
Universal method for constructing N-port non-
blocking optical router based on 2 × 2 optical 

switch for photonic networks-on-chip 

Qiaoshan Chen, Fanfan Zhang, Ruiqiang Ji, Lei Zhang, and Lin Yang
*
 

State Key Laboratory on Integrated Optoelectronics, Institute of Semiconductors, Chinese Academy of Sciences, 
Beijing 100083, China 

*oip@semi.ac.cn 

Abstract: We propose a universal method for constructing N-port non-
blocking optical router for photonic networks-on-chip, in which all 
microring (MR) optical switches or Mach-Zehnder (M-Z) optical switches 
behave as 2 × 2 optical switches. The optical router constructed by the 
proposed method has minimum optical switches, in which the number of 
the optical switches is reduced about 50% compared to the reported optical 
routers based on MR optical switches and more than 30% compared to the 
reported optical routers based on M-Z optical switches, and therefore is 
more compact in footprint and more power-efficient. We also present a 
strict mathematical proof of the non-blocking routing of the proposed N-
port optical router. 
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1. Introduction 

While manufacturing technology improves, the number of transistors on integrated circuits 
doubles approximately every two years and its speed becomes faster and faster [1]. The 
performance of processor has been steadily improved partly by improving the clock 
frequency and mainly by integrating more higher-performance processor cores on a chip. For 
chip multiprocessor (CMP), its performance is determined not only by the number of the 
processor cores integrated on a chip, but also by the communication efficiency among them. 
With CMP continuously requiring more communication bandwidth, metallic-based electrical 
network-on-chip (NoC) gradually becomes the bottleneck for improving the performance of 
CMP due to its high power consumption, limited bandwidth and long latency [2, 3]. Photonic 
NoC [4–6] is considered as a potential solution to overcome the limitations of its electrical 
counterpart [7, 8]. 

Lasers [9, 10], modulators [11–13], multiplexers/de-multiplexers [14–16] and detectors 
[17, 18] are the building blocks for the point-to-point optical interconnect. However, the 
processor core in CMP is required to be able to communicate with any other processor cores. 
This function is performed by the optical router, which is located at each node of photonic 
NoC and is responsible for connecting the local node with other nodes. Many topologies for 
photonic NoCs have been widely studied, such as Mesh [19], Cluster-Mesh, Torus [20], 
Crossbar [21], Fat-Tree [22] and Clos [23]. 

 

Fig. 1. (a) Mesh (b) Cluster-Mesh (c) Fat-Tree (d) Clos photonic networks-on-chip. 

Different photonic NoCs require different optical routers. For example, Mesh photonic 
NoC shown in Fig. 1(a) requires 3-, 4- and 5-port optical routers, while Fat-Tree Photonic 
NoC shown in Fig. 1(c) only require 4-port optical router. Several 4- and 5-port optical 
routers based on microring (MR) optical switches or Mach-Zehnder (M-Z) optical switches 
have been proposed or even demonstrated [24–37]. Only 4- and 5-port optical routers are not 
enough to construct all photonic NoCs. High-radix non-blocking optical routers have 
potential applications in the future on-chip optical interconnects, such as Cluster-Mesh and 
Clos photonic NoCs. For example, the optical router used in Cluster-Mesh photonic NoC is 
dependent on the number of the processor cores located at each node and the Cluster-Mesh 
photonic NoC shown in Fig. 1(b) requires 8-port optical router. The optical router used in 
Clos photonic NoC is dependent on the scale of the network and the number of the processor 
cores located at each terminal node. The Clos photonic NoC shown in Fig. 1(d) requires 9-
port optical router at the terminal node and 12-port optical router at the middle node. We also 
propose a general guideline for designing the N-port non-blocking optical router based on MR 
optical switches [31]. 

Although MR optical switch or M-Z optical switch can manipulate two optical links 
simultaneously, most reported optical routers fully utilize them as 1 × 2 optical switches [25–
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32] or partly utilize them as 1 × 2 optical switches [24]. In this paper, we propose a universal 
method for constructing the N-port non-blocking optical router, in which all MR optical 
switches or M-Z optical switches behave as 2 × 2 optical switches. The optical router 
constructed by this method has minimum optical switches, in which the number of the optical 
switch is reduced about 50% compared to the reported optical routers based on MR optical 
switches [25–32] and more than 30% compared to the reported optical routers based on M-Z 
optical switches [24], and therefore is more compact in footprint and more power-efficient. 
By using passive-routing optical links [21], we can further reduce the power consumption of 
the optical router. We also present a strict mathematical proof of the non-blocking routing of 
the N-port optical router and the comparisons of the proposed optical routers with the reported 
optical routers. 

The rest of this paper is organized as follows. In section 2, we introduce the properties of 
the 2 × 2 MR and M-Z optical switches. In section 3, we firstly introduce the basic rules for 
constructing the N-port non-blocking optical router. Secondly, we introduce the 3- and 4-port 
optical routers and demonstrate their non-blocking routing by exhausting all optical links in 
each routing state. Finally, we introduce the expanding method from the (N-2)-port non-
blocking optical router to the N-port non-blocking optical router. In section 4, we present a 
mathematical proof of the non-blocking routing of the N-port optical router constructed by the 
proposed method. In section 5, we present the comparisons of the proposed optical routers 
with the reported optical routers. In section 6, we give a summary of this work. 

2. 2 × 2 optical switch 

Figures 2(a) and 2(b) show the schematics of the M-Z optical switch and the MR optical 
switch with. Note that the MR optical switch is arranged so that two input ports are located at 
one side and two output ports are located at the other side. All two optical switches can be 
abstracted as a simplified 2 × 2 optical switch and the details in the dotted box do not affect 
our discussion on the construction method. 

When the 2 × 2 optical switch is on the “bar” status, two incident lights will be guided 
from the input port I1/I2 to the output port O1/O2. While the 2 × 2 optical switch is on the 
“cross” status, two incident lights will be guided from the input port I1/I2 to the output port 
O2/O1. 

 

Fig. 2. Schematic of (a) M-Z optical switches, (b) the MR optical switch. 

The M-Z optical switch is capable of switching between the “bar” and “cross” statuses 
with nanosecond switching time, as reported previously [38–40]. And through the arm 
difference design, we can achieve that when no voltage applied to the device, the M-Z optical 
switch is on the “cross” status, and when the voltage applied to the device to achieve pi/2 
phase difference between the two arms, the M-Z optical switch is on the “bar” status. This 
means that for such a kind of M-Z optical switch, it consumes no power when operating on 
the “cross” status. For the MR optical switch adopted by most optical routers in the literature, 
the MR is on-resonance at the working wavelength when no voltage is applied to the device. 
And the incident light will be directed to the drop-port of the MR, i.e. the MR optical switch 
is on the “bar” status. When a voltage with a certain amplitude applied to the MR, it will be 
tuned to be off-resonance at the working wavelength and the incident light will be directed to 
the through-port of the MR, i.e. the MR optical switch is on the “cross” status. 

Generally, M-Z optical switch with two balanced arms has a much larger optical 
bandwidth due to its symmetric interference architecture, while MR optical switch has much 
lower power consumption due to the multi-beam interference in its ring cavity architecture. 
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Since MR optical switch has a periodic filtering spectrum, it can manipulate the wavelength 
division multiplexing (WDM) optical signals with channel spacing equal to the MR’s free 
spectral range (FSR) [28]. Therefore the aggregate bandwidth of the optical router based on 
MR optical switches can be expanded through wavelength multiplexing. Since the FSR and 

radius of MR satisfy the relation of FSR = 2
0 /2πRNg, where 0  is the resonance 

wavelength of MR, 2πR is the perimeter of MR, and Ng is the group refractive index of 
waveguide. So, in order to multiplex WDM optical signals with more than 16 channels in the 
C-band, the radius of the MR should be enlarged to about 40 μm to achieve a channel spacing 
of 2.5 nm. The footprint of the MR optical switch will be comparable to that of the M-Z 
optical switch. 

3. N-port non-blocking optical router 

3.1. Basic rules for constructing N-port non-blocking optical router 

Any N-port non-blocking optical router for photonic NoC must obey the following rules, 
which have been adopted in the reported optical routers [19–27]: 

(1) Light injected into the input of any one port can be guided to the output of any other 
ports. 

(2) Light injected into the input of any one port should not be guided to the output of the 
same port (no “U” turn exists) since the local communication in one processor core 
can be conveniently carried out by electrical interconnect. Such a characteristic 
makes the constructing method for the optical router is different from that for the 
optical switch [41]. 

(3) Any optical link between the input of one port and the output of another port would 
never block any possible optical links between the remaining input ports and output 
ports. 

For an N-port non-blocking optical router, light injected into the input of one port must be 
able to be guided to any output of the remaining (N-1) ports. Therefore, there must be (N-1) 
optical links for any one port. If all the optical switches in the pair optical links between any 

two ports (denoted as IiOj and IjOi) are on the “cross” statuses, the optical signals can be 
passively routed between the two ports. Passive optical links can route optical signals with 
fixed wavelengths and do not require extra electrical control circuits, which tends to have 
better power performance. Therefore, a power-efficient optical router should use as many 
passive optical links as possible. For the specific port i, its N-1 optical links are designed as 
follows. As shown in Fig. 3(a), all optical switches in the optical links between port i (i is an 

odd number and 1) and port i + 1 are on the “cross” statuses. To establish any optical link 
between port i and any port of the remaining N-2 ports, only one optical switch is on the “bar” 
status and the remaining optical switches are on the “cross” statuses (as shown in red line in 
Fig. 3(b)). At least N-2 1 × 2 optical switches are needed to establish all the optical links 
between port i and the remaining N-2 ports (as shown in Fig. 3(c)). Therefore, the N-port non-
blocking optical router based on 1 × 2 optical switch at least has N(N-2) optical switches if N 
is an even number. If N is an odd number, we firstly do not consider input port N and output 
port N. The (N-1)-port non-blocking optical router based on 1 × 2 optical switch at least needs 
(N-1)(N-3) optical switches. For input port N and output port N, 2(N-1) optical switches are 
required to establish the optical links between them and the remaining N-1input ports and N-
1output ports. So, if N is an odd number, the N-port non-blocking optical router based on 1 × 
2 optical switch at least has (N-1) × (N-3) + 2(N-1) = (N-1)

2
 optical switches. 
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Fig. 3. (a) and (b) Specific optical links of the input port i based on 1 × 2 optical switches (c) 
N-1 optical links of the input port 1 based on 1 × 2 optical switches. 

Compared to 1 × 2 optical switch (see Fig. 4(a)), 2 × 2 optical switch manipulate two 
optical links simultaneously (see Fig. 4(b)). One 2 × 2 optical switch can realize the functions 
of two 1 × 2 optical switches. If the N-port non-blocking optical router is constructed by 2 × 2 
optical switches, the number of the used optical switches can be reduced by half. Therefore at 
least N(N-2)/2 optical switches are required if N is an even number and at least (N-1)

2
/2 

optical switches are required if N is an odd number. Since the number of the used optical 
switches is dependent on the parity of N, we firstly introduce the simplest two optical routers 
when N is an odd and even number, respectively, and then introduce the expanding method 
from the (N-2)-port non-blocking optical router to the N-port non-blocking optical router. It 
should be noted that the expanding method for the N-port non-blocking optical router does 
not depend on the parity of N although the start point is different when N is an odd or even 
number. 

 

Fig. 4. (a) 1 × 2 optical switch and (b) 2 × 2 optical switch. 

3.2. 3- and 4-port optical routers 

Table 1. Schematics of the 3- and 4-port Optical Routers and Their Routing Tables 

3-port optical router 4-port optical router 

 
 

State Optical links S1 S2 

1 I1→O2, I2→O3, I3→O1 Bar Cross 

2 I1→O3, I2→O1, I3→O2 Cross Bar 
 

State Optical links S1 S2 S3 S4 

1 I1→O2, I2→O3, I3→O4, I4→O1 Cross Cross Bar Cross 

2 I1→O3, I2→O4, I3→O1, I4→O2 Bar Cross Cross Bar 

3 I1→O4, I2→O1, I3→O2, I4→O3 Cross Bar Cross Cross 

4 I1→O2, I2→O1, I3→O4, I4→O3 Cross Cross Cross Cross 

5 I1→O2, I2→O4, I3→O1, I4→O2 Bar Cross Cross Cross 

6 I1→O3, I2→O4, I3→O2, I4→O1 Bar Cross Bar Bar 

7 I1→O3, I2→O1, I3→O4, I4→O2 Cross Cross Cross Bar 

8 I1→O4, I2→O3, I3→O2, I4→O1 Bar Bar Bar Bar 

9 I1→O4, I2→O3, I3→O1, I4→O2 Bar Bar Cross Bar 
 

Table 1 shows the schematics of the 3- and 4-port optical routers and their routing tables. 
Note that the coding number is arranged from small to large for the input ports and from large 
to small for the output ports. For simplicity, the optical link from input port i to output port j 

is defined as IiOj. Blocking occurs when one optical switch is on the “cross” status in one 
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optical link while on the “bar” status in another optical link, while the two optical links 
should be established simultaneously in a specific routing state. The 3-port optical router has 
two routing states and the 4-port optical router has nine routing states. To demonstrate their 
non-blocking routing, all of the possible cases are listed in Table 2. Clearly, the 3- and 4-port 
optical routers are non-blocking and their optical links obey the aforementioned rules. 

3.3. Expanding method from the (N-2)-port non-blocking optical router to the N-port non-
blocking optical router 

We have demonstrated that the 3- and 4-port optical routers are non-blocking in section 3.2. 
Based on them, we can construct the N-port non-blocking optical router by the expanding 
method. Figure 5 illustrates the expanding method from the (N-2)-port optical router to the N-
port optical router. Two waveguides and 2(N-2) optical switches are added to the (N-2)-port 
optical router. The optical links between the N-2 original ports and the two new ports can be 
established by the added 2(N-2) optical switches as follows. The coding number is arranged 
from small to large for the input port and from large to small for the output port. Input port i 
of the N-port optical router is labeled as Ii and output port i of the N-port optical router is 
labeled as Oi. Output port i of the (N-2)-port optical router is labeled as Ii’ (i is an integer and 

1iN-2). When the newly added optical switches 
1

TS , 
2

TS , …, 
3

T

NS 
, 

2

T

NS 
, 

1

DS , 
2

DS , …, 

3

D

NS 
 and 

2

D

NS 
 are on the “cross” statuses, the optical links Ii’Oi, IN-1ON and INON-1 are 

established; when the optical switch T

iS  is on the “bar” status, the optical link IN-1Oi is 

established; when the optical switch D

iS  is on the “bar” status, the optical link INOi is 

established; when the optical switch T

iS  is on the “bar” status, the optical link Ii’ON is 

established; when the optical switch D

iS  is on the “bar” status, the optical link Ii’ON-1 is 

established. The N-port optical router constructed by this method is non-blocking and a strict 
mathematical proof will be shown in the next section. 

 

Fig. 5. Expanding method from the (N-2)-port non-blocking optical router to the N-port non-
blocking optical router. 

Following the expanding method, the 5-port optical router can be constructed by adding 
two waveguides and six optical switches (S3, S4, S5, S6, S7, S8) to the 3-port optical router and 
the 6-port optical router can be constructed by adding two waveguides and eight optical 
switches (S5, S6, S7, S8, S9, S10, S11, S12) to the 4-port optical router (see Figs. 6(a) and 6(b)). 
The 5- and 6-port optical routers have 8 and 12 optical switches respectively, which is about 
50% less than the reported optical routers based on MR optical switches [28–32]. The 5-port 
optical router has 44 routing states and the 6-port optical router has 265 routing states. In 
order to check whether blocking occurs or not, we exhaust all optical links in each routing 
state and find that the 5- and 6-port optical routers are non-blocking. 
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Fig. 6. Schematics of the (a) 5-port and (b) 6-port non-blocking optical routers. 

4. Mathematical proof of the non-blocking routing of the N-port optical router 

As previously mentioned, blocking occurs when one optical switch is on the “cross” status in 
one optical link while on the “bar” status in another optical link and these two optical links 
should be established simultaneously in a specific routing state. In section 3.2, we have 
demonstrated the non-blocking routing of the 3- and 4-port optical routers by exhausting all 
routing states and all optical links in each routing state. In section 3.3, we have presented the 
expanding method from the (N-2)-port non-blocking optical router to the N-port non-blocking 
optical router. When N is an odd number, the 5-, 7-,…, (N-2)- and N-port optical routers can 
be constructed successively based on the 3-port optical router by the expanding method. 
When N is an even number, 6-, 8-,…, (N-2)- and N-port optical routers can be constructed 
successively based on the 4-port optical router by the expanding method. So we can 
conveniently suppose that the (N-2)-port optical router is non-blocking since we have 
demonstrated that the 3- and 4-port optical routers are non-blocking by the method of 
exhaustion. If we can prove that the newly established ports can be communicated with the 
original ports and the newly established optical links will not block the original optical links, 
the non-blocking routing of the N-port optical router will be proved. 

The method for proving the non-blocking routing of the N-port optical router is shown as 
follows. We firstly establish the fundamental relations between all input ports and all output 
ports by the recursive method and find that all optical links between all input ports and all 
output ports can be classified into seven types. By analyzing the characteristics of the seven 
types of optical links, we find that blocking possibly occurs only in three cases. By further 
analyzing the three possible blocking cases, we find that they do not obey the fundamental 
rules of the optical router and thus do not occur in reality. 

When the optical switch Si (1iN-2) is on the “cross” status, the status of the optical 

switch is defined as iS . When the optical switch Si is on the “bar” status, the status of the 

optical switch is defined as Si. We consider 2(N-2) optical switches as a structure cascaded by 
N-2 expanding elements (as shown in Fig. 7). 

 

Fig. 7. Expanding switching structure composed of cascaded (N-2) expanding elements. 

We define the two optical switches in the i-stage expanding element as T

iS  and D

iS . The 

input and output ports of the i-stage expanding element are donated as Ii’, 
T

iI , D

iI  and iO , 
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T

iO , D

iO . The input-output function of the i-stage expanding element can be simply 

calculated by Eqs. (1)-(7). 

 ' T D

i i i iS SO I    (1) 

 D D

i i iO I S   (2) 

 T T D

i i i iO I S S    (3) 

 T T T

i i iO I S   (4) 

 'T T

i i iO I S   (5) 

 'D T D

i i i iO I S S    (6) 

 D D D

i i iO I S   (7) 

When the i-stage expanding element is cascaded to the (i + 1)-stage expanding element 
(see Fig. 8), their relationship satisfies Eqs. (8) and (9): 

 
1

T T

i iI O   (8) 

 
1

D D

i iI O   (9) 

 

Fig. 8. Relationship between the i-stage expanding element and the (i + 1)-stage expanding 
element. 

According to Eqs. (1)-(9), we can obtain the input-output function of the N-port optical 
router by the recursive method. 

 ' T D

i i i iO I S S    (10) 

 1 1 2 1

T T T T D

i N i i iO I S S S S S        (11) 

 1 2 1

D D D D

i N i iO I S S S S      (12) 

 '

1 1 2

T D D D

N i i i i NO I S S S S        (13) 

 1 1 2 2

D D D D

N N i NO I S S S S       (14) 

 '

1 2

T T T

N i i i NO I S S S      (15) 

 1 1 2 2

T T T T

N N i NO I S S S S       (16) 

Blocking occurs when one optical switch is on the “cross” status in one optical link and on 
the “bar” status in another optical link and the two optical links should be established 
simultaneously in one specific routing state. So we can prove the non-blocking routing by 
reduction to absurdity. In the seven types of optical links, there are only three cases in which 
blocking possibly occur. 
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Blocking case I 
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Cases (a) and (d) show that the same optical switch T

iS has two different statuses in two 

optical links (Ii’Oi, IN-1Oi; Ii’ON, IN-1ON). If this situation happens, the lights injected 
into the two input ports Ii’ and IN-1 will be directed to the same output port Oi or ON. Based on 
the aforementioned three rules for the optical router, this situation will not occur in reality. 

Case (b) shows that the same optical switch D

iS has two different statuses in two optical 

links (IN-1Oi, INOi). If this situation happens, the lights injected into the two input ports IN-

1 and IN will be directed to the same output port Oi. Based on the aforementioned three rules 
for the optical router, this situation will not occur in reality. 

Case (c) shows that the same optical switch D

iS  has two different statuses in two optical 

links (Ii’ON-1, INON-1). If this situation happens, the lights injected into the two input ports 
Ii and IN will be directed to the same output port ON-1. Based on the aforementioned three 
rules for the optical router, this situation will not occur in reality. 

Blocking case II 
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Cases (a) and (b) show that the same optical switch T

iS  has two different statuses in two 

optical links (Ii’ON-1, Ii’ON ; IN-1Oi, IN-1ON). If this situation happens, the light 
injected into the same input ports Ii’ or IN-1 will be directed to the two output ports ON-1 and 
ON or Oi and ON. Based on the aforementioned three rules for the optical router, this situation 
will not occur in reality. 

Case (c) shows that the same optical switch D

iS  has two different statuses in two optical 

links IN Oi and IN ON-1. If this situation happens, the light injected into the same input 
port IN will be directed to the two output ports Oi and ON-1. Based on the aforementioned three 
rules for the optical router, this situation will not occur in reality. 

Blocking case III 
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In this case, Eqs. (11) and (13) show that the optical switches T

iS  and D

iS  have two different 

statuses in two optical links IN-1Oi and Ii’ON-1. As aforementioned, when all the newly 

added optical switches are on the “cross” statuses, the optical links Ii’Oi and IN-1ON (i is 

an integer and 1iN-2) are established. When the optical link IN-1Oi is established as Eq. 
(11), the input port Ii’ cannot be communicated with the output port Oi and the input Ii’ should 
be idle. On the meanwhile, IN-1 cannot be communicated with the output port ON and the 

output port ON should be idle. When the optical link Ii’ON-1 is established as Eq. (13) 
simultaneously, the input port IN cannot be communicated with the output port ON-1 and the 
input port IN should be idle. According to the aforementioned rules, light injected into the 
input of any one port should not be guided to the output of the same port. So, the number of 
effective ports will be N-1, which means that the N-port optical router is used as a (N-1)-port 
optical router. As the method for constructing the N-port non-blocking optical router is 
dependent on the parity of N, this type of the optical links as shown in blocking case III 
should be established in the (N-1)-port optical router. This blocking case will not occur in 
reality. 

Since all three possible blocking cases do not occur in reality, the proposed N-port optical 
router is non-blocking. For clarity, all input ports are arranged on one side of the N-port 
optical router and all output ports are arranged on the other side of the N-port optical router. 
In the actual application, the input and output for one specific port of the N-port optical router 
should be arranged in the same physical address to facilitate the construction of the photonic 
NoC, as shown in the reported optical routers [25–32]. Therefore the topology of the N-port 
optical router should be further optimized. Principally, only N optical waveguide crosses are 
introduced to the N-port optical router in this application. Figures 9(a) and 9(b) show the 
optimized architectures of the 3- and 4-port optical routers, in which only 3 and 4 waveguide 
crosses are added respectively. Although the proposed N-port optical router is designed for 
photonic NoCs, it also can be utilized for chip-to-chip, rack-to-rack optical interconnects and 
other optical communication systems adopting bidirectional communication mode. 
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Fig. 9. Schematics of the (a) 3-port and (b) 4-port non-blocking optical routers, in which the 
input and output for one specific port are arranged in the same physical address. 

5. Comparisons with other reported optical routers 

The number of the optical links of the N-port non-blocking optical router  g N  can be 

expressed as Eq. (17). 

    1g N N N   (17) 

For an N-port non-blocking optical router, one-to-one correspondences exist between its N 
input ports and N output ports. We define N input ports as a set In{1,2,……,N}, N output 
ports as a set Out{1,2,……,N}. We randomly rearrange the order of the N elements in the set 
Out. There are N! permutations of the set Out{1,2,……,N}. Therefore, there are totally N! 
routing states and each routing state comprises N independent links. We find that some U-turn 
cases exist in N! routing states, which are not necessary for the N-port non-blocking optical 
router. By analyzing the routing table of the N-port non-blocking optical router, we find that 

the total number of only one U-turn case occurring is    1 11 = 1N

N NC f N C f N  , the total 

number of only two U-turn cases occurring is    2 22 = 2N

N NC f N C f N  , …, and the total 

number of only N U-turn cases occurring is    00 = 0N

N NC f C f . Therefore, by removing the 

number of the routing states in which U-turn cases occur, the number of the routing states of 

the N-port non-blocking optical router  f N  can be expressed as Eq. (18). 

              
1

0 1 2 1

0

0 1, ! 0 1 2 1 !
N

N k

N N N N N

k

f f N N C f C f C f C f N N C f k






             (18) 

Where N is an integer and N1, k is an integer and 1kN-1. The coefficient k

NC  can be 

expressed as Eq. (19). 

 
 

0 !
1,

! !

k

N N

N
C C

N k k
 


  (19) 

Based on Eq. (18), the 3-, 4-, 5- and 6-port non-blocking optical routers have 2, 9, 44 and 265 
routing states, which have been proved by counting the routing states directly from their 
routing tables. 

Since all input ports are arranged on one side and all output ports are arranged on the 
other side for the reported optical router based on M-Z optical switch [24], we can compare 
the proposed optical router with it directly. Since the input and output for one specific port of 
the reported optical routers based on MR optical switches are arranged in the same physical 
address [25–31], we replace all 2 × 2 optical switches in the proposed optical routers by MR 
optical switches and arrange their input and output for one specific port in the same physical 
address. To facilitate expression, we define the propagation losses of the 2 × 2 optical switch 
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on the “cross” and “bar” statuses as Xc and Xb respectively, the propagation loss of the 
waveguide cross as Y, the tuning power consumption of a 2 × 2 optical switch as P. Tables 2 
and 3 show the comparisons of the proposed 4- and 5-port optical routers with the reported 4- 
and 5-port optical routers. 

Table 2. Comparison of the Proposed 4-port Optical Router with the Reported 4-port 
Optical Routers [24–27] 

 Columbia [25] HKUST [27] ISCAS-Ji [26] IBM [24] This work 

Number 
of switch  

8 8 8 6 4 

Best-case 
loss 

MR bX Y  
bX  

bX Y   c bX X Y   

M-Z    +cX Y  
bX  

Average 
loss 

MR 
24 8 40

12

c bX X Y   24 8 32

12

c b
X X Y 

 
24 8 24

12

c b
X X Y 

  
16 8 36

12

c b
X X Y 

 

M-Z    
21 7 32

12

c b
X X Y 

 
16 8

12

c b
X X

 

Worst-
case loss 

MR 2 4c bX X Y   2 4c bX X Y   2 2c bX X Y    2 4c bX X Y   

M-Z    2 4c bX X Y   2 c bX X  

Power 
/routing 

state 
24P/9 24P/9 24P/9 20P/9 16P/9 

Table 3. Comparison of the Proposed 5-port Optical Router with the Reported 5-port 
Optical Routers [28–31] 

 HKUST-Poon [30] HKUST-Gu [29] ISCAS-Ji [28] ISCAS-Min [31] This work 

Number of 
switch 

20 16 16 15 8 

Best-case loss bX Y  
bX  

bX Y  
bX  2c bX X Y   

Average loss 
60 20 90

20

c b
X X Y 

 
58 16 61

20

c b
X X Y 

 
59 16 68

20

c b
X X Y 

 
60 15 60

20

c b
X X Y 

 
48 16 80

20

c b
X X Y 

 

Worst-case 
loss 

6 9c bX X Y   4 6c bX X Y   4 4c bX X Y   4 4c bX X Y   4 6c bX X Y   

Power 
/routing state 

176P/44 176P/44 176P/44 165P/44 119P/44 

The 4- and 5-port optical routers constructed by this method use 4 and 8 optical switches 
respectively, which is about 50% less than the reported optical routers based on MR optical 
switches [25–31] and more than 30% less than the reported optical router based on M-Z 
optical switches [24]. The number of the optical switches used by an optical router decides its 
footprint and the complexity of its layout. Therefore, the proposed optical routers are more 
compact in footprint and less complex in layout than the reported optical routers [24–31]. 

Power consumption is one critical point for designing photonic NoC. To establish 
different optical links will require different power consumption for the optical routers. To 
characterize the power efficiency of the optical routers, we get the average power 
consumption per routing state by the statistics method. We assume that each routing state 
occurs with equal probability. Based on Eq. (18), 4-port optical router has 9 routing states, 
each of which comprises 4 independent links, and 5-port optical router has 44 routing states, 
each of which comprises 5 independent links. As shown in Tables 2 and 3, the average power 
consumption of the proposed 4-port optical router is at least 20% less than the reported 4-port 
optical routers [24–27] and the average power consumption of the proposed 5-port optical 
router is at least 28% less than the reported 5-port optical routers [28–31]. 
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Insertion loss is another critical point for designing photonic NoC. Different optical links 
of an optical router may have different insertion losses. Best-case loss is the smallest insertion 
loss of all optical links of the optical router. Worst-case loss is the largest insertion loss of all 
optical links of the optical router. Average loss is the average insertion loss of all optical links 
of the optical router with the assumption that each optical link occurs with equal probability. 
The 4-port optical router has 12 optical links and the 5-port optical router has 20 optical links. 
Tables 2 and 3 show the comparisons in best-case insertion loss, average insertion loss and 
worst-case insertion loss between the proposed 4- and 5-port optical routers and the reported 
4- and 5-port optical routers [24–31]. We find that all optical routers have small difference in 
best-case insertion loss, average insertion loss and worst-case insertion loss. 

Based on the above analysis, we can conclude that fully adopting 2 × 2 optical switches in 
the optical router can reduce its average power consumption and footprint without the 
sacrifice of its insertion loss. 

6. Conclusion 

We propose a universal method for constructing N-port non-blocking optical router for 
photonic networks-on-chip, in which all MR optical switches or M-Z optical switches behave 
as 2 × 2 optical switch. The optical router constructed by this method has the lowest power 
consumption and requires the least optical switches, in which the number of the optical 
switches is reduced about 50% compared to the reported optical routers based on MR optical 
switches and more than 30% compared to the reported optical routers based on M-Z optical 
switches, and therefore is more compact in footprint. We also present a strict mathematical 
proof of the non-blocking routing of the proposed N-port optical router and the insertion loss 
comparisons of the proposed optical routers with the reported optical routers. 
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