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Abstract.  We report the design and analysis of a non-blocking 
microring resonator-based optical switched router, which can be 
used as a switch node to construct a large photonic routing network 
on chips. The proposed optical router has sixteen microrings, four-
teen crossings and four 90° waveguide bends, which could be tuned 
through the thermo-optic (TO) or electro-optic (EO) effect. 
Compared with a previously described 5 ´ 5 optical switching 
router, our router comprises fewer microring resonators (MRRs), 
crossings and bends, which results in a more compact design, a 
higher switching speed, a lower loss and a lower optical power con-
sumption. In addition, all the rings operate at the same wavelength 
making it scalable to a network of any size. 

Keywords: optical router, network-on-chip, microring resonator; 
man – machine interface, optical switch, photonic networks, silicon 
photonics, interconnects. 

1. Introduction

Recently, photonic networks-on-chip (NoCs) have attracted 
interest of many researchers for such applications as intercon-
nection  of  many-core  distributed,  cluster  cloud  computing 
systems.  As  pointed  out  in  the  International  Technology 
Roadmap  for  Semiconductors  (ITRS),  optical  communica-
tions on a chip is the only alternative interconnection technol-
ogy that promises high-data-rate signal transmission and low 
power consumption [1, 2]. Several network architectures [3], 
such as mesh,  torus,  crossbar,  fat  tree  and Clos, have been 
analysed to construct efficient photonic NoCs [4, 5]. Accor-
ding to the configurability of the routing patterns, they can be 
divided into two categories. One is a wavelength-selective pas-
sive network which has a fixed routing pattern defined by the 
design of the network. The path between the source and the 
destination is established through the dynamic selection of a 

specific wavelength at the source or the destination [6]. The 
other is a switched network which dynamically sets a routing 
pattern  through  an  electronically  controlled  network.  It  is 
claimed that the former can exhibit low latency since the rout-
ing network is passive, but the problem is that it requires as 
many  light  sources  as  the  network  has  distinct  paths.  This 
leads to problems in scaling due to the necessary physi cal 
space  and  power  consumption  required  by  each  light 
source. 

In an optical switching network, the design of the optical 
router is of key importance. In recent years, several research-
ers and institutes have reported optical on-chip routers [7, 8], 
with  a  particularly  notable  design  being  a  five-port  optical 
router designed by Ruiqiang  Ji  et  al.  [9]. They used  sixteen 
microring resonators, each having the same radius, and twelve 
waveguide  crossings,  with  a  footprint  of  460 ´  1000  mm. 
Dynamic  switching  was  implemented  using  thermo-optical 
(TO)  tuning.  Their  design  demonstrated  bidirectional  com-
munication between five inputs and five outputs. 

In this paper, we propose a new configuration of a five-
port 5 ´ 5 non-blocking optical switching router that can be 
used  as  a  switch  node  to  construct  a  photonic NoC.  The 
optical router has sixteen microrings, fourteen crossings and 
four  90°  waveguide  bends,  which  can  be  tuned  using  the 
thermo-optic or electro-optic (EO) effects to realise various 
interconnection patterns.  In addition, all  the  rings operate 
at the same wavelength making it scalable to a network of 
any size. 

2. Photonic network architectures and routers

2.1. Photonic network architectures

Various  approaches  have  been  proposed  to  integrate  elec-
tronic and photonic device layers on a single chip integrated 
circuit  or  between  chips  on  a  printed  circuit  board  [6]. 
However,  it  is  generally  agreed  that photonic networks-on-
chip  should  be  in  the  form  of  multilayer  electrical-control 
architecture, with a topology such as a mesh or torus [10, 11]. 
Figure 1  shows a universal block diagram of a 4 ´ 4 mesh 
network  connecting  sixteen  different  processing  elements. 
Each  processing  element  communicates  with  a  five-port 
router through the electronic-optical/optical-electronic inter-
faces in the optical layer. Since there are no optical buffers in 
this mesh network, it is a photonic circuit-switched network. 
In  contrast  with  wavelength-routing  networks,  the  routing 
path of the data from a source to a destination can be config-
ured dynamically by the electronic circuits.
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2.2. Router topology

Figure  2  shows  the  five-port  optical  router  with  sixteen 
microring  resonators, which  is  one node of  the  above pho-
tonic  mesh  network.  The  configuration  includes  four  90° 
bend waveguides and one straight waveguide to comprise five 
input ports and five output ports, enabling simultaneous bidi-
rectional  communication.  Additionally,  all  of  these  sixteen 
mirroring resonators are designed to operate at the same reso-
nance wavelength and are controlled by an electronic circuit 
integrated on the same chip. Since the MRRs of the router are 
identical,  they  have  the  same  structural  parameters,  which 
makes  their  fabrication  relatively  simple  as  compared with 
wavelength selecting networks. Table 1 gives twenty-one pos-

sible optical  links between different  input and output ports. 
Any of the four port compass directions is forbidden to con-
nect  with  itself.  Moreover,  each  of  the  twenty-one  optical 
links is established by a specific resonant microring with the 
number m  (labelled  rm) or a waveguide directly  (labelled as 
‘none’ with the meaning that no microring is required). 

Unlike  metal  track  interconnects,  optical  waveguide 
crossings  can be  employed  in photonic  circuits,  and due  to 
this  property,  complex  routing  can  be  completed  in  a  2D 
layer.  However,  waveguide  crossings  and  bends  also  bring 
additional  transmission  loss,  reflection  loss  and  crosstalk. 
Therefore, the topology of the router should be designed to 
minimise the number of crossings and bends. As bends have 
more loss than crossings, it is better to minimise the number 
of  bends  at  the  expense  of  a  slightly  increased  number  of 
crossings. 

The proposed five-port optical router has sixteen MRRs, 
fourteen crossings and four bends. Compared with other five-
port optical routers proposed in [3, 7, 8, 10], our router com-
prises fewer crossings and bends and fewer MMRs. Table 2 
compares four typical five-port optical routers. Reduction of 
the number of crossings and bends means lower insertion loss 
and lower crosstalk, which significantly limits the scalability 
of photonic NoCs. In addition, the reduction of MRRs can 
also offer overall benefits in terms of device area and power 
consumption, although it has no effect on individual optical 
links using waveguides without MMRs, such as East®North, 
which require no power consumption. 

3. MRR-based switch design

3.1. MRR design

The basic switch element is an add – drop filter comprising a 
MRR coupled with  a waveguide  crossing. Figure  3a  shows 
the schematic of the basic building block. The optical signal 
excited at the input port propagates along the vertical wave-
guide. When the signal wavelength does not correspond to the 
resonance wavelength of the microring resonator, the optical 
signal continues to propagate without coupling to the other 
orthogonal  (horizontal)  waveguide. When  the  signal  wave-
length is at the resonance wavelength, the optical signal cou-
ples into the microring resonator and couples out to the other 
waveguide. Figure 3b shows the numerically simulated trans-
mission spectra using the transfer matrix method. 

In order to transfer more power to the drop waveguide 
at resonance wavelengths, the transmission spectrum extinc-
tion ratio ER [ER = –10lg(Pmin  /Pmax)] is given as a function 
of k1,2 and A. According to [12], large k1,2 and large A (low 
transmission  loss) give a high ER. Hence,  strong coupling 
and  low  microring  transmission  loss  would  be  the  best 
choice for this router, just as Fig. 4 demonstrates the normalised 
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Figure 1. Schematic of a 2D photonic mesh network.
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Table 1. Optical links of the five-port non-blocking optical router.

Input  
ports

Output ports

East South  West  North  Output

East  – r16 r4 none r10
South  r15 – none r3 r12
West  r13 none – r1 r7
North  none r14 r2 – r5
Input  r9 r11 r8 r6 none
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Table 2. Comparison of five-port optical routers.

Configuration Comments References

West

South

East

Output

Output

Output

Input

Input

Input

NorthOutput
Output

Input
Input

20 microrings,
26 crossings,
8 bends,
EO tuning

[3]

East

West

South

North
Output Input

16 microrings,
12 crossings,
16 bends,
ТО tuning

[7, 8]

EastWest

South

North

Output

Input

16 microrings,
11 crossings,
18 bends,
ТО tuning

[10]

East

West

South

North

OutputInput

r15

r16

r12

r14

r13

r8r7

r11r10r9

r3

r1

r2

r6
r4

r5 16 microrings,
14 crossings,
4 bends,
TO or EO tuning

This paper
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intensity of the drop waveguide at resonance wavelengths at dif-
ferent k1,2 and A.

3.2. Switch design

According to the above discussion, when the resonance con-
dition is satisfied, light is passed to the drop port instead of 
the through port. Thus, by tuning the refractive index of sili-
con and hence the effective index of the mode, we can switch 
a single wavelength between the  through port and the drop 
port. The shift of the resonant wavelength can be expressed as 
D l =  l0 Dneff /neff,  where Dneff  is  the  shift  of  the  microring 
effective index, and l0 is the original resonance wavelength.

There are two main ways to tune the refractive  index  in 
silicon. One  is  to use  the TO effect  [13, 14]. By heating  the 
microring to change its refractive index, the resonance wave-
length of the microring resonator will shift. The TO effect for 
silicon at 1.5 mm can be expressed as:

.d
d
T
n

K1 86 10eff 4 1#= - - .  (1)

According  to  ( 1 ), we can understand how  the  tempera-
ture (T) relates to the effective index (n) in silicon and in turn 
shifts the resonant wavelength of the ring. When the silicon 
microring’s temperature rises by 5 K, the effective index will 
increase by 0.001, and the resonance wavelength will be red-
shifted by about 0.5 nm as shown in Fig. 5b.

The other method for wavelength tuning is the EO effect 
[15, 16], known as the free carrier plasma dispersion effect in 
silicon. The empirical equations describing the changes in the 
refractive  index Dn and  the accompanied absorption coeffi-
cients Da  as  functions  of  changes  in  free  electron  and hole 
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concentrations DNe (cm–3) and DNh (cm–3) at 1550 nm have 
the form 

∆n = ∆ne + ∆nh = – [8.8 ´ 10–22 ∆Ne + 8.5 ´ 10–18 (∆Nh )0.8], (2)

∆a = ∆ae+ ∆ah = 8.5 ´ 10–18 ∆Ne + 6.0 ´ 10–18 ∆Nh.  (3)

The advantage of using the EO effect is that the resonance 
has  a  faster  switching  time  in  silicon,  which  can  be  below 
100 ps. However, the wavelength shift due to the EO effect is 
limited to about ~ 2 nm, while the TO effect has been shown 
to provide a large wavelength shift on the order of ~ 20 nm, 
because the TO effect causes very strong refractive index tun-
ing in silicon (∆n ~ 1 ´ 10–2). Thus, in practice, the TO effect 
is usually used for optical circuit switches [14 – 16]. However, 
the  electro-optical  switching  scheme would be useful  in  the 
future, because it can offer a more compact design, a higher 
switching speed and a lower power consumption.

4. Analysis of optical power consumption

The optical power loss in this router is mainly due to the off-
state  through-port  transmission  loss,  the on-state drop-port 
transmission  loss,  the waveguide crossing  loss and the bend 
loss, ignoring the input and output coupling losses. Here, the 
waveguide propagation loss is neglected, as the interconnect 
distance is microns and the propagation loss can be as low as 
~ 1.7 dB cm–1. Since the waveguide bend radius is much larger 
than the microring’s bend radius (see Fig. 3a), the bend loss 
could  be  described  as  the  propagation  loss,  the  waveguide 

bend  loss  being  also  neglected.  Thus,  the  optical  path  loss 
incurred by  the router depends only on  the number of  the 
on/off-state switch elements that the light passes and the num-
ber  of waveguide  crossings  that  the  light  passes  in  its  final 
route. As shown in Fig. 6a, we can see that the on-state drop 
loss is much larger than the off-state through loss at the same 
wavelength at which the drop loss is maximal. But in a long 
light path with this router, the number of off-state switch ele-
ments may far exceed the number of on-state switch elements. 
Therefore,  comparing with  the drop-port  loss,  the  accumu-
lated through loss could be the dominating factor.

Let  us  consider  a  6-mm-radius microring  resonator  and 
use  the  following  calculation  parameters:  neff  =  2.65,  A  = 
0.990, k1 = k2 = 0.3(according to Poon et al. [3]). Then we use 
the transfer matrix method to calculate the off-state through-
port  transmission  loss and  the on-state drop-port  transmis-
sion loss. As shown in Fig. 6a, the on-state drop-port trans-
mission loss and the off-state through-port transmission loss 
depend  on  the  wavelength  detuning D l  from  the  off-state 
resonance wavelength. 

In a many-core interconnect network, the maximum scal-
ability of port-to-port interconnectivity mainly depends on the 
optical power loss, especially that of the highest path loss in the 
router. So, we need analyse the router’s link loss. Here, assum-
ing the red-shift D l to be equal to 1.5 nm, then according to 
Fig. 6b, we find that the off-state throughput-port transmission 
loss is Loff = -0.86 dB, the on-state drop-port transmission loss 
is  Lon  =  -0.86  dB  and  the  MMI  crossing  loss  is  Lcross  = 
-0.18  dB [10]. The waveguide propagation loss and input and 
output coupling losses are neglected. Then, for each light path 
in the router we calculate the optical power loss (see Table 3). 

Table 3 shows the loss for all twenty-one optical links in 
the router. We can see from Table 3 that the largest light loss 
is  in  the  Inpu – West  link,  where  the  optical  power  loss  is 
–3.44 dB. This value of the loss includes six off-state through-
put transmission losses, four waveguide crossing losses, and 
one drop-port transmission loss. The smallest light link loss in 
the  router  is only –1.04 dB,  comprising only one drop-port 
transmission loss and one off-state throughput-port transmis-
sion loss for the East – South link. Figure 7 shows the transfer 
spectra of these two extreme links: the largest optical loss link 
and the smallest optical loss link. In order to reduce the opti-
cal link loss in this router (especially the largest link loss), we 
can shift the wavelength to the red by strengthening the TO or 
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EO effect. On the other hand, we can also improve the fabri-
cation process to get  larger k1,2 and larger A  (low transmis-
sion loss) to achieve it. 

5. Conclusions

We have designed and analysed a spatially non-blocking five-
port optical router. The proposed five-port optical router has 
sixteen MRRs, fourteen crossings and four waveguide bends, 
which can be tuned through the TO or EO effect. After the 
detailed analysis of the twenty-one optical links in this router, 
two ways are proposed to reduce the optical link loss in order 
to construct large-scale optical interconnection networks on 
chips.
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Table 3. Loss (in dB) for twenty-one optical links of the five-port non-
blocking optical router (the number of crossings and off-state elements 
for each path are given in square brackets via a slash).

Input
Output

East South West North Output

East        – –1.04[1/0] –2.48[4/3] –2.28[6/4] –2.48[4/3]

South –1.04[1/0]        – –2.28[6/4] –2.66[5/3] –1.52[2/1]

West –2.66[5/3] –2.28[6/4]       – –1.34[1/1] –2.18[4/2]

North –2.28[6/4] –2.66[5/3] –1.22[2/0]       – –2.96[5/4]

Input –2.00[3/2] –2.78[4/4] –3.44[6/5] –2.30[3/3] –1.92[4/4]


