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Abstract: Junction structures provide the foundation of digital electronics 
and spintronics today. An equivalent, a photonic junction to achieve 
systematic and drastic control of photon flow is currently missing, but is 
mandatory for serious all-optical signal processing. Here we propose a 
photonic junction built upon mode-orthogonal hetero-structures, as a 
fundamental structural unit for photonic integrated circuits. Controlling the 
optical potential of mode-orthogonal junctions, the flow of photons can be 
dynamically manipulated, to complete the correspondence to the electronic 
junction structures. Of the possible applications, we provide examples of a 
photonic junction diode and a multi-junction half-adder, with exceptional 
performance metrics. Highly directional (41dB), nearly unity throughput, 
ultra-low threshold-power, high quality signal regeneration at 200Gb/s, and 
all-optic logic operations are successfully derived with the self-induced, bi-
level dynamic mode-conversion process across the junction. 

©2011 Optical Society of America 
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1. Introduction 

The ultrafast, distortion-free optical communication of today owes its remarkable success in 
large part to the time-reversal symmetry of Maxwell’s equations and the charge-less nature of 
photons, that providing untainted linearity for optical materials and devices. Still at the same 
time, this very linearity has seriously hindered the development of photonic logic devices or 
systems. Nonlinearity being the core in the realization of logic devices, serious effort is now 
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in progress to enhance the nonlinearity. Various nonlinear materials [1–4], means of field 
enhancement [5–9], functional elements [10–12], signal processors [13–17], and photonic-
specific circuit design algorithms [18] have been suggested to fully exploit the photonic 
bandwidth advantage, and to fulfill the promise of all-optical signal processing. 

Notwithstanding past effort, attempting the success of digital photonics is still in an early 
stage, with their premature performances. Worth to examine at this phase of stall would be the 
breakthrough of electronics, especially witnessed after the introduction of junction structures. 
Providing drastic, systematic and controllable change to the asymmetric electrical potential 
(or spin orientation) across [19–21], the junction has enabled highly advanced, non-reciprocal 
and nonlinear manipulation for the transport of electrons - the core attributes in the realization 
of diode, transistor, and logic processors in the electronics / spintronics of today. 

Here, taking photonics as an example, we propose a junction for wave, built upon mode-
orthogonal photonic hetero-structures, as a fundamental structural unit for ‘photo-tronics’. By 
exploiting the rich and well-defined orthogonal modes which provide abundant degrees of 
freedom for the choice of junctions (having different spectral mode-overlap and frequency 
separation), the modular construction of highly nonlinear devices with systematic control of 
wave propagation is enabled. Of possible applications for the mode junction, here we provide 
examples of a photonic junction diode and a multi-junction half-adder, of exceptional 
performance metrics. Highly directional (41dB), nearly unity throughput with orders of 
magnitude lower threshold power (~10

3
, compared to [22–28]. For [28], external modulation 

power), a high quality signal regeneration [16,29] at 200Gb/s, and all-optical AND, XOR 
operations are successfully demonstrated. 

2. Mode junction - principles 

To incorporate the junction structure into the photonic domain - notwithstanding the absence 
of charge or reference energy, we focus our attention to the wave nature of photons; especially 
related to the orthogonality between their well-defined and plentiful eigenmodes. Through the 
juxtaposition of two photonic structures of each supporting different eigenmodes, a diversity 
of mode-orthogonal heterojunctions can be created. Explicitly, exploiting the abundant set of 
optical eigenmodes (~Na ·  Nm ·  Np where Ni = mode number for optical atom, molecule, and 
polarization), variety of mode-orthogonal heterojunctions (atomic-, molecular-, polarization 
junctions as in Fig. 1(a)) can be created, which differ in their mode-overlap and frequency 
separations. To note, without loss of generality but with the ease of implementation, and also 
considering the range of operation frequencies, from now on we use the molecular junctions 
constructed of multi-atomic structures (Fig. 1(b)). 

For example, let us consider the a junction juxtaposed of two structures (Fig. 1(c)), each 

supporting T- (1, 2 , 1) and T0 (- 2 , 0, 2 ) modes of tri-atomic resonator (the eigenvector 

component represents the field amplitude of each atom), at the operation frequency. By 
adjusting the permittivity (optical potential) for a specific region (here, left side of the 
junction), the dominant eigenmode at the operation frequency of the controlled region then 
can be dynamically switched between T- and T0, to block (<T- / T0> = 0) or to authorize (<T0 
/ T0> = 1) the transmission of photons across the junction structure. To note, now onwards we 
denote; / j > as the eigenmode of the structure, Ψi-j as the potential-controlled region - 
supporting mode / i > in unbiased state (Fig. 1(c) in yellow), but toggling to / j > with shifted 
optical potential (pink in Fig. 1(c)) either by external excitation or self-induced manner. 
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Fig. 1. (a) Examples of orthogonal mode junctions constructed between two orthogonal modes, 
providing different frequency separation and modal overlap properties. (b) Examples of 
molecular modes, which could be used to construct a variety of molecular mode junction (S, D, 
T: Single-, Di-, Tri- atomic molecular modes). A T- / T0 mode junction, for example, can be 
constructed between two structures providing orthogonal modes of T- and T0 (composed of 
optical atoms in single mode, sharing an identical polarization). Dashed circles in Fig. 1(a) and 
1(b) represent optical atoms. (c) Operation principles of the mode junction. Excited modes at 
the operation frequency are marked with filled curves. NT-(E) and NT0(E) axis represents the 
density of states for T- and T0 mode. Adjusting the optical potential, the dominant mode of the 
controlled region can be switched between T- (non-shifted, yellow) and T0 (potential ∆E-
shifted, pink) modes, to give a junction throughput of either a ‘0’ (yellow) or ‘1’ (pink). The 
coupling across the junction is determined by the inner product between eigenmodes of the 
left/right structures (equivalently, multiplying spatial mode profiles at the same frequency 
along the identical mode axis (T- or T0)). 

3. Application I – photonic junction diode: principles 

Out of the many possible functional devices that a junction can enable, we first consider the 
case of the photonic diode. For an electrical diode [19] especially being highly nonlinear and 
asymmetric in its response providing the key functionality for current flow manipulation, its 
photonic counterpart, the photonic diode [22–28,30], has also attracted serious attention. 
Nevertheless, for the past demonstrations of photonic diode extremely costly in threshold 
power (~W/µm), with the added trouble of limited throughput or directionality, it will be of 
worth to investigate whether the proposed junction structure could provide any advantages. 

As illustrated in Fig. 2(a)–2(c), without loss of generality, let us consider a di-atomic 
resonator providing even- and odd- modes, separated in its frequencies (ωe and ωo). At the 
operation frequency ωe the di-atomic resonator in the even mode forms a ψe-ψo mode junction 
when combined with the ψo odd-mode coupler (an 1 x 2 splitter and a π phase shifter in one 
arm). Critical to note, compared to the right-side low-Q ψo coupler, for the left-side high-Q di-
atomic resonator enjoying a higher density of photons and thus a much enhanced, self-induced 
optical nonlinearity, the modification of the optical potential for the Ψe-o-ψo junction becomes 
strongly dependent on the direction of the incident wave, so as to fulfill the directionality 
required for diode operation. Specifically, the critical consequences are as follows. First, for 
the forward bias below threshold (Ψe-ψo, Fig. 2(a)), the wave propagation to the other side of 
the junction is completely prohibited and reflected, as dictated by the mode orthogonality < e / 
o > = 0. Meanwhile, for the forward bias above threshold, with a strong on-resonance (ωe) 
build-up of the field in the resonator and a corresponding optical potential shift (n2 I / n0 ~(ωo 
- ωe) / ωc), the dominant mode in the resonator Ψe-o then gets converted from even to odd 
mode (Ψo-ψo, Fig. 2(b)), to render full transparency to the ψo coupler region (< o / o > = 1). 
Finally, for the reverse bias (Fig. 2(c)), the coupling from the odd mode coupler to even mode 
di-atomic resonator is suppressed by the mode orthogonality. In this case, the weakly-excited 
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resonator will remain in the even mode, blocking the transmission, until the reverse bias 
reaches the breakdown - determined by the non-zero mode overlap factor (Appendix A). 

 

Fig. 2. Operation of a mode junction diode: under (a) Forward bias below threshold, (b) 
Forward bias above threshold, and (c) Reverse bias. Corresponding field patterns in the 
photonic crystal realization are shown in (d) ~(f) (details of numerical analysis in Appendix-
A). Unidirectional transmission of the signal is evident only for the state 2(e), confirming the 
diode operation above threshold. For other states of operation, the wave propagation is 
inhibited; (d), at the odd-mode coupler for forward bias. (f), at the right end barrier of the di-
atomic resonator, for reverse bias. 

Meanwhile simple in its principle, the junction diode offers distinctive advantages. First, 
when compared to past approaches utilizing asymmetric potential barriers for directional 
operation of the diode (at the expense of severe impedance mismatch, (Fig. 3(e), 1/τL >> 1/τR) 
[22–26], now for the proposed junction diode, it is possible to keep the full symmetry of the 
potential barrier - by transferring the required diode directionality to the asymmetric 
arrangement of mode-orthogonal structures. As a result, an impedance-matched design can be 
constructed, without any sacrifice in directionality or throughput (Fig. 3(a), 1/τL = 1/τR1 + 
1/τR2). Furthermore, with the orthogonal, two-band, on-resonance operation of the Ψe-o-ψo 

junction (Fig. 3(b)–3(d), contrast to the expensive off-resonance excitation for single-band 
diode operation shown in Fig. 3(f)–3(h)), it is possible to simultaneously realize; high reverse 
breakdown (from mode orthogonality), ultra-low threshold power (from the on-resonance 

feeding to the resonator in the even mode, Fig. 3(b)), and near unity throughput (with the on-
resonance releasing of the resonator odd mode, to the ψo mode coupler, as in Fig. 3(c)). 

 

Fig. 3. (a) Impedance matched (1/τL = 1/τR1 + 1/τR2) low reflection design is achieved with a 
junction diode, by adjusting τL. (e) Illustration of impedance imbalance, for the case of single 
band photonic diode (case of τR = 4τL). Mode-dependent field intensity inside resonators (even: 
|a1 + a2|

2, odd: |a1-a2|
2) for structures in (a) and (e) are shown for; (b) and (f) - forward bias 

before threshold, (c) and (g) - forward bias after threshold, (d) and (h) - under reverse bias. For 
two-band operation (b) at the operation frequency ωop (dashed line), on resonance feeding and 
low power excitation of the resonator is achieved. κ = 0.003ωop, and Q = 200. Coupled-mode-
theory was used for the calculation. 
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4. Application I – photonic junction diode: implementation and results 

For implementation and demonstration of the proposed idea, without loss of generality, a 2D 
square-lattice rod-type photonic crystal platform was used (structural details in the Appendix). 
Of various optical nonlinearities, here we assume the conventional Kerr nonlinearity, to 
achieve a fair comparison with previous works. For the three states of the diode operation 
illustrated in Fig. 2(a)–2(c), Fig. 2(d)–2(f) show the corresponding field patterns at the 
operating frequency ωe of 193.24THz (1551.4nm), obtained from two dimensional Finite 
Difference Time Domain (2D-FDTD) analysis [31]. It is worth noting that, for the reverse 
operation (Fig. 2(f)), the mode orthogonality between the odd-coupler impinging wave and di-
atomic resonator in the even mode resulted in a much weaker (12dB) energy build-up in the 
(upper) resonator, when compared to the case of forward bias. By minimizing the spectral 
overlap between the even and odd mode (Fig. 3(c)), this residual build-up of the field (setting 
the reverse breakdown point) could be further suppressed. Blue line in Fig. 4(a) also shows 
the FDTD obtained static response curves of the diode, as a function of input power (+ / - for 
forward / reverse bias). A threshold as low as 23mW/µm (~10

3
 improvement over [22–28]), 

and a high reverse breakdown as much as 481mW/µm was observed, confirming the ultra-low 
power, highly unidirectional operation of the junction diode. The maximum contrast and 
throughput was found to be 41dB (at 142.2mW/µm. 15.7dB at peak throughput) and 0.96 (at 
64.1mW/µm). 

 

Fig. 4. (a) Numerically (FDTD, blue lines, Appendix A), and analytically (CMT, red lines, 
Appendix B) obtained response curve of the Ψe-o-ψo junction diode. (b) Temporal-CMT 
calculated threshold power (blue circle), breakdown power (green circle), and operation 
bandwidth (red circle) as a function of the loaded Q-factor of a di-atomic resonator. Solid 
triangles overlaid to the plot are results of the FDTD, obtained with photonic diode realizations 
of different loaded quality factors Q1 = 1094, Q2 = 10945, and Q3 = 74895 (achieved by 
adjusting the number of dielectric rods around the resonator). (d) and (f) show the regenerated 
optical eyes at the output of the junction diode, at 100Gbit/s and 200Gbit/s respectively for the 
input signals (c) and (e). Input signals were FDTD generated to include amplitude noise 
(Gaussian random distribution. for level-0, between point p2 and p3, and for level-1 between 
p4 and p5). For output signals from the regenerator, optical Butterworth filters were assumed 
to conform to the signal bandwidth. 

Understanding that the above listed performance merits are derived from one specific 
example in a photonic crystal platform, it would be of interest to explore the performance 
boundaries of the Ψe-o-ψo junction diode having resonators of different Q factors. For this 
purpose, we use temporal coupled mode theory [12] (CMT, See the Appendix B) for its 
results can be used independently of implementation platform. Figure 4(b) shows the 
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threshold, breakdown power and bandwidth of the Ψe-o-ψo junction diode, calculated from the 
CMT (open circles); plotted as a function of the resonator Q, also overlaid to the results of the 
FDTD (solid triangles) obtained in photonic crystal platforms. The effect of introducing a 
higher resonator Q is twofold, but all in the same direction for achieving lower operation 
power; an increase in the resonator field strength, and more importantly, a smaller frequency 
(energy) separation between even and odd mode, enabled with the reduced spectral overlap 
between the orthogonal modes. Ultra-low power (4.22µW/µm ~73mW/µm) operation of the 
diode is predicted for a reasonable device speed range (1.74GHz ~227GHz); for its power 
ultimately limited by the maximum refractive index change [32] (n2I/n < 0.2%) assumed in 
the calculation, and for the operation speed limited by the resonator Q factor - bandwidth 
tradeoff relation [29]. Worth to mention, by utilizing materials of higher Kerr index [3], or 
employing resonators of ultra-low modal volume [7], or by increasing spectral mode overlap 
across the junction, further reductions in operation power could be envisaged, down-below 
the µW regime. 

Upon assessment of the key parameters, we also investigate the dynamic performance of 
the junction diode as a passive all-optical regenerator, for the application in errorless, ultra-
high-speed signal processing [16,29]. Figure 4(d) and 4(f) show FDTD obtained regenerated 
optical eyes utilizing the highly limiting regime of the characteristic curve (p2-p3-p4-p5, in 
Fig. 4(a)), for the 2

7
-1 PRBS (Pseudo Random Bit Sequence) NRZ (Non Return to Zero) 

noise-contaminated input at 100Gbit/s (Fig. 4(c)) and 200Gbit/s (Fig. 4(e)) respectively. With 
the all-optical signal regeneration action from the junction diode, a significant enhancement in 
the signal quality [29] was observed, from the optical signal quality factor for the input Q

i
s = 

3.3 (Q
i
s = 3.9) to the output Q

o
s = 13.5 (Q

o
s = 7.0), at 100Gbit/s (200Gbit/s). 

5. Application II – multi-junction half adder 

With the success in the ultra-low-power high-speed operation of photonic junction diode and 
all-optical regeneration using the simplest Ψe-o-ψo junction, we now consider another example 
for the modular application of mode junction. Half-adder, being the core building block for 
the Arithmetic Logic Unit (ALU) in the modern Central Processing Unit (CPU), has been 
often considered in the photonic domain [13,14], but mostly as the combination of discrete 
components, and also lacking isolation properties. 

 

Fig. 5. Multi-junction realization of monolithic half-adder; (a) coupling to S (XOR) port with a 
single logic input (IA or IB) power below the threshold. (b) coupling to C (AND) port under two 
input signals (IA ·  IB) for their total power above the threshold. Even (state 1)- / Odd (state 2)- 
mode excitation for the central di-atomic resonator and couplings to the even- / odd- mode 
coupler at the S / C port (left / right) of the half-adder is evident from the FDTD generated field 
amplitude plot. Figure (c) shows the logic operations of AND & XOR, under the two input 
signals at 50Gbps (de-correlated, PRBS). Figure (d) and (e) show the optical eye patterns for 
AND & XOR outputs. To note, for the generation of phase / time synchronized two input 
signals (IA and IB) for the proper logic operation, a single source was assumed, which are power 
divided and then separately modulated [14]. 
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For this, we stretch our design strategy one step further, to construct a monolithic, multi-
junction half-adder (ψe-Ψe-o-ψo, shown in Fig. 5(a)); with the high-Q nonlinear region Ψe-o 
sandwiched in-between ψe and ψo structures (in this case, even- and odd- mode couplers). 
Setting the input power of the logic signal (IA or IB) for Ψe-o resonator slightly below the 
threshold of mode conversion, resonator even mode coupling only to the XOR output port (OS; 

supporting even mode) is enabled for a single input source (Fig. 5(a). 1← ψe-Ψe, Ψe-ψo → 0), 
meanwhile above the threshold with two input signals (IA ·  IB), the AND operation to the OC 
port (supporting odd mode) is activated with the nonlinear conversion to the odd mode in the 

center resonator (0 ← ψe-Ψo, Ψo-ψo → 1. Fig. 5(b)). Figure 5(c)–5(e) show the AND, XOR 
operation and their optical eye for the multi-junction monolithic half-adder, for the input of 
two PRBS NRZ signals at 50Gbps. Worth to note, under the arrangement of the multi-
junction in three-level ψ2-Ψ(1/2/3)-ψ3 structure, for example with Tri-atom molecule states (T0, 
T-, T + , in Fig. 1(b)), the same functionality with full input-to-output isolation could be 
achieved. 

6. Conclusion 

To summarize, we propose a mode junction for wave, with examples focusing on photonic 
applications. Rich and well-defined orthogonal modes providing ample degrees of freedom 
for the choice of junctions enable the modular construction of highly nonlinear devices of 
systematic control for wave propagation. By preferentially adjusting the optical potential, the 
dynamic and symmetry-breaking operation of the junction can be readily derived. For the 
simplest application of the formalism within a photonic crystal platform, we propose an ultra-
low power photonic diode based on the Ψe-o-ψo junction, along with an application example 
for high speed signal regeneration. A superior performance in terms of orders has been 
realized when compared to previous results of photonic diode. Extending the concept further 
we then design a half-adder based on ψe-Ψe-o-ψo multi-junction, which provides all-optic AND 
and XOR output under a monolithic construction. The present examples operating in passive 
mode without external power, and providing highly nonlinear characteristics with an ultra-low 
threshold, we anticipate various applications beyond those demonstrated in this work. 

Appendix 

A. Details of the device structures and numerical method used in the study 

 

Fig. 6. Layout of the photonic junction diode (case of Q = 1094). Red ellipsoids are dielectric 
defects composing di-atomic nonlinear resonators. Blue marked rods are position shifted 
(parameters in Table 1) in order; to introduce phase shift of π between the upper and lower 
waveguides (Box C, D), to fine-tune the resonance of the upper resonator (Box A), and to 
adjust couplings into the waveguide (Box B). 

Table 1. List of Structural Parameters for the Photonic Junction Diode Layout in Fig. 6 

Rods ∆x ∆y Purpose 

A 0.10a 0 Matching of ω1,2 

B 0.05a 0 Matching of τR1,2 

C 0 - 0.15a 
Phase shift for odd mode coupler 

D 0 - 0.15a 
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Square-lattice, rod-type photonic crystal platform was considered for the design of photonic 
junction diode and monolithic multi-junction half-adder (To note, the use of square rod 
platform is for the design convenience [12,14,23,33]. For real implementations, it is necessary 
to consider the vertical confinement, for example by using a line-defect waveguide with small 
radius rods, or by adopting hole-type photonic crystal). The detailed schematics for junction 
diode, and parameters for the photonic crystal design are illustrated and summarized in Fig. 6 
and Table 1. The radius of the dielectric rod was set to 0.2a (lattice constant a = 573nm), 

assuming the linear and nonlinear refractive index n and n2 to be 3.5 and 1.5x10
−17

m
2
/W 

respectively [34] (of AlGaAs. these values are within typical number range, when compared 
to other Kerr medium [1,2,4,35] or previous publications [12,14,25,26,33]). In the FDTD 

implementation, n2 equivalent nonlinear susceptibility value of χ
(3)

 = 6.50x10
−19

m
2
/V

2
 [36] 

were used, following [31] to treat instantaneous Kerr nonlinear polarization term. The major 
and minor axis of the ellipsoidal rods comprising the di-atomic resonator were set to 0.64a 
and 0.54a in order to support two-band resonances at 193.24THz (1551.4nm, ψe) and 
193.55THz (1548.9nm, ψo) with negligible spectral mode overlap (< e / o > = 0.16. Worth to 
note, this residual mode overlap determines the breakdown power under reverse bias 
(approximately, Pthreshold / Pbreakdown ~ <e/o>

2
 / <e/e>

2
). Considering both the device speed and 

power consumption, the loaded Q factor and modal volume V of the di-atomic resonator was 
set and measured to be 1094 and 0.19µm

2
 for the junction diode. To note, considering the 

experimental realization of 3D high-Q cavity (> 10
7
 [37]), and the maximum loaded Q value 

(<10
5
) assumed here, the criteria of Qintrinsic >> Qloaded is well met. For the design of the phase 

shifter in the ψe, or ψo coupler, the location of a few dielectric rods (Box C, D in Fig. 6) were 
shifted toward / outward (push / pull) from the side of the photonic crystal waveguides. Both 
frequency domain (COMSOL Multiphysics) and time domain analysis (FDTD) was carried 
out in excellent agreement with the result of CMT, confirming the operation / principle of the 
proposed devices. For FDTD calculation, time step of 47.7 attoseconds and mesh size of λeff 
/20 was used for total simulation time up to 2.54ns (5.31x10

7
 time step), to generate eye 

diagrams for diode and half adder operation. To remove the effect of reflection at the 
boundary, perfectly-matched layer (PML) boundary condition was applied for the simulation 
space of 1,320 x 480 grids (31.5 x 11.5 µm

2
). 

B. Coupled mode theory for the di-atomic photonic junction diode 

B.1. Analytical model and coupled mode equations 

 

Fig. 7. Analytical model of the di-atomic mode junction diode, used in the temporal CMT 
analysis. 

Temporal coupled mode theory was employed [12,33,38–40] to assess the behavior of the 
proposed junction diode. First, we write down the coupled mode equations for Fig. 7, 
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B.2. Solution of resonator field (a1, a2, a3) 

Solving Eqs. (2)–(4) and Eqs. (5) and (6) together we now arrive at the following expressions 
for the wave components entering to the resonators 1, 2, and 3. 
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Substituting Eqs. (7)–(10) into Eq. (1), the field amplitudes in resonators a1 ~a3 can be 
obtained to give, 
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where 

 
1 1 21
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τ τ τ
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and cij’s are constant values not affected by the nonlinear frequency shift ; c12 = iκ12, c21 = iκ21, 
c2 = (2/τ2)

1/2
α23, c3 = (2/τ3)

1/2
α33, c4 = (2/τ4)

1/2
α41, c5 = (2/τ5)

1/2
α52, and c6 = i(ω–ω3) – (1/τ4 + 

1/τ5 + 1/τ6) + (2/τ4)
1/2
α43 + (2/τ5)

1/2
α53. 

B.3. Implementation of Kerr nonlinearity and Calculation of Diode Throughput 

It is important to note that, in order to calculate the field energy in the resonators (|a1|
2
 and 

|a2|
2
) from Eq. (11) and (13), we also incorporate the resonance-red-shift from the Kerr 

nonlinearity for the resonator 1 and 2, using ωk = ωk
0
–ρ|ak|

2
 (k = 1, 2), where ωk

0
 is the 

resonance frequency without nonlinearity, and ρ is σωk
0
(n2/n0)·(c/n0Vkerr), σ being the fraction 

of the mode energy stored in the nonlinear modulated region, c is the light speed, Vkerr is the 
modal volume of the nonlinear resonator and n2 is the nonlinear Kerr coefficient. 

The transmitted optical power for the forward and reverse bias condition can then be 
calculated from Eq. (11) and (13), by using a simple relation, PO = (2 / τ6)|a3|

2
 for forward 

feeding boundary condition |S+1|
2
 = PI, S+6 = 0, and PO = (2 / τ1)|a1|

2
 for the reverse feeding 

boundary condition |S+6|
2
 = PI, S+1 = 0. Specifically, applying boundary conditions for 

forward bias, the expression for the stored field energy |a3|
2
 of resonator 3 becomes 

 

2
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where for Eq. (16), M1(|a1|
2
) and M2(|a2|

2
) can be calculated from Eqs. (14), (15) with 

resonance shifted frequency ωk = ωk
0
–ρ|ak|

2
 and for |a1|

2
 and |a2|

2
 being 
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For reverse bias boundary condition, the stored field energy |a1|
2
 can be reduced to give, 
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where M1(|a1|
2
) and M2(|a2|

2
) can be calculated from, by setting ωk = ωk

0
–ρ|ak|

2
 and using, 

 

2 2

2 3 1 2 21

2 2

1 3 12 2 2

.
a c M c c

a c c c M

−
=

−
 (20) 

The output power thus then can be obtained from PO = (2 / τ6)|a3|
2
 for forward feeding, or 

with PO = (2 / τ1)|a1|
2
 for reverse feeding. Using the FDTD measured resonator parameter sets 

ωk
0
, ρ, τi, and θi , the transmission power and response curve of the diode (Fig. 4(a)) can be 

finally obtained using equation for PO separately for forward bias and reverse bias. 
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