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Abstract 
A new four-channel demultiplexer of single photons is proposed, in which 
four microresonators are utilized to link the four drop waveguides and the 
bus waveguide. By adjusting the system parameters, the crosstalk effect of the 
multiple channel frequencies is suppressed, and multiple peak frequencies 
with high drop efficiencies in these output ports are achieved. As the 2 × 2 
model is scalable, the proposed structure can provide potential applications in 
designing scalable optical devices. 
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1. Introduction 

Optical drop filters are the important components in optical communication 
systems, as they have been employed as demultiplexers, routers, switches, etc. 
During the last decade, numerous researches on optical filtering has been per-
formed in various systems, such as Bragg grating systems [1]-[6], photonic crys-
tal structures [7]-[15], plasmonic systems [16] [17], and waveguide coupled mi-
croresonator systems [18] [19] [20] [21] [22], and so on. Specifically, whisper-
ing-gallery mode resonators as filter elements have drawn much concern due to 
their microscale sizes and ultra-high quality factors [23]. Using such a filter with 
very-low loss, the expected frequency with very-high drop efficiency can be trans-
ferred and selected from the bus waveguide to the drop waveguide. 

As a scalable application of single channel filters, multi-channel filtering [24] 
[25] [26] [27] [28] has aroused wide attention, because the demultiplexer with 
multiple user ports can be used to implement multiplexing communication. How- 
ever, the quality of transmission signals will be damaged by the crosstalk effect of 
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these signals, and thus it is of considerable interest to design a multi-channel 
demultiplexer with high drop efficiency and low crosstalk for a communication 
network. 

Motivated by the above considerations, we propose a four-channel demultip-
lexer in which four drop waveguides are connected to a bus waveguide via in-
termediate coupled microresonators. By using the real-space approach, the scat-
tering amplitudes of single photons in these output ports of drop waveguides are 
derived. Numerical results show that the crosstalk of the multiple central fre-
quencies can be suppressed by increasing the inter-resonator detuning, and mul-
tiple peak frequencies with high drop efficiencies in these channels are realized 
by controlling the waveguide-resonator couplings. In contrast to the common 
schemes [7] [8] [9] requiring a reflector to reflow the forward photons and get 
more high drop efficiencies, the proposed structure needs no reflection feedbacks, 
due to the mode-direction matching between the photon and resonator modes. 
Moreover, the resonators are independent on their exact locations, which is help-
ful to save the placement spaces. The proposed compact demultiplexer as a mod-
ule is easy to be extended to scalable devices, and therefore it can be applied in 
wavelength division multiplexing systems. 

2. Theoretical Model 

As displayed shown in Figure 1, a four-channel demultiplexer of single photons 
is constructed by a bus waveguide and four drop waveguides, and these wave-
guides are linked by four single-mode whispering-gallery resonators. These re-
sonators are described by the creation operator †

ne  ( 1,2,3,4=n ), with the re-
sonance frequency ωn . The coupling strength between four resonators and the 
bus waveguide is denoted as anV . Similarly, bnV  describes the coupling strength 
between these resonators and these drop waveguides, respectively. When a single 
photon is incident from the left port of the bus waveguide, it is coupled to these 
resonators, and then dropped to these drop waveguides. 

The total Hamiltonian via the real space approach [29] for the filtering system 
can be given by ( 1=� )  
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Here, ( )†
RC x  represents the generation of a right-moving photon at x in 

the bus waveguide, while ( )†  LnC x  represents the generation of a left-mov- 
ing photon at x in the drop waveguide-n. υg  denotes the group velocity of the  
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Figure 1. (Color online) Schematic view of a 2 × 2-shaped demultiplexer 

consisting of a bus waveguide (BW) and four drop waveguides (DWs), and 

four coupled single-mode whispering-gallery resonators. The input photon 

from the left side of the bus waveguide will be coupled to four microreso-

nators (Mn), and transferred to four ports of these drop waveguides. 
 

propagating photon. ( ) ( )δ δ −  x x d  means that the resonator-waveguide in-
teraction occurs at ( )0=x d . γ n  stands for the energy loss for these resona-
tors. 

The eigenstate of the Hamiltonian (1) is expressed as  
† † † † † †

1 1 2 2 3 3 4 4
1,2,3,4

d ,
a aR R L L L L L L L L n n

n
x C C C C C eψ φ φ φ φ φ φ ξ φ

=

 = + + + + +  ∑∫  (2) 

( )φR x  and ( )φLn x  describe the single-photon wave functions along the right 
direction in the bus waveguide and the left direction in the drop waveguides, re-
spectively. φ  describes the vacuum states of all waveguides and resonators. 
ξn  represents the excitation amplitudes of these resonator modes. 

The according wave functions can be described as  
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where, nt  represents the transmission amplitudes for four ports in these drop 
waveguides, and mt  and at  represent the transmission amplitudes behind 

0=x  and =x d  in the bus waveguide, respectively. ( )θ x  denotes the Hea-
viside step function, with ( ) 10 2θ = . 

Suppose that a single photon is incoming from the left side of the bus wave-
guide with the energy ω=kE . By solving the eigen-equation ψ ψ= kH E , 
these transmission amplitudes can be obtained as follows:  
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Here, ω γ= ∆ + + Γ + Γn n n an bnQ i i i , ( )2 2υΓ =an an gV , and ( )2 2υΓ =bn bn gV . 
Generally, the transition frequencies of these resonators are different. Thus, we 
introduce these detunings as 1ω ω ω∆ = − c , which is the frequency detuning 
between the incident photon and the resonator-1, and 1 1ω ω ω∆ = −n n , which is 
the frequency detuning between the resonator-1 and resonator-n. Then,  

1ω ω γ= ∆ + ∆ + + Γ + Γn n n an bnQ i i i  is rewritten for the sake of simplification. 

3. Filtering Properties of Single Photons in the Coupled  
System  

To characterize the filtering properties of the proposed system, we will investigate 
the transmission in the coupled system, which is denoted as ( ) ( )

2

1,2,3,4 1,2,3,4=a aT t . 
As a contrast, we first consider the single-resonator case that only the drop wa-
veguide-1 is coupled to the bus waveguide. When a single photon is incident 
from the left side of the bus waveguide, it will pass through the bus waveguide, 
or transmits to the left port of the drop waveguide-1 under the mode-direction 
matching condition between the resonator and waveguide modes. 

Figure 2 displays the filtering spectra of single photons for different wave-
guide-resonator couplings when no dissipations are assumed. As shown from 
the green straight line, the total photon flow relation 1 1+ =aT T  for two ports 
remains unchanged for any input frequencies. Moreover, a single drop peak for 

1T  with maximal drop efficiency of 1 is represented at the resonance point  
0ω∆ = , for the equal waveguide-resonator couplings 1 1Γ = Γb a . This means 

that the resonator behaves as a perfect mirror, and the moving photon along the 
bus waveguide is completely reflected on resonance, as investigated in Ref. [18]. 
To further examine the dependence of the drop efficiency on the couplings, the 
ratio 1 1= Γ Γb aR  is used to show their relationship in Figure 2(d). It can be 
found that 1T  can get the maximum drop efficiency of unity only for 1=R , 
arising from the fact that two same coupled routes between the resonators and 
waveguides are formed for two equal couplings, and thus the whole transfer over 
the two routes can be achieved.  
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Figure 2. (Color online) The transmission aT  (pink dashed lines) and 

the drop efficiency 1T  (blue solid lines) for different coupling ratios: (a) 

1=P , (b) 0.2=P , and (c) 1.8=P . (d) The maximal drop efficiency 

1
mT  as a function of the coupling ratio R. Zero dissipation ( 1 0γ = ) is as-

sumed. For convenience, all the parameters are in units of 1Γa . 
 

When more waveguides are coupled to the bus waveguide through the coupled 
resonator, more transmission channels are generated. Consequently, the cross-
talk emerges owing to the quantum interference from different transmission 
signals, which reduces the drop efficiencies of the filtering waves. The optical 
spectra in two output ports for the detuning ω∆  are shown in Figure 3(a), 
where two drop peaks with the central frequencies of 1ω∆  and 2ω∆  are pre-
sented. When tuning the inter-resonator detuning 12ω∆  to broaden the reson-
ance frequency interval, the crosstalk induced by quantum interference of two 
channel signals is reduced, and therefore the drop efficiencies of two channels 
are improved. Similarly, Figure 3(b) shows four drop peaks with unities for the 
appropriate detunings 12 23 34 20ω ω ω∆ = ∆ = ∆ = , where the signal crosstalk 
from four channel signals can be suppressed by controlling the inter-resonator 
detunings. Figure 3(c) further displays the effect of the resonator-waveguide 
couplings on four drop peaks. For simplification, = Γ Γbn anR  is here taken as 
the coupling ratio and assumed to be same. As seen, four drop peaks in these 
channels emerge for four equal resonator-waveguide couplings, and a white 
straight line with 1=R  passes through these crimson regions, since these sym-
metrical coupling paths among these waveguides results in the full transfers of 
these signals, as mentioned previously. 

Note that these channel filterings are independent of the determined locations of 
these resonators, as indicated in Equation (4). In addition, compared with the pre-
vious schemes requiring the reflectors to reflow the forward photons to enhance the 
drop efficiencies [7] [8] [9], no reflection feedbacks are needed here due to the per-
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fect transfers under the mode-direction matching condition. Thus, the 2 × 2 demul-
tiplexer can scale up as a fixed module, for example, eight channel filtering  

( )1,2, ,8= �mT m  with the drop efficiencies of unities are exhibited in Figure 3(d), 
which has potential in wavelength division multiplexing communication. 

Notice that the dissipations are not considered in the above investigations. In 
fact, the practical system inevitably suffers loss like the photon leakage from the 
waveguides and resonators. In contrast to the filtering spectra without dissipa-
tions, all of four drop efficiencies decrease with the increase of dissipations, as 
plotted in Figure 4. For a high-quality resonator with very low losses, however, 
high drop efficiencies are still obtainable, such as the desired result around 0.95 
of nT  for 0.05γ = . Here, equal dissipations γ γ=n  are assumed. 

 

 

Figure 3. (Color online) (a) The drop transmission 1T  (blue solid lines) and 2T  

(black dashed line) for different inter-resonator detunings: 12 1.5ω∆ =  (thin lines) 

and 12 20ω∆ =  (thick lines). (b) 1T , 2T , 3T , and 4T  (from the right to left) ver-

sus ω∆ . (c) 1T , 2T , 3T , and 4T  (from the right to left) as a function of ω∆  and 

R. (d) Eight channel transmission mT  versus ω∆ . Other parameters are set as: 

1Γ = Γ =bn an , 0γ =n . 
 

 

Figure 4. (Color online) 1T , 2T , 3T , and 4T  (from the right to left) 

for different dissipations: 0,0.05,0.3γ =  (solid curves, dash dotted curves, 

dashed curves). Other parameters are the same as in Figure 3. 
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4. Conclusion 

In summary, we have proposed a novel four-channel quantum demultiplexer of 
single photons in a coupled waveguide system. Our numeric results indicate that 
four drop peaks with high drop efficiencies within such a demultiplexer can be 
obtained in the scattering spectra, by tuning the inter-resonator frequency de-
tunings and the resonator-waveguide couplings. In addition, as a fixed module, 
the compact demultiplexer is easy to scale up, which can be exploited in optical 
quantum communication. 
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