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By designing and fabricating a series of dual-interferometer coupled silicon microrings, the coupling condition of the
pump, signal, and idler beams can be engineered independently and then we carried out both the continuous-wave and pulse
pumped four-wave mixing experiments to verify the dependence of conversion efficiency on the coupling conditions of the
four interacting beams, respectively. Under the continuous-wave pump, the four-wave mixing efficiency gets maximized
when both the pump and signal/idler beams are closely operated at the critical coupling point, while for the pulse pump
case, the efficiency can be enhanced greatly when the pump and converted idler beams are all overcoupled. These experi-
ment results agree well with our theoretical calculations. Our design provides a platform for explicitly characterizing the
four-wave mixing under different pumping conditions, and offers a method to optimize the four-wave mixing, which will
facilitate the development of on-chip all-optical signal processing with a higher efficiency or reduced pump power.
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1. Introduction

Four-wave mixing (FWM), a typical nonlinear opti-
cal frequency conversion process, has applications in all-
optical processing,!'"?] such as wavelength conversion,!
phase conjugation,!*! optical parametric amplification,®! op-
tical sampling,®! and entangled photon pair generation.”]
The silicon-on-insulator (SOI) offers an appealing platform
for four-wave mixing since it is compatible with electronic
manufacturing!®! and it also contains a high refractive index
contrast®! and the significant third-order susceptibility.!'! In
particular, silicon microrings that limit both transverse and
longitudinal optical modes in micron scale and provide res-
onant enhancement of the nonlinear parametric process, can
drastically increase FWM efficiency under a relatively low
pump power of several microwatt.[23:%-11-13]

To produce the strongest resonant enhancement of FWM
efficiency, the microrings’ coupling conditions for the four in-
teracting wave play a key role. For the continuous wave (CW)
pumped FWM, the microring should be operated at the criti-
cal point that is the round-trip loss of the microring equals its
power coupling coefficient.!'%!”] However, the optimal cou-
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pling condition of the pulse pumped FWM should be a dif-
ferent case, because there is a tradeoff between the coupled
pump power and the enhancement factor since the higher cou-
pled pump power requires a large resonant linewidth while the
overall enhancement factor gets maximized with a narrow res-
onant linewidth at the critically coupling condition. Thus, an
overcoupled condition for the pulse pump is expected while
for the converted idler beam the coupling condition may differ
since the tradeoff lies in the enhancement factor and extraction
efficiency from the ring. However, there are lack of theoreti-
cal studies that can formulate the pulse pumped FWM. Ex-
perimentally, a single bus waveguide coupled microring res-
onator or dual-bus microring are usually adopted to perform
the FWM process study!!®!°! and the efficiency is usually op-
timized by proper design of the coupling gap between the bus
waveguide and the ring. However, these designs can not con-
trol the coupling condition of the pump and signal/idler beams
independently.

Herein, we derive and formulate the optimal coupling
condition for the pulse pumped FWM through the coupled-
mode equation in frequency domain, which shows the dif-
ferent overcoupling condition of the pump and idler beams
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should be satisfied for approaching the maximum efficiency.
In experiments we design and adopt dual Mach—Zehnder in-
terferometer coupled silicon microrings which allow for the
pump and signal/idler beams being operated at specific cou-
pling condition independently. The experimental results agree
well with the theoretical predictions.

2. Theory

Assuming undepleted pump and signal when generat-
ing the idler, the conversion efficiency of resonance enhanced
FWM under CW pump follows the model from Ref. [3]

4
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where the efficiency is defined by the ratio of the on-chip idler

power over the signal power, 7 is the effective nonlinearity,
P, is the pump power, vy is the microrings’ group velocity,
F, is the amplitude enhancement factor with w, and Q, being
the beam’ frequency and its resonant frequency, the extrin-
sic and intrinsic decay rates are defined by rexy = vgk/ 2L and
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Fint = Vg @¢/2 with k and & being the power coupling coefficient
and round-trip loss, respectively, L is the circumference of the
microring, and L is the effective length defined by
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where A is the phase mismatch defined by AR =2, — B —

ﬁi - 2’}/Pp.
Assuming the four waves are at resonance and their in-
trinsic quality factors defined by Qi = % keep invariant,
1nf

the resonant enhancement for the FWM depends on the ra-
tio between the intrinsic quality factor and extrinsic quality
factor of the pump, signal, and idler respectively. As shown
in Fig. 1(a), the FWM efficiency will maximize at the criti-
cal coupling point for both the pump and signal/idler beams,
namely, Qincp/Qextp = 1, Cints/i/Qextsi = 1, Where the sub-
script p or s/i denotes the independent parameter of the pump
or signal/idler and the extrinsic quality factor is given by

QOext = _0
ext 2rext

3 6 9 12 15
Qint,s/i/Qext,s/i

Fig. 1. The simulated FWM efficiency versus Qintp/Qextp and Qints/i/Qext,s/i for both the (a) CW pump and (b) pulse pump.

The conversion efficiency for the pulse pumped FWM can
be solved from the coupled-mode equation in the frequency
domain

dizap(a)p,z) = (iBp — 0 /2)ap(@y,2),

Sa@,2) = (1B~ 0u/2a(@,,2),

d . .
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X ap (0 + @ — 0y, 2)ag (0,2), 3)
where ap,, as, and a; represent the pump, signal, and idler am-

plitudes in the cavity. Assuming the pump pulse has a Gaus-
sian linewidth and the signal is a CW which is set to be on

resonance, equation (3) could be solved as
N = (Leay P IR [ dw|Fw)”

X
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where

Wy — W, 2

is the pump line type, and o is related to the frequency band-
width as Aw = 2v/In20.

Just like the derivation of CW pumped FWM, we as-
sume that the intrinsic quality factors of four interacting beams
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keep identical and the idler total quality factors are the same
as the signal’s. Then, we calculate the conversion efficiency
for the pulse pumped FWM with the pulse bandwidth at
0.17 nm, which is our pulse pump laser’s linewidth, as shown
in Fig. 1(b). Obviously, to obtain the maximum FWM effi-
ciency, the pulse pump should be operated at the very overcou-
pling regime with Qi p/Qextp ~ 5.25; meanwhile, the con-
verted idler beam should also be operated at the overcoupling
regime but with a different condition of Qi i/ Qext,i = 1.75. So
the optimal overcoupling points for the pump and idler beams
are different. A specific novel design which can control the
pump and idler’s coupling condition independently is highly

desired.
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Fig. 2. (a) Schematic of the dual-interferometer coupled microring. (b)
The transmission spectra of the dual-interferometer coupled microring
for the in-through side and add-drop side.

Herein, we design a dual-interferometer coupled silicon
microring as shown schematically in Fig. 2. In 1995, a sin-
gle interferometer coupled microring was proposed by Bar-
barossa et al. to suppress certain resonant mode.?" Later on,
several works have adopted such design for both classical and
quantum applications.>!=23] Although the dual-interferometer
coupled microrings have four ports like the dual-bus micror-
ings, the difference is that each coupled waveguide forms an

interferometer with the microring. Thus, the final operation
condition of the ring is determined by the effective coupling
coefficient given by the interferometer. If the two arms of
the interferometer have a length difference AL and equals half
of the circumference of the microring, the period of interfer-
ence spectra for the interferometer is twice of the free spec-
tral range (FSR) of the cavity, which allows for every second
resonance of the ring to be suppressed by tuning the interfer-
ometer’s phase. The transmission spectra of both in-through
and add-drop sides are shown in Fig. 2, which demonstrates
that the resonance allowed by the in-through side will be sup-
pressed by the add-drop side and the resonance allowed by the
add-drop side will be suppressed by the in-through side. Then
by coupling pump and the signal/idler from different sides, the
coupling condition of the pump and signal/idler can be engi-
neered separately. Assuming the two coupling points of the
interferometer have the same gap, the effective coupling effi-
ciency of the in-through side (side 1) or add-drop side (side
2) is only decided by this single power point coupling coef-
ficient k| or k associated with the gap g; or g». In Fig. 2,
there are two different transmission spectra for the pump and
idler beams under different power point coupling coefficient ,
respectively.

3. Experiment

A series of 12 dual-interferometer coupled silicon micror-
ings were cascaded and fabricated on a single SOI chip, as
shown in Fig. 3. Each resonator has a radius of 28 pm with
the cross-section width and height at 500 nm and 220 nm, re-
spectively. The coupling interferometer has the same radius
with the ring and characterized by the single coupling gap
which is 180 nm, 210 nm, 240 nm for the in-through side and
120 nm, 150 nm, 180 nm, 210 nm, 240 nm for the add-drop
side. Totally 12 combinations listed in Table 1 were fabri-
cated. Thermo-optic modulators were integrated on the mi-
croring and long arms of the interferometers to tune the reso-
nance and interferometer phase separately, which ensured that
only one of the resonator series was at resonance when mea-
suring FWM efficiency. The silicon grating array was fabri-
cated on the chip for coupling in and out the beams through the
oft-chip fiber array (FA), with a total coupling loss of 7.13 dB.
The linear propagation loss was measured to be 4.23 dB/cm.

Table 1 summarizes the key parameters of the cascaded
resonators including the gap combination and quality fac-
tors. The quality factors for wavelengths of 1551.0 nm and
1544.6 nm are obtained from the in-through transmission
spectra.
lengths at 1552.4 nm and 1547.8 nm are obtained from the

add-drop transmission spectra. The quality factors are calcu-

Meanwhile, the quality factors of resonant wave-
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lated from the scanned transmission spectra using the formula

A p_|@e=Om|t 1 _ 11
Al’ ’ Q Qext Qint’

0= &)

B Qext + Qint
where A is the resonant wavelength, AA and I" denote the full
width at half-maximum (FWHM) and the extinction ratio of
the resonance, respectively.

The experimental setup is sketched in Fig. 3. The CW
laser (Agilent 8164B with a tuning range of 1454-1641 nm
and a linewidth of 50 MHz) or the pulse laser (PriTel Inc. FFL-
TW-60 MHz with a wavelength bandwidth of 0.17 nm) serves

as the pump beam and another CW laser (Yenista Tunics
T100s with a tuning range of 1500—1630 nm and a linewidth of
0.4 MHz) is used as the signal beam. The pump and the signal
beam polarizations are controlled by two separate polarization
controllers before they could reach the chip. The idler along-
side the residual signal from the drop port are separated and
filtered by a dense wavelength division multiplexer (DWDM).
The resonance of the pump and signal is monitored by two

power meters (PM). The average power of the converted idler

is recorded by another PM.

Fig. 3. Experimental setup and the photograph of our dual-interferometer coupled silicon microrings. PC, polarization controller; DWDM,

dense wavelength division multiplexer; FA, fiber array; PM, power meter.

Table 1. Key parameters of the 12 dual-interferometer coupled silicon microrings and the raw FWM efficiency alongside the loss-subtracted
efficiency, Q, Qext (x 10%). The column with the subscript Is represents the loss-subtracted conversion efficiency; CE, the conversion efficiency.
The column with pulsel or pulse 2 represents the pump coupled through the in or drop port, respectively.

Gap/nm 1551.0nm  1547.8nm  15542nm  1544.6nm CE/dB  CE/dB  CE/dB CE/dB CE/dB CE/dB
O, Oext 0, Oext O, Oext O, Oext CcwW CWj, pulsel  pulse 1)y pulse2);  pulse 2
180, 120 3.5,6.6 1.6,19 1.6,2.0 43,6.7 -60.0 -53.9 -57.8 -51.7 -54.4 482
210, 120 5.6,9.7 15,18 19,22 42,72 -56.0 493 -58.6 -51.8 -56.7 —49.9
240, 120 4.8,21.4 1.7,2.0 2.0,2.3 5.4,23.4 —63.0 -55.6 —-63.9 -56.5 -61.2 -53.8
180, 150 41,74 25,33 2.7,3.4 43,71 -59.2 -51.2 -58.1 -50.0 -56.4 483
210, 150 44,7.8 2.4,3.1 25,34 40,75 -59.5 -50.8 -59.8 -51.0 -58.3 495
240, 150 6.0,18.1 2.5,4.0 25,33 7.2,20.2 -60.8 514 —64.7 -55.3 -60.1 -50.7
180, 180 37,59 32,56 3.0,4.8 35,64 -60.0 -50.0 —-60.2 -50.1 —-60.7 -50.7
210, 180 5.1,11.0 3.0,5.9 3.8,5.7 38,58 -59.1 —48.5 -62.6 -51.9 —-63.4 -52.7
240, 180 5.0,21.0 39,62 4.0,6.3 6.5,22.8 —64.8 -53.5 -67.3 -56.0 —64.6 -533
210, 210 33,63 4.7,10.1 4.6,9.6 39,66 —-63.2 -51.2 —-62.8 -50.8 —64.3 -523
240, 210 4.7,21.0 2.8,42 4.6,9.6 6.3,24.3 -68.3 -55.7 -70.7 -58.1 —-69.6 -57.0
240, 240 6.8,14.1 6.9,16.4 6.3,16.2 6.1,15.0 -58.1 —44.8 -65.7 524 —66.4 -53.1

For the CW pump FWM experiment, the pump photons
with wavelength at 1551.0 nm are input through the in port
and the signal photons with wavelength at 1554.2 nm are input
though the add port. The raw measured conversion efficiency
for the CW pump FWM using the pump power of 268 pW
and the signal power of 118 uW is listed in the sixth column
of Table 1. It is unfair to directly compare the FWM efficiency
of different resonators, since the on-chip propagation loss is
not negligible and the optical path lengths of the pump, signal,
and idler beams for the 12 cascaded resonators also differ from
each other. By deducting the impact from the on-chip propa-
gation loss, we give the loss-subtracted conversion efficiency,
as listed in the seventh column of Table 1. The maximum ef-
ficiency of —44.8 dB is achieved in the resonator with the gap

combination of 240 nm of both interferometers. It is worth
noted that here the pump power is set to be low so that no
obvious two-photon absorption and free-carrier absorption are
involved in this four-wave mixing.

By substituting the quality factor in Table 1 to Eq. (1), we
calculate the theoretical conversion efficiency, which agrees
well with experimental results as shown in Fig. 4(a). In or-
der to analyze the optimal coupling condition for both the
pump and signal, we focus on the key parameters of the ra-
tio between the intrinsic and extrinsic quality factors, that
is Qint,p/Qext,p and Qint,i/cht,i-

tions from the signal and idler’s enhancement factor and the

Deducting the contribu-

pump’s intrinsic factor, the conversion efficiency scale with
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.. . (Qint. /Qex, )2
Ointp/Qext,p is in the following form 1y = AM%‘IJ}W,

where A is a constant for each resonator. Figure 4 shows
the theoretical curve and experimental results, which demon-
strates that when the pump beam approaches the critical cou-
pling point, the FWM efficiency becomes higher. For com-
paring the conversion efficiency of the 12 dual-interferometer
coupled silicon microrings with different idler coupling condi-
tions, we deduct the contributions from the signal and pump’s
enhancement factor and the idler’s intrinsic factor. The effi-
ciency versus Qinei/Qexti 18 given by 1y = Bﬁé‘:ﬁ{%,
where B is a constant for each resonator. Both theoretical
and experimental results are shown in Fig. 4, verifying that
the idler should also be operated at the critical point for the

maximum CW pump FWM efficiency.
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Fig. 4. The CW pump FWM experiment. (a) The normalized con-
version efficiency of both the experiment and calculation for the 12
resonators. (b) and (c) The normalized conversion efficiency versus

Qian/Qext.p and Qim.i/QexL,i’ respectively.

Then we substitute the CW pump laser by a pulse laser
for the pulse pumped FWM experiment, as shown in Fig. 3,
while the seeding signal keeps unchanged. The average power
of the pulse pumped is 60 uW and the signal power is the
same as that in the former experiment. Both the in-through
side and add-drop side can be used to couple the pulse pump,
thus as shown in Table 1 and Fig. 5, each resonator has two
FWM efficiencies obtained by coupling the pump through the
in and add ports, respectively. The measured results consist
with the calculated well, verifying that our deduced theory of
pulse pumped FWM is effective and solid. For most resonators
of the ensemble, the FWM efficiency using the add port as the
pump coupling port is much higher than that using the in port

as the coupling port. This is because those resonators have
narrow coupling gaps for the add-drop side compared with the
in-through side, namely, the resonant mode of the add-drop
side is at the more overcoupling regime which is preferable
for pulse pumped FWM.

To demonstrate the overcoupling condition for both the
pump and signal/idler more directly, we list the key resonator
parameters and the corresponding FWM efficiency in Table 2.
All of the data in the table are obtained by coupling the pulse
pump through the drop port. The above three resonators have
the coupling gaps of the in-through side fixed at 180 nm and
the add-drop side fixed at 180 nm, 150 nm, and 120 nm re-
spectively to ensure that the signal and idler’s quality factors
have the minimal difference when analyzing the FWM effi-
ciency dependence on pump’s coupling conditions. As the ra-
tio of Qinep / Qext,p increase from 1.31 to 5.55, the conversion
efficiency also increases, which demonstrates that more over-
coupled condition of the pump should be satisfied for higher
FWM efficiency. The below three resonators with the coupling
gap of the add-drop side fixed at 150 nm and the in-through
side varying from 240 nm to 180 nm ensure that the coupling
conditions for the pump are approximately the same. The con-
version efficiency also increases when the idler beam varies
from the undercoupling to overcoupling points, as listed in Ta-
ble 2. We believe it is the first time to both theoretically and
experimentally verify that the pump and idler should be op-
erated at different overcoupling conditions for achieving the
maximum pulse pumped FWM efficiency.

[ Jcalculated (in port)
- [ measured (in port)
M} [_Jcalculated (add port)
[ measured (add port)

—_
e
T

I
oo
T

=]
~
T

Normalized FWM efficiency
=) =)
o o

O VJ-i
1 2 34 5 6 7 8 9 10 11 12
Number

Fig. 5. The pulse pumped FWM experimental data.

Table 2. Six groups of pulse pumped FWM efficiency by pumping
through the drop port with the pump, signal, and idler wavelengths at
1547.8 nm, 1544.6 nm, and 1551.0 nm, respectively. CE is the normal-
ized conversion efficiency.

Gap/nm QinLi/Qexl.i Qim.s/Qest Qim,p7 Qext,p CE
180, 180 1.73 1.24 1.31 0.57
180, 150 1.28 1.55 3.10 0.98
180, 120 1.13 1.78 5.55 1

240, 150 0.50 0.55 1.77 0.56
210, 150 1.27 1.10 3.13 0.74
180, 150 1.28 1.55 3.10 0.98
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4. Discussion and conclusion

We design and fabricate a series of dual-interferometer
coupled silicon microrings for independently controlling the
Both the CW and
pulse pumped FWM experiments are carried out to verify the

pump and signal/idler’s quality factors.

optimal coupling conditions for maximizing the FWM effi-
ciency using our design. The critical coupling condition of
the pump and signal/idler has been demonstrated for the CW
pump FWM in this work. For the first time, we theoretically
and experimentally demonstrate that the pulse pumped FWM
efficiency can be optimized by independently tuning the pump
and signal/idler at their appropriate overcoupling points. Ad-
ditionally, the dual-interferometer coupled silicon microrings
require a low pump power of microwatt scale for efficient
FWM and can be integrated with a large density. Thus, it will
enable practical use in the research field of on-chip all-optical
signal processing.
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