting OFC, given in Fig. 5(b), where the comb
line power drops at around —50 GHz and 50 GHz.

Conversely, the direct coupled cavity waveguide scheme fol-
lows the shape of the sinusoidal input more closely, as shown in
Fig. 4(c). The field amplitude in the output waveguide reaches its
high output value when the pump light is close to the top of the
sinusoidal curve. This results in a pseudo-parabolic phase shift
being incident on the carrier pulse for the time that it is high. This
gives rise to more accurate mirroring of the signal and therefore
a flatter comb, as shown in Fig. 5(c). There are exaggerated
comb lines around the OFC minima and maxima at —100 GHz
and 100 GHz respectively. The slightly asymmetric shape of the
output carrier light from the IM and the phase mismatch between
the peak of the sinusoidal wave and the peak of the output wave,
as depicted in Fig. 4(c), cause these exaggerated comb lines.

An important variable when analysing the functionality of an
OFC generator is the amount of input power needed to generate
the resulting comb. In all calculations, the pump power is split
between the IM and PM with a total pump power of 50 mW.
The very high light confinement obtainable in the L3 cavity
dictates that the amount of power needed from the pump light
to induce sufficient switching of the carrier light is less than
the waveguide-based PM. It is found that a pump light power
of 10 mW causes sufficient intensity modulation. However a

The generated OFCs at the output of the device (a) shows the output without a PhC IM used, (b) shows the OFC using the side coupled cavity scheme

pump light power of 40 mW is needed to induce sufficient PM
of the carrier light. This higher power needed for the PM when
compared to the IM is due to scattering of light in the waveguide
and its larger size. These input powers are assumed throughout
the paper with exception of section IV, where the pump power
is scaled equally for both the IM and PM.

IV. SYSTEM OPTIMISATION

In the previous section, two cavity-waveguide intensity mod-
ulator configurations have been compared. It has been found that
adirect cavity-waveguide configuration leads to a flatter OFC. In
this section the characteristics of the pump light used to modulate
the carrier light are analysed for the direct coupled scheme.
Manipulation of the pump light modulation speed and power
lead to a change in the resulting OFC characteristics. Through
this analysis and manipulation, it is possible to optimise the
system to increase spectral bandwidth of the OFC and increase
comb line power homogeneity. It is therefore possible to tune
the output of the device and increase the application versatility.

Using PhC-based OFC generation, the spacing between the
comb lines can be tuned by the modulation frequency, this
leads to a number of varied applications. For example, tightly
confined frequency components are needed for optical frequency
synthesis of microwave signals [38], this can be achieved by
decreasing the modulation frequency. However, for wavelength
division multiplexing a broader comb can prove beneficial as
it spans over a larger frequency band [39]. By increasing the
modulation frequency, the spacing between the comb lines is
increased, hence broadening the comb. The maximum modula-
tion bandwidth of the PhC-based IM is a product of the cavity
resonance switching time. The switching time, governed by the
device properties, will limit the modulation speed. To find the
maximum modulation speed, a pump pulse with a pulse duration
of 1.5 psis incident on the cavity. Fig. 3(b) shows the dynamical
change of the cavity resonance using a 1.5 ps pump pulse.
The cavity switching time calculated here is less than 10 ps.
Therefore, the maximum spacing between comb lines is limited
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and number of generated comb lines against waveguide length.

to 100 GHz. However, increasing the modulation speed above
100 GHz causes significant reduction in the modulation depth
attainable from the PhC IM. The repetition rate can also be tuned
to produce very close comb lines in the OFC spectrum.

It is possible to increase the number of comb lines in the
OFC at the output of the devices through manipulation of the
waveguide length. As shown in Eq. (9), the PMI depends on the
power of the pump light and the length of the PhC waveguide. A
longer waveguide will enhance the PMI and therefore increase
the spectral width of the OFC. In this study, the modulation speed
is set to 10 GHz, which leads to an spacing of 10 GHz between
the comb lines, the length of the waveguide is then increased
from 200 pm up to 600 pm. Fig. 6(a) shows a waveguide length
of 200 pm, the resulting OFC spans over 100 GHz, Fig. 6(b-c)
show waveguide lengths of 400 pm and 600 pm, respectively.
Although the number of comb lines and therefore spectral width
of the OFC is increasing it comes at the cost of comb line
intensity homogeneity. By calculating the relative power for each
of the generated comb lines, an average comb line power can be
found which correlates to the the overall flatness of the comb.
As the waveguide length increases, the average comb line power
steadily decreases, as shown in Fig. 6(d). This is because the area
over which the quadratic phase shift is induced on the pulses is
increasing. As the area increases, the pump light that is incident
on the carrier pulse causes dwelling of the frequency function on

Average
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the outer edges of the OFC, inducing greater comb line power
disparity.

The number of comb lines and therefore the spectral broadness
of an OFC can also be optimised by the power of the pump
light used. An increased pump light power will cause a greater
resonance shift in the cavity as well as increasing the PMI
of the waveguide-based PM. An increase in the power of the
pump light will lead to a larger phase shift of the carrier light,
thus increasing the spectral broadness of the resulting OFC.
However, by increasing the power of the pump light going
to the IM, a larger cavity resonance change takes place. This
has a detrimental effect on the shape of the carrier light at the
IM output because the cavity resonance shifts away from the
carrier light wavelength at peak pump light power. As shown in
Fig. 7(a), when increasing the pump light power the output from
the IM using the original carrier light wavelength (red curve)
has a large dip when the pump light is at its maximum, at time
0. This is due to the large wavelength mismatch between the
carrier light and cavity resonance at this point. When this signal
undergoes quadratic phase modulation via the PhC waveguide,
this shape is mirrored in the frequency domain where a large
dip is present in the OFC output spectrum, shown in Fig. 7(b).
Although the intensity of the comb lines in Fig. 7(b) is not flat,
the OFC spectral range has been improved to span over 600 GHz,
this is due to the increased power in the PhC waveguide.
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To generate a flatter comb, a flatter topped pulse is needed
from the IM. To obtain this, the carrier light frequency can be
tuned so that it matches the cavity resonance when the pump
light is at its peak value. The blue curve in Fig. 7(a) shows the
output of the IM using a 0.5 nm red shifted carrier light. A flatter
OFC is observed in the frequency domain at the output of the
device. To increase the homogeneity of the OFC the carrier light
can be shifted further, the green curve shows a 1.3 nm shifted
carrier light. By shifting the carrier light by 1.3 nm, a flat-topped
pulse is produced in the time domain. The corresponding time
to frequency converted spectrum, Fig. 7(b-d), shows that by
increasing the pump light power and shifting the carrier fre-
quency the spectrum is increased to span over 600 GHz and its
homogeneity improved dramatically.

During experimental implementation of the proposed scheme
there will be disparity between the optimised parameters given
here and the fabricated device. During manufacturing, fluctua-
tion in etching parameters could lead to a difference in surface
passivation of the PhC sidewalls. This will cause both angled
and rough sidewalls which will degrade the light confinement
properties of the PhC. For the cavity-based IM, this will mean a
lower obtainable Q and for the waveguide-based PM, this will
decrease the obtainable PMI. In both instances, this will lead to
a higher optical modulation signal power needed to obtain the
results given in Fig. 7(b-d). During fabrication, trade-offs exist
between etch depth, sidewall angle, etch temperature, etch speed
and many more. Therefore, results using an angled sidewall have
not been simulated here because the specific angle is highly
dependent on the fabrication parameters.

In experimental realisation, the bandwidth of the comb may
reduce slightly from the simulated results due to input and
output coupling from the device. This may also affect the power
efficiency of the device, coupling light into PhC waveguides is
notoriously difficult due to the very small dimensions, leading to
low efficiencies. Having said this, PhC devices are a mature re-
search field where fabrication and characterisation are common
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place to many institutes; as such, successful implementation of
this technique experimentally is feasible and expected.

V. CONCLUSION

To summarise, a novel approach to generating OFCs is pro-
posed using PhC devices. A theoretical study, developed using
temporal CMT has provided validation to the realisation of
OFCs on this scale. The model consists of all-optical PhC
modulators that are driven by optical waveforms at a repetition
frequency in the RF range. Initially, a single PhC cavity is used
to modulate a continuous wave at laser 1550 nm. Multiple peaks
are observed around 1550 nm, with an mode spacing matching
the pump light modulation frequency. The mode spacing is
directly proportional to the modulating frequency, thus provid-
ing a tunable on-chip microwave photonic source which can
extend up to the modulation bandwidth of the PhC device. A
PhC waveguide-based phase modulator is then introduced to
increase the number of generated sidebands. Different integra-
tion schemes have been analysed to extend the bandwidth of the
produced OFC. The results indicate that a direct coupled cavity
modulator will achieve a flatter comb and hence be preferred
for integrated OFCs. Further analysis and optimisation of the
pump light characteristics and device parameters produce a very
flat OFC that spans over 600 GHz. The resulting structures
have excellent potential for applications in photonic integrated
circuits and optical signal processing.
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