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Abstract

We have suggested a novel multiport quantum router of single photons with
reflection feedback, which is formed by three waveguides coupled with four
single-mode microresonators. The single-photon routing probabilities of four
channels in the coupled system are studied theoretically by applying the
real-space approach. Numerical results indicate that unidirectional routing in
these output channels can be effectively implemented, and the router is tuna-
ble to route desired frequencies into the output ports, by varying the in-
ter-resonator detunings via spinning resonator technology. Therefore, the
proposed multichannel system can provide potential applications in optical
quantum communication.
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1. Introduction

In recent years, quantum network, as a kind of important building block for
quantum information processing, has become one part of the increasingly excit-
ing fields in quantum physics and information science, since it is applied to ef-
fectively transfer quantum signals and link quantum computers via communica-
tion channels [1]. Typically, quantum networks are composed of quantum chan-
nels and quantum nodes, where the quantum channels are provided by one-di-
mensional optical waveguides, while single photons are transmitted on the
guided channels as quantum information carriers. As a key element of quantum
node, quantum router distributes quantum signals to different quantum chan-

nels by controlling the interactions between guided waves and emitters. Conse-
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quently, various studies have been carried out on quantum routing of single
photons in the waveguide quantum electrodynamics systems with coupled com-
ponents, including atomic qubits [2] [3] [4] [5] [6], quantum dots [7] [8] [9] [10]
[11], optomechanical systems [12] [13], whispering gallery resonators (WGRs)
[14] [15], cavity (circuit) quantum electrodynamics [16] [17] [18] [19], and chir-
al systems [20] [21] [22] [23], etc.

Since a quantum network is usually a multichannel system, quantum routers
are required to manipulate the transmission of photons from one channel to the
others. For the multichannel system, it is thus of considerable importance to
provide a controllable path to allow users to route the desired frequencies to the
output channel at high transfer rates. Recently, several schemes of multichannel
quantum routing have been proposed, by linking more quantum emitters to the
output ports in the branch waveguides. In these proposes, low single-photon
routing rates from the input waveguide to other numerous output ports are pre-
sented [8] [9] [10], which may restrict their more potential applications. To im-
prove the routing probability, the reflectors or phase shifters with high-precision
locations are attached to the bus waveguides [5] [6] [11], which leads to the
complexity of these structures.

Inspired by these considerations, we propose a novel four-channel router com-
posed of a three-waveguide system with a reflector, in which the bus waveguide
and other two drop waveguides are connected mediately by four single-mode
WGRs. The incident photons are transferred to two ports in the drop wave-
guides, meanwhile, the reflector is used to reflect the forward photons and redi-
rect them to other two ports. With such a structure, the crosstalk effects between
different frequencies are suppressed, and multiple peak frequencies in the four-
channel structure with high routing efficiency of approximately 1 can be achieved
on demand, by adjusting the inter-resonator detunings via spinning resonator
technology. Moreover, the reflector and resonators are independent of their ex-
act positions, which is helpful to reduce the complexity of the router. Therefore,
the proposed multichannel system may be exploited in optical quantum commu-

nication.

2. Theoretical Model

Schematic view of a four channel router is sketched in Figure 1. It consists of a
bus waveguide-a and two drop waveguides-(b,c), and they are connected by four
coupled single-mode whispering-gallery resonators to generate four wave-
guide-waveguide channels. These resonators are described by the creation oper-
ator e: (n=12,34 through the paper), with the transition frequency w,.
The coupling strength for four resonators and the bus waveguide is denoted as
V,,. Similarly, V,, describes the coupling strength for these resonators and
these drop waveguides. In the routing structure, a perfect reflecting mirror at the
position X=d, is also used to add the routing channel. The input photons

from the left port of the bus waveguide are directly coupled to the resonators R,
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and R, located at x=0, and then dropped to two left ports in the drop wave-
guides, whereas these photons moving forward are reflected back by the mirror,
and then redirected to two right ports of the drop waveguide by coupling two
resonators R, and R, located at x=d,, via the mode-direction matching of the
guided-wave and resonator modes [24].

The total Hamiltonian in the real space [24] of the system can be written by
(h=1)
H= Y jdx[_iugc;m (02 Con (%) +i0,Cln () 2 C., (x)}

OX OX

m=a,b,c

+ Y (o, -y, )ele, + gl;zvapjdxﬂx)[cga (x)e, +Cpq (x)e} |

n=1,2,3,4

+ Zvas.[dxé(x—dl)[cga(x)es+CRa(x)e§J (1)

+jdx5(x){vb1 [Cly (¥)e, +Cyy (X)€] [+V,,[Cl. (x)e, +C,, (x)e;]}
+.[dx5(x—d1){vb3 [Cgb (x)&; +Cqy (x)e§]+vcd [C;c (x)e, +Cqe (x)ej]}.

Here, C/ (X)[sz (x)] denotes the bosonic operator generating a right-
moving (left-moving) photon at xin the waveguide-m. v, is the group velocity
of the propagating photon with the input frequency @. &(x)[5(x—d,)] means
that the resonator-waveguide interaction occurs at x=0(d,). y, stands for

the energy dissipation of these resonators.

pr— =

5 drop waveguide b

=31 €3
o tq T'q

. : T
input SR — & £ ——
> bus waveguidea I
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(== 5 : & =
drop waveguide c
x=0 x= d, x=d,

Figure 1. (Color online) Schematic configuration of a single-photon quantum router
made of a bus waveguide, two drop waveguides, and four coupled single-mode WGRs
(R,). One end of the bus waveguide is terminated by a perfect reflecting mirror located at
x=d,, to reflow the forward photons to couple the two resonators R, and R,. The in-
going photon from the left in the bus waveguide will be coupled with four microresona-
tors, and are transferred to four output ports in the drop waveguides.
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Assume that a single photon is incident from the left in the bus waveguide
with the energy E, =, then the eigenstate of the Hamiltonian (1), defined by
H |1//> =E, |(//> , can be expressed in the form:
W)= 3 o gen (X)Cin (X) + 4 (X)C () |2+ 3 £e112). (@)
m=a,b,c n=1,2,3,4

Here,

@) means that these guided modes and resonator modes are all in
their vacuum states with zero photons. ¢, and ¢, represent the wave func-
tions of guided modes in the left and right directions of these waveguide chan-
nels, respectively, and &, stands for the excitation probability amplitude of

photons in the nth resonator. Their according wave functions take the forms:
oo =€"0(—x) +€"t,0(x),
$. =er,0(d, —x)+e™r,0(x—d,),
b =€ 40(x),
¢, =e"*t,0(-x),
oo =€",0(x—d, ),
Foe =€ 1,0(x—d,). 3)
Here, ¢, and r, represent the transmission and reflection amplitudes in the bus
waveguide channel, respectively. r,, is the reflection amplitude from the mirror
reflection. ¢, and ¢ describe the transmission amplitudes in the waveguide-b,
while ¢ and ¢, describe the transmission amplitudes in the waveguide-c. 6(x)
denotes the Heaviside step function, with 6(0)=1/2.

Using the boundary condition ¢, (d,)+¢_,(d,)=0 at the right port of the

bus waveguide, we can obtain the scattering amplitudes as follows:

H 1—‘alQZ + 1—‘aZQl
ta = 1_ 2' N N 1
(Ql + Iral)(QZ +1I,, ) +a0

r =2 | 9j I23Q, + Qs _t
) (Q3 +ira3)(Q4 + ira4)+ra3ra4 :
t1 _ _2i\lralrb1 2
(Ql + iral)(QZ + iraZ ) + 1—‘all—‘az ,

_ZiVFaZFCZ 1

t = N N )
’ (Ql + 'Fa1)(Q2 + Ira2)+ralra2

[ O ¢
(Qs + iFa3)(Q4 + ira4)+raara4 ¢

t = 2je2k(d-t) W aal s Qs
V=

- - t,.
(QB + Ira3 )(Q4 + Il—‘a4 ) + l—‘aﬁ]l—‘a4 :

t, = 2je2ik(d2-d1)

(4)

Here, I',, :Vazn/(Zug) > Ton :Vbi/(Zug), and T, :Vci/(Zug).
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Q =Aw+iy+ily, Q,=Ao+Aw,+iy,+iT,, Q=Ao+Aw,+iy,+iT;,
and Q,=Aw+Awm, +iy,+il',. Aw=w—-w, is the frequency detuning be-
tween the incident photon frequency and the resonator-1, and Awm,, =@, — @,

is the frequency detuning between the first and nth resonator.

3. Quantum Routing of Single Photons in the Coupled
System

To investigate the routing properties in the proposed system, we will examine

the scattering probabilities in the coupled system, which are denoted as

T, =t

2 . . .
(123.4) and R, :|ra| . For comparison, we first consider the

(1,2,3,4)
case in which only the resonator-1 is coupled to the bus waveguide. Here, the re-
sonator-waveguide coupling ratio P=T,,/T',, is set. For simplification, all the
parameters are in units of the coupling I',;. When a single photon is incident
from the left side of the bus waveguide, it will pass through the bus waveguide,
and is reflected back by the reflector. It also will transmit to the drop waveguide-1
on resonance, as seen in Figure 2(a) and Figure 2(b) and demonstrated by Mo-
nifi et al [25], where single drop peaks of 7] are exhibited at the resonance point
Aw=0 for different resonator-waveguide couplings. Under the condition of
R, =1 and zero dissipation y, =0, the maximum drop peak with routing rate of
unity is available, which means that the moving photon along the bus waveguide
is completely blocked by the coupled resonator-1, and then wholly dropped to
output port of the waveguide-1. This scenario results from the effect of two sym-
metrical coupled paths created by the equal resonator-waveguide couplings
I', =T, through which the whole transfer between two waveguides can be
achieved. It is also found that the photon-flow conservation relation R, +T, =1
(see the yellow straight line) in two ports is kept for any incident frequencies
when no dissipations are included.

When another three waveguides are coupled to the bus waveguide through the
additional coupled resonators, four output channels are open. The scattering
spectra of single photons versus A® in four output ports are presented in Fig-
ure 2(c), as seen that four drop peaks with unities at the central frequency loca-
tions of A, appear for the appropriate inter-resonator detunings
Awy, = Awy, = Aw,, =25, which implies our proposed system can be utilized as
a unidirectional quantum router. Furthermore, the effect of the resonator-wave-
guide couplings on four drop peaks is shown in Figure 2(d). For simplification,
P=T,,/T,, ishere taken as the coupling ratio, and assumed to be the same. As
seen, four drop peaks in these channels emerge in four dark-red regions for
these equal resonator-waveguide couplings, where a white straight line with
P =1 passes through these bulge points. Similar to the above single-resonator
case, more symmetrical transmission paths among these waveguides and reso-
nators are formed, and result in more complete transfers of the input frequen-

cies.
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Figure 2. (Color online) (a) The transfer 7] (thin blue curves) and the reflection R,
(thick pink curves) for different coupling ratios: P =0.5 (dashed curves), P=1 (solid
curves), and P=1.5 (dotted curves). (b) The maximum transfer peak T," versus the

coupling ratio P. (c) The transfer 7, 7,, T;, and 7, (from the right to left) in the four
channels with the equal inter-resonator detunings Aw, =Aw,, =Aw, =25. (d) T}, T,

T,, and T, (from the right to left) as a function of Pand Aw® . Zero dissipation (7, =0) is

taken. For convenience, all the parameters are in units of I",,.

Next, we consider the effect of the inter-resonator detunings on the transfer
rates in the routing spectra of the incident photons. When more transmission
channel emerges, the crosstalk of different signals is generated accordingly due
to the photon interference, which will result in low routing efficiencies of the
input frequencies. As shown in Figure 3(a), the minimum peak values of 7,
emerge at the resonance site @, = @, = ®; = @, , where the strongest interference
occurs. 7; and 7, overlap with the minimum routing probability of about 0.44,
which is a general peak value at resonances for a multichannel routing system
coupled with multiple single-mode excited emitters [6]. 7} and 7} also overlap
with lesser routing probability of 0.12, due to the fact that transmission photons
in the right two channel come from the reflected parts, and suffer more interfe-
rences from the reflecting mirror. For simplification, the inter-resonator detun-
ings Aw,, =Awm,, =Aw, are supposed here. When varying the inter-resonator
detuning A@,, it is obvious that the crosstalk decreases sharply with the in-
crease of Aw,, and the peak values of the scattering spectra reach rapidly the
maximum output value of unities, as displayed in Figure 3(b) and Figure 3(c).
Figure 3(d) shows that the drop peak of 7 at the resonance point @, gets
higher when increasing the inter-resonator detuning, while their corresponding
loss Cyq 4
Aw, =10.

induced from the crosstalk of other signals reduce to zeros around
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Figure 3. (Color online) The transfer 7 (solid blue curves), 7, (dashed cyan curves), T}
(dash dotted red curves), and 7, (dotted green curves) for different inter-resonator de-
tunings: Aw@, =0 in (a), Am,=2 in(b),and Aw, =20 in (c). (d) The transfer peak
T, (solid blue line) and the corresponding losses C, (dashed cyan line), C, (dash dotted
red line), and C, (dotted green line) induced by the crosstalk versus the inter-resonator
detuning Aw, . Here, P=1, Aw,=Aw,=Aw, and y,=y,=y,=y,=y,=0 are

set.

To gain a deeper insight into the effect of the inter-resonator detunings on the
routing efficiencies of four drop ports, Figure 4(a) plots the drop peak spectra
for four channels verus different inter-resonator detunings and their central
frequency locations. The peaks T," and T," overlap and go acutely up from
the minimum routing probability of 0.44 to the maximum value of one, similarly
T, and T," vary from 0.12 to 1 as inter-resonator detuning Aw, becomes
bigger. Figure 4(b) also displays that these drop peaks with maximal values of
unities are exhibited in four different narrow and straight dark-red windows.
The drop peak of 7] is fixed at @, and presented vertically, while the central
frequencies of another three channels expand obliquely with a frequency shift
equal to the inter-resonator detuning for each channel signal.

Experimentally, the inter-resonator detunings can be controlled by rotating
the resonators [26] [27] [28]. For a rotary resonator with an angular velocity Q,
the light circulating in the spinning resonator suffers a Fizeau shift related to the
angular velocity, which can result in a detuing from the resonance frequency of
the nonspinning resonator. Consequently, controlling the inter-resonator de-

tuning can serve as a novel route to implement highly-efficient routing of mul-
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tiple channels, because the widened frequency intervals can suppress effectively
the interference and crosstalk from these transmission signals.

Note that these channel routings are independent of the determined locations
of these resonators and the reflector, as indicated in Equation (3) that the expo-
nential terms related to the locations are eliminated under the action of modular
square to obtain the routing probabilities, since the mode-direction matching
condition is satisfied by the horizontal propagating and reflection direction of
the photons and rotary mode direction of the resonator. Compared with the
previous schemes requiring the precise phase shifts related to the reflector loca-
tions [5] [6] [11] to obtain more high transfer probabilities, the proposed routers
needing no accurate positions have some advantages.

In the above discussions, the dissipations are not considered. In a practical expe-
riment, the routing system inevitably suffers losses from the resonators. Figure 5(a)
describes the effect of the dissipations on the routing efficiencies for the coupled
waveguide. Obviously, all transfer rates of four channels decrease as the dissipations
are increased, in comparison with the routing spectra without dissipations. Com-
plete photon transfer can not emerge even for the symmetrical coupled routes ow-
ing to the photon leakage, which results in the shifts of the coupling ratio P to de-
termine the maximum transfer peaks. As seen in Figure 5(b), increasing the reso-
nator intrinsic losses decreases the maximum peak values and shifts P to higher
values, for instance, strong dissipation such as y =I", leads to a remarkable shift
of around P=15. Here, equal dissipations y, =y, are taken. However, for
high-quality resonators with very-low losses, high transfer rates of T, are still
available, such as the expected results about 0.95 for y, =0.05.

1

== 30

25

20

15

Aa’12

0 5 10 15 20 -60

Figure 4. (Color online) (a) The maximum transfer peaks T," (thin blue curve), T,"
(dashed cyan curve), T," (dash dotted red curve), and T," (dotted green curve) versus
the inter-resonator detuning Aw,. (b) 7, 7,, T;, and T, (from the right to left) as a

function of A@, and Aw.These parametersare P=1 and y,=0.
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Figure 5. (Color online) (a) 73, 7,, T}, and 7, (from the right to left) for different dissipa-
tions: y, =0 (solid lines), y,=0.05 (dashed lines), and y,=0.3 (dotted lines). (b)
The dependence of the maximum routing efficiency T," on the resonator intrinsic loss

and waveguide-resonator couplings. These parametersare P=1 and Awm,=25.

4. Conclusion

In summary, we have investigated the quantum routing of single photons in a
coupled four-channel waveguide system with a reflecting mirror. Using a
real-space approach, the photon scattering amplitudes in these ports are derived
exactly. Our results show that high routing capabilities over these channels are
available, and the router is tunable to route photons into any output channels on
demand, by adjusting the parameters. Our multichannel scheme for routing sin-
gle photons could be utilized to realize other quantum devices, such as filters,

switches, and demultiplexers, etc.
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