High transmission contrast for single resonator
based all-optical diodeswith pump-assisting
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Abstract: We present a detailed analysis of realizing the unidirectional
transmission by using the bistability of a nonlinear optical resonator. We
show that the transmission contrast can be enhanced by an order of
magnitude if the upper branch of hysteresis loop is explored with pump-
assigting. It provides al-optical diodes with simple configuration and high
transmission contrast.
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1. Introduction

All-optical diodes or isolators have great potential applications in high-density integrated
optical circuits. As the traditional devices based on the Faraday rotation effect or other
magneto-optical phenomena need external magnetic fields [1-3], some researchers turn to
develop the all-optical diodes by using the nonlinear optical effects [4-14]. The bistability,
which can be achieved by using a photonic crystal (PC) resonator with Kerr nonlinearity [15-
18], attracts considerable attention [6, 8, 10-13].

To date, all the PC-based all-optical diodes belong to the self-inducing type, i.e., the
unidirectional transmission is accomplished by the input signal without involving any external
pumps. Such operations are simple, but there is a demerit of low transmission contrast [6, 8,
10]. To some extent, this can be solved by adopting structures that contain two or more
coupled resonators, but the couplings among the resonators and the resonant frequencies have
to be modulated carefully [12, 13]. Also, in practice, the signal would suffer more loss due to
the longer stay in the devices. Therefore, achieving high transmission contrast by employing
single resonator structures is very desirable. In this paper, we give a possible solution to the
problem by exploring the bistablity of an asymmetrically confined PC resonator with pump-
assisting. It shows theoretically and numerically that the transmission contrast can be greatly
enhanced.

2. Bigtability of PC resonatorswith Kerr nonlinearity

As had been studied by Soljaci¢ et al, the bistability transmission of a PC resonator with Kerr
nonlinearity can be described by using the first-order perturbation theory [17]

7=Fou _ 1 . (1)
P. 1+(P,/P -0)

where P, and P, are the steady output and input powers, § is the detuning of the input
frequency  to the resonant frequency ¢, i.€., § = (w, — @)/y With y the width of the PC
resonance, P, is the characteristic power reflecting the nonlinear feedback and power
confinement of the resonator [17]. For the asymmetrically confined resonator, P, depends on

the launch direction because different coupling strength between the input waveguide and the
resonator brings different nonlinear enhancement inside the resonator [10, 12]. Thus,
according to Eq. (1), the hysteresis loops corresponding to two launch directions are not the
same. For some input powers, very large discrepancy between the transmissions of the two
launch directions exists. Based on the phenomenon, the asymmetrically confined PC resonator
can work as an all-optical diode.

To explain the working mechanism, consider a nonlinear PC resonator that connects two
I/0O waveguides at its |eft and right sides. Suppose the characteristic powers corresponding to
the rightward and leftward launches, denoted as P, and P, , meet B, =1.5P,,, and the input

frequency detuning § = 4.0, then, we can plot the hysteresis loops for the two launch
directions by using Eq. (1). They are shown in Fig. 1 by the red (rightward launch) and blue
(leftward launch) curves, the dashed are the unstable states that cannot be realized in practice.
Furthermore, four vertical arrows are presented to indicate the critical transitions between the
lower and upper transmission states. We see that bistability transmission appears at different
ranges of input power, with about (4~11) p,, for the rightward launch and about (6~16) P, for

the leftward launch.
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Fig. 1. Theoretical hysteresis loops of the asymmetrically confined PC resonator that
correspond to the rightward (red) and leftward (blue) launches under the conditions of
Po.=1.5Px and § = 4.0. Obviously unidirectional transmission occursin Part Il and Part IV.

For the sake of convenience, we divide the range of input power into five parts, as shown
in Fig. 1. In Part | and V, the leftward and rightward transmissions are at the lower branches
(Part 1) or the upper branches (Part V) a the sametime, so it is not suitable for unidirectional
transmissions. In Part 1V, the input powers are able to maintain the rightward transmission at
the upper branch, but they are still not strong enough to boost the leftward transmission to the
upper branch. In this way, the resonator behaves unidirectional transmission. We call it self-
inducing unidirectional transmission as no external pump pulse involves. It is the area at
which the ordinary all-optical diode works [6, 8, 10-13]. Intuitively, the transmission contrast
ratio, defined as the ratio of transmissions from the rightward and leftward launches for the
same input, is not very large. In Part 111, every transmission has two stable states, but it is
difficult to make the rightward and leftward transmissions stand at different branch, so
unidirectional transmission cannot be achieved easily.

Now we focus on Part || where the leftward transmission stays only at the lower branch. It
is clear that if we manage to make the rightward transmission rest on the upper branch, the
transmission contrast can be very high, even much higher than that in Part 1VV. Actualy, by
using Eg. (1), the maximum contrast ratio C.o Can be estimated readily as ~(1+ 52), which

shows no upper limit because & can be set at any values theoretically. As for the diodes work
in Part IV, there is an upper limit of Cr < 9 [10]. Of course, to realize the unidirectional
transmission in Part |1, one needs an additional pump pulse to excite the resonator into the
higher transmission state. By doing so, it can rest on the upper branch even when the pump
pulseisover [16, 17]. For the leftward launch, the stable transmissions are at the lower branch
whether we superpose the pump pulse or not, as no upper branch for the leftward launch exists
in Part 1. Therefore, we are sure that high transmission contrasts can be achieved in Part |1 by
pump-assisting. Apparently, it belongs to the logic operation that requires input, output, and
control signals.

3. Nonlinear FDTD simulations

To support the above analysis, we carry out simulations on the simple model shown in Fig. 2
by using the nonlinear finite-difference time-domain (FDTD) technique [19]. It is a square
lattice of GaAs rods embedded in air. The refractive index and the nonlinear coefficient are
3.40 and 1.5x10°° um?%W, respectively. The radius of the normal rods is chosen to be 0.30a
with the lattice constant a equal to 0.60 um. A defect resonator is introduced by reducing the
radius of the centre rod to 0.15a. To make the resonator asymmetrically confined, the radii of
the two dielectric rods located at the left side of the defect rod are changed to 0.25a. Two PC
waveguides serving as |/O ports are created by removing three lines of the dielectric rods. For
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the transverse magnetic modes whose electric field parallels to the rods, it can be calculated
that the band gap ranges from 0.233(2zc/a) to 0.299(2zc/a), where c is the speed of light in

vacuum. The resonant frequency «, and the linewidth » of the resonator are 0.257(27c/a)
and 0.306x10*(27c/a), respectively.

Fig. 2. Schematic PC resonator that contains a defect rod at the centre with a 0.15a radius,
where a is the lattice constant. The radii of the normal rods are 0.30a while the radii of the two
rods located at the left side of the defect rod are changed to 0.25a.

To sart with, continue wave (CW) of a given frequency detuning, say 6 = 4.0, with
Gaussian spatia shape is launched from the left port into the resonator, different stable output
powers can be measured by a monitor set at the right port while increasing the input power. In
this way, we obtain the lower branch of hysteresis loop for the rightward launch case, as the
red empty circles shown in Fig. 3. The transmission jumps to the upper branch when the input
power is about 12.3 W/um, and it gets a little smaller when the input power increases further.
To obtain the upper branch of the loop, the CW input is superposed with a high peak-power
Gaussian pulse, as had been suggested in Refs. [16] and [17]. Stable output powers can be
measured when the pulse is over. The resulting transmissions are presented as red solid circles
in the same figure. It drops to the lower branch when the input power of CW is about 8.7
W/um. So, for the rightward launch case, the transmission can stick to the upper branch by
pump-assisting when the input power is among (8.7~12.3) W/um. By similar simulations, we
can get the hysteresis loop of the leftward launch case, as shown in Fig. 3 by the blue empty
circles (CW only) and solid circles (CW superposed with Gaussian pulse). We see that the
leftward transmissions stick to the upper branch by pump-assisting when the input power is
among (9.9~13.8) W/um.
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Fig. 3. Simulational hysteresis loops of the asymmetrically confined PC resonator that
correspond to the rightward (red circles) and leftward (blue circles) launches when the input
frequency detuning is 4.0
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Based on the results in Fig. 3, we find that (@) self-inducing unidirectional transmission
occurs when the input power is among (12.3~13.8) W/um, with a maximum contrast ratio of
about 5 and a maximum positive transmission of about 0.46. No external pump is needed; (b)
pump-assisting unidirectional transmission occurs when the input power is among (8.7~9.9)
W/um, with a maximum contrast retio of about 12 and a maximum positive transmission of
about 0.74. It needs a pump pulse.

In order to fully compare the two types of operation, we present in Fig. 4(a) the maximum
contrast ratio Cre and Fig. 4(b) the maximum positive transmission T, for several frequency
detunings ¢ , using the nonlinear FDTD simulation results. In Fig. 4(a), it is found that with
pump-assisting Crax Can be enhanced by an order of magnitude when compared with the self-
inducing case. For the pump-assisting case, Cyx increases with ¢ with a tendency close to
(L+62). It reaches 36 when § is 7. In contrast, Cre in the self-inducing case has an upper
limit of about 7, very similar to the results in Ref. [10] where a PC resonator created in a slab
waveguide was employed. As for the maximum positive transmission T,, which is aso an
important factor for practical operations, Fig. 4(b) shows that it decreases with § for both
cases. Nevertheless, when § changes from 2.5 to 7.0, T, reduces only from 0.80 to 0.55 for
the pump-assisting case, while it drops significantly from 0.80 to 0.18 for the self-inducing
case. Therefore, the pump-assisting diode performs much better than the self-inducing one as
J increases.
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Fig. 4. Comparison between the pump-assisting and self-inducing operations (a) the maximum
transmission contrast ratio; (b) the maximum positive transmission for CWs with different
frequency detuning.

#102490 - $15.00USD  Received 7 Oct 2008; revised 28 Nov 2008; accepted 28 Nov 2008; published 3 Dec 2008
(C) 2008 OSA 8 December 2008/ Vol. 16, No. 25/ OPTICS EXPRESS 20953



4. Conclusion

We have discussed how to achieve high transmission contrast for the optical diodes that base
on the single PC resonator structures. With the assistance of pump pulses, we find that the
problem can be solved by exploring the upper branch of the transmission loops. Our analyses
are supported by the nonlinear FDTD simulation results.
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