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Abstract

Electric router is widely used for multi-core system to interconnect each other. However, with
the increasing number of processor cores, the probability of communication conflict between proces-
sor cores increases, and the data delay increases dramatically. With the advent of optical router, the
traditional electrical interconnection mode has changed to optical interconnection mode. In the pack-
et switched optical interconnection network, the data communication mechanism consists of 3 proces-
ses: link establishment, data transmission and link termination, but the circuit-switched data trans-
mission method greatly limits the utilization of resources. The number of micro-ring resonators in the
on-chip large-scale optical interconnect network is an important parameter affecting the insertion
loss. The proposed \-route, GWOR, Crossbar structure has a large overall network insertion loss
due to the use of many micro-ring resonators. How to use the least micro-ring resonator to realize
non-blocking communication between multiple cores has been a research hotspot. In order to im-
prove bandwidth and reduce access latency, an optical interconnection structure called multilevel
switching optical network on chip (MSONoC) is proposed in this paper. The broadband micro-ring
resonators (BMRs) are employed to reduce the number of micro-ring resonators( MRs) in the net-
work , and the structure can provide the service of non-blocking point to point communication with
the wavelength division multiplexing ( WDM ) technology. The results show that compared to \-
route, GWOR, Crossbar and the new topology structure, the number of micro-ring resonators of
MSONoC are reduced by 95.5% , 95.5% , 87.5% , and 60% respectively. The insertion loss of the
minimum link of new topology, mesh and MSONoC structure is 0.73 dB, 0.725 dB and 0. 38 dB.

Key words: network on chip (NoC), optical interconnection, wavelength division multiple-
xing (WDM) , non-blocking, multilevel switching

0 Introduction

In order to improve overall performance of the sys-
tem and enhance parallel efficiency of the algorithm,
the number of processor cores integrated on a single
chip is increasing. The chip area becomes larger and
larger, which means that the communication delay be-
tween processor cores and memory become very large,
so data communication becomes the bottleneck of the
The network on chip
(NoC) " architecture alleviates the communication de-

overall system performance.

lay between processor cores on-chip to some extent,
but the number of processor cores increases. Optical

network on-chip (ONoC) has the advantages of effec-
tive bandwidth, transmission delay and power con-
sumption superior to traditional electrical interconnec-
tions, and plays an increasingly important role in the
core communication of the chip'*’.

In circuit switching interconnection network, ac-
tive micro-ring resonator is mainly used to build optical
router, and it is suitable for large-scale computation on
chip. Many optical routers are designed by research-
ers. Refs [3-5] optimized the traditional optical rout-
er, reduced the number of micro-ring resonator, and
designed a 4-port and 5-port optical router. For the ex-
tensibility of network , Ref. [6] designed a 6-port opti-
cal router. Ref. [ 7] used the crossing angles of 60 de-
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grees or 120 degrees instead of the conventional 90 de-
grees crossing angle to reduce the crosstalk noise in the
waveguide crossing regions. Ref. [8] utilized the fea-
ture of micro-ring resonator that the optical signal can
be rotated 90 degrees and 270 degrees in the MR, and
it designed a 5-port optical router by allocating the spe-
cific wavelengths for routing. The number of MRs is re-
duced further. A kind of network structure in one clus-
ter is designed with the optimized 5-port optical router.

[9,10]

Communication intra cluster uses general electric

interconnection network, and communication inter
cluster uses optical interconnection network, so the
communication delay can be reduced effectively. With
the development of 3D technology, Ref.[11] opti-
mized the traditional 5-port optical router based on
crossbar and Ref. [12,13 ] designed a 7-port optical
router. Although the number of micro-ring resonators
decreases, the insertion loss becomes very small, the
confliction of data communication in active optical in-
terconnection networks are more worse, at the same
time, making link utilization very low.

In packet switching interconnection network,
WDM technology is used to allocate specific wave-
lengths to achieve point-to-point communication. Due
to the limitation of wavelength, it is suitable for small-
scale interconnection. Ref. [14] used several 2 x 2
optical switches to construct a \-router and realize a
full optical connection structure for multi-processors.
Ref. [15] designed a 4 x4 optical switch which con-
sists of 8 MRs. Ref. [5] designed a 5 x 5 optical
switch and Ref. [11] designed a 7 x 7 optical switch.
By connecting the switch with the bending waveguide,
the non-blocking parallel access is implemented, but
the number of MRs is large, and the power consump-
tion cannot be tolerated. A two-level switching inter-
connection network was designed by using passive
broadband micro-ring resonator, but the second level
switch structure adopted crossbar switch mode, and the
micro ring redundancy was big''*""'. Refs[18-20]
based on interconnection structure in cluster, used two
links to achieve intra cluster communication and inter
cluster communication. Although the number of wave-
lengths can be reduced, the exchange structure on the
boundary needs special design, which is not conducive
to the expansion of network scale. Ref. [21] employed
8 broadband micro-ring resonators and implemented a
5-port optical router. Using WDM'*?*! technology, the
router can exchange the signal in between the 5 ports
without blocking. However, as the network size is in-
creasing, the structure needs to be redesigned.

To alleviate above problems and adapt to the to-
pology of the video array processor, a broadband mi-

cro-ring resonator is used in this paper to design a
multi-level switching inter-cluster communication opti-
cal interconnection network called multilevel switching
optical network on chip ( MSONoC), enabling non-
blocking concurrent access between multiple processing
element clusters. The results show that compared to \-
route, GWOR, Crossbar, and the new topology struc-
ture, the number of micro-ring resonators of MSONoC
is reduced by 95.5% , 95.5% , 87.5% , and 60% ,
respectively, while the insertion loss of MSONoC in-
crease is quite small.

1 Optical interconnection network

1.1 Basic optical switch structure

Many micro-ring resonators are responsible for the
coupling, transmission, steering and filtering of optical
signals in an optical interconnect network. Micro-ring
resonators are divided into active and passive by trans-
mitting wavelength signals.

As shown in Fig. 1, for the conventional micro-
ring resonator, when the input signal A; is consistent
with the resonant wavelength A, of the micro-ring re-
sonator, the signal will be rotated 90 degrees around
the micro-ring resonator; when the wavelength of the
input port A; and the resonant wavelength A, are not
isochronous, the signal will be output in the horizontal
direction.

The broadband MR'*?") plays an importand role
in an active comb switch, it allows multiple wave-
lengths of light to be switched simultaneously. Similar
to the traditional micro-ring resonator, its input optical
signal can drop or through along the broadband micro-
ring resonators ( BMR), but once the BMR is con-
figured, it can have multiple resonant wavelengths to
transmit and forward a variety of wavelengths of optical

signal.
Input A; ’7 AN,
el == Through

Drop
(a) Drop transmission

(b) Through transmission

Fig.1 Structure of traditional micro-ring resonator and

multi resonant wavelength micro-ring resonator

1.2 The basic switch unit of MSONoC

Two crossed optical waveguides and one BMR
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form a 2 X2 optical switch unit. Assuming that the res-
onant wavelength of the BMR is a set of A, , if the input
light wavelength belongs to the set of A, the [ signal is
rotated 270 degrees around the BMR and output from
0, , and the I, signal is rotated 90 degrees around the
BMR to the output of O,; otherwise, the I, signal is
output from O, along the waveguide. The I, signal is
output from O, along the waveguide.

It is usually point-to-point communication process
of storage access in the multi-core system, so it is nec-
essary to filter the specific wavelength signal of an in-
put port.

By analyzing the optical signal exchange process
of the basic 2 x 2 optical switch unit, it is found that
the BMR actually filters the corresponding wavelengths
from the optical signals of the 2 input ports respective-
ly, and distinguishes the signal from the wavelength to
the resonant wavelength setting. Signals with wave-
lengths do not belong to the resonant wavelength set,
so a particular wavelength signal can be filtered from
the input port by multiple exchanges.

Accordingly, in order to achieve multiple switc-
hing purposes, many similar optical switching struc-
tures are required. By using and distributing a 2 x 2
basic optical switch unit, as shown in Fig. 2, the struc-
ture of the optical switch unit of 4 x4, 8 x8 and 16 x
16 can be easily obtained. Fig.3 shows the 16 x 16 op-
tical interconnect switch structure.

I, 0,

I 1 0 1
Fig.2 Structure diagram of basic 2 x2 light switching unit

O

Fig.3 16 x 16 optical switching unit structure diagram

1.3 MSONoC architecture

As for a structure with node number N, N electro-

optical conversion units and N photoelectric conversion
units are required for sending and receiving the request
signal. At the same time, log, N level switches are re-
quired, and each stage of switch consists of N broad-
band micro-ring resonators. Among them, N must be a
value of power of 2. This paper takes the structure with
the node of 16 as an example.

As shown in Fig.4, the 16 x 16 optical intercon-
nection network requires a 4-stage optical switch to
transmit a request signal during the memory access
process. The first level of switching consists of 16 port
switching units, and the second level of switching con-
sists of two 8-port switching units. The third stage
switch consists of four 4-port switch units, and the
fourth stage switch consists of eight dual port switch
units.

The 16-port switching unit of the first-stage switc-
hing switch is composed of 16 micro-ring resonators
and 16 optical waveguides, and the resonant wave-
length of each micro-ring resonator is Ay, A;, Ay, Aj,
Ass As, Ag, A,, performing first-stage switching; sec-
ond-stage switching switch, each micro-ring resonator
resonant wavelength is Ao, A;, Ay, A;, Ag, Ay, Ay,
A1 ; third-stage switching switch, each micro-ring re-
sonator resonant wavelengths is Ao, A, Ay, As, Ag,
Ao, Ay, Ay fourth-stage switching switch, each of
the micro-ring resonator resonance wavelengths is A,

/\2’ /\4’ /\6’ /\8’ /\10’ /\12’ A14'
2 Communication process

For a wavelength assignment method is designed
for the proposed ONoC system. A specific carrier
wavelength is assigned for each communication pair.
For N nodes architecture, Table 1 and Table 2 show
the wavelength assignment of 8 X8 and 16 x 16 optical
networks respectively. Table 3 is the algorithm for
wavelength assignment.

Table 1 and Table 2 are 8 x8 and 16 X 16 optical
interconnect network wavelength allocation. The differ-
ent size of optical interconnect networks on chip uses
different wavelengths, between processing units ensure
non-blocking transmission. When the signal is trans-
mitted, the waiting time is smaller. Therefore, the
problem of blocking and delay should be fully consid-
ered when configuring the resonant wavelength of each
micro-ring resonator to realize large-scale processing of
non-blocking communication between cells.

Before the request is issued, the response configu-
ration packet information needs to be transmitted at the
electrical configuration layer, and the BMR in the opti-
cal transport network is configured according to the re-
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quirements of each resonant wavelength. When the
configuration is completed, each processing element is-
sues a storage access request signal through the electro-
optical conversion device, the request signal is coupled

to the corresponding wavelength, and the non-blocking
parallel access can be completed through the MSONoC
structure.
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Fig.4 Optical link layer structure

Table 1 Wavelength assignment scheme in 8 x 8 optical

interconnection network

o, 0, 0, 0, 0, 0, 0, O,
L & Ay A A R A kK
I Ay A& A A AN A A A
7 PO P P P P T TR
L A Ay A K & A A A
L A A N & A N X X
7 PR T P P P T PR
I, e A A A A AL A A
L A A A As AL A A A

To more clearly describe the concentric process,
the micro-ring resonators in the MSONoC structure are
numbered. The thick density dashed line and fine den-
sity dashed lines in Fig.5 indicate the case where
PEG4 and PEG2 simultaneously access the RAM 7.
When PEG4 needs to access the memory RAM 7, ac-
cording to the wavelength allocation table, the required
wavelength is \;. When the request signal reaches the
MRS, since the wavelength \, is within the resonant
wavelength group of the MR8, it rotates along the mi-
cro-ring; the MR9, \, of the secondary switch struc-
ture also belongs to the resonant wavelength group of
the MR9, and then rotates along the micro-ring; enters
the micro-ring of the third-stage switching structure, \,

belongs to the resonant wavelength group of the MR20,
and will enter the MR28 of the fourth stage switching
structure, N, does not belong to the resonant wave-
length set of the MR28, which propagates along a
straight line and reaches the corresponding memory.

I
Ig
Is
14
I

Fig.5 Signal transmission path

Analyzing the access process of PEG4 and PEG2
to RAM 7, the MSONoC structure can implement non-
blocking parallel access of one or more memories of
multiple processing meta-clusters, but memory can only
responds to one request at the same time. In this case,
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Table 2 Wavelength assignment scheme in 16 x 16 optical interconnection network

0, 0, 0, 0, 0, 0, (0 0, 0, 0, (O 0y 0,, 0, 0, 0
[0 A’B )\'2 A0 A1 AS /\'4 A’ﬁ A7 )"15 /\14 AIZ A13 AQ AS /\10 /\'11
Il /\'2 /\3 Al )\0 /\4 /\5 /\7 AG /\14 /\15 A13 AIZ AS )\9 /\'11 /\10
12 A0 /\l A3 AZ /\6 /\7 /\5 A4 )‘12 /\13 A15 AM AlO /\ll /\9 /\8
13 /\'l /\0 AZ A3 A7 /\'6 /\4 A5 )l13 /\12 A14 A15 A11 )ll(] AS AQ
]4 /\5 /\4 )\6 A7 /\3 /\2 /\0 Al A9 /\S )\10 A‘ll AIS /\14 /\]2 /\13
15 /\4 /\5 A7 AG /\2 /\3 A1 A0 AS /\9 All Alo Al4 /\15 /\13 )‘12
Iy Ag A, As Ay Ay Ay As A, Ay Ay Ag Ag A Az Ass Ay
17 /\7 /\6 A4 )\5 /\1 /\0 /\2 A3 /\11 /\10 /\8 /\9 A]3 /\12 /\14 /\15
IS All AIO AS )\9 /\13 A12 )\14 )\15 )\7 )\6 /\4 /\5 Al )\0 /\2 )‘3
I, Ao Ay Ay Ag A A Ass Ay Ag A, As Ay Ao Ay As A,
110 /\'8 /\'9 All )ll(] /\'14 A15 A13 A12 A4 )l5 )‘7 /\'6 AZ A3 A'1 AO
Ill /\'9 /\8 )\10 /\11 /\15 A14 AIZ )\13 )\5 )‘4 )‘6 /\7 A3 )\2 /\0 /\1
112 AB AlZ A14 AIS /\11 AIO /\8 AQ Al )lO )lZ /\3 A7 AG )‘4 )l5
113 A12 Al3 A15 )‘14 /\'10 All /\'9 AS )‘0 Al )‘3 /\'2 Aﬁ A7 AS A4
114 A14 Al5 Al3 /\12 /\8 /\9 All )\10 )\2 /\3 /\1 /\0 A4 )\5 /\7 /\6
[15 AlS AM AIZ /\13 /\9 /\8 AIO All A3 )l2 /\0 Al AS A4 /\6 )‘7

Table 3 The algorithm of optical router design each bank requires a request cache unit to buffer the

Procedure distribution wavelengths

Input: total number of port (i), wavelengths (j), optical
switch series (k)
output: MR rotational transmission angle

1. begin

2. ifk=1

3;: fori=0toN-1

4. forj=0to N-1

5: fO<j<sN2-land0 i< N2-1

6. then rotate 270 degrees through the micro-ring re-

sonator transmission direction

7. elseif V/V2-1<j < N-landN2-1<i < N
-1

8: then rotate 90 degrees through the micro-ring re-

sonator transmission direction

9. else transmitting along the waveguide

10: if k=2

11: for i=0to N-1

12. forj=0to N-1

13. ifj=0to N4 -1orj=N/21 (3/4)N -1

0<is<NA4-lorN2<i< (3/4)N-1

14. then rotate 270 degrees through the micro-ring

resonator transmission direction

15. elseif j=N/4to N/2-1orj=(3/4)Nto N-1

N4 <i<N2-lor(3/4)N<si < N-1
16:

sonator transmission direction

then rotate 90 degrees through the micro-ring re-

17. else transmitting along the waveguide
18. for k£ =3 to log, N the same principle

19. end

request signal that has not yet responded when multiple
processing element clusters are simultaneously access-

ed.

3 Network performance analysis

Waveguide, wavelength and micro-ring resonators
are 3 important parameters in an optical interconnect
network on chip. The number of micro-ring resonators
and waveguides affects the insertion loss of the entire
network. Therefore, to improve the performance of the
optical interconnection network, it is necessary to use
the minimum number of micro-ring resonators and
waveguides under the premise of ensuring the basic
functions of the optical interconnection network. As the
scale of optical interconnection network becomes lar-
ger, to ensure non-blocking communication of large-
scale optical interconnection networks, the wavelengths
used in the networks play a vital role. This paper uses
wavelength division multiplexing technology to synthe-
size and decompose optical wavelengths, setting differ-
ent fixed wavelength ranges for different micro-ring re-
sonator resonances. The wavelength assignment tables
in Table 1 and Table 2 are used to achieve non-bloc-
king signal transmission. In optical interconnect net-
works on chip, the loss and dispersion of the optical
waveguides that make up the micro-ring are not consid-
ered in this paper. Therefore, different input wave-
lengths have little effect on the network from the as-
pects of waveguide loss and dispersion.

The number of micro-ring resonators in the optical
interconnect network , the number of wavelengths used
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in the network , and the insertion loss are closely relat-
ed to the performance of the entire network. The inser-
tion loss can be calculated by Eq. (1).

IL = 2 ILbend + Z ILcruss + 2 ILdrop + z ILlhmugh
(1)
where, IL is the insertion loss, I, is the waveguide

bending loss, IL

is the micro-ring resonator resonant loss, and IL,,,,, is

is the waveguide direct loss, IL

cross drop

the micro-ring resonator direct loss. According to

Ref. [3], the parameters in the formula are shown in

Table 4.

Table 4  Optical signal parameters

Parameters Value Unit

MR drop 1.5 dB

MR throuth 0.01 dB

Waveguid crossing 0.05 dB
Waveguid bend 0.013 dB/90°

Laser efficiency 30 %
Modulator 5 mW
Demodulator 0.3 mW

Table 5 presents the statistical results of the num-
ber of micro-ring resonators and the number of wave-
lengths on the 2 X2, 4 x4, 8 x8, and 16 x 16 net-
work sizes. It can be seen from the table that with the
network scale expansion, the number of micro-ring re-
sonators and the number of wavelengths increases. As
the size of the optical network increases, the number
and size of wavelengths required are matched.

Table 5 Results of resource statistics under
different network sizes

Network size MRs Wavelengths
2 x2 1 2
4 x4 4 4
8 x8 12 8
16 x 16 32 16

Table 6 shows the wavelength range of each stage
of the optical switching unit. In the wavelength range
of N\, — N5, the obtained values are 1553. 33 nm,
1552.52 nm, 1551.72 nm,1550.92 nm,1550. 12 nm,
1549.32 nm,1548. 52 nm,1547. 72 nm,1546. 92 nm,
1546. 12 nm,1545. 32 nm, 1544. 53 nm,1543. 73 nm,
1542.94 nm, 1542.14 nm, and 1541. 35 nm, respec-
tively. Therefore, the reasonable allocation of wave-
lengths for large-scale optical networks, the structure
designed in this paper can meet the non-blocking com-
munication between processing elements.

Table 6 Wavelength range assignment

Wavelength MRs(up row) MRs ( down row)
1st step Ay — Ay Ag —Ags
2nd step Ag = Az, Ay — Ay Ay =A7, A = Ays
AO’Aly/\At’/\S’)\S’ /\Z’A3’/\6!/\7’)\10,
3rd step
)‘99 /\127 )‘13 )\11 > Al47 /\15
AO’)\zy/\Al’/\é’)‘S’ /\lr/\S’)\S’/\7!/\9y
4th step
)tlo’ )\125 AIA All ’ A13’ )tls

Fig.6, Fig.7, and Table 5 display the compari-
son results of the number of micro-ring resonators and
the number of wavelengths for the structure of MSONoC
and the \-router'™, GWOR'™'  Crossbar'® , and

new topology' '’

structures respectively. The resulis
show that the MSONoC structure has a great advantage
in the number of micro-ring resonators, which makes
the insertion loss small, and the number of wavelengths
required is not much different from the reference struc-

ture.
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Fig.7 Comparison of wavelengths in different structures

In order to facilitate comparison, based on the de-
sign of the original 16 x 16 scale, this paper carried
out the design of an 8 x 8 scale multilevel switched op-
tical interconnect network structure. Table 7 shows the
different structures of the 8 x 8 network scale of insert
loss comparison results.

With the analysis of the above results, under the
condition that the insertion loss does not increase
much, the design of this paper reduces the number of

micro-rings by 95.5% , 95.5% , 87.5% and 60%
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Table 7 Insertion loss comparison results in different structures
losl:s(ecI;B ) \-router GWOR Crossbar togc)?;gy Mesh MSONoC
Maximum 1.99 2.21 2.44 1.5 3.1 4.8
Minimum - - - 0.73 0.725 0.38
Average 1.81 1.65 1.92 1.1 1.68 2.59

compared to the \-route, GWOR, Crossbar, and new
topology structures on the 16 X 16 network size. Com-
pared with the traditional electrical interconnection,
the optical interconnection network uses the wavelength
division multiplexing technology to make the wave-
length distribution reasonably realize the non-blocking
communication between the multi-cores, which has
great advantages for the current large-scale circuit pop-
ularization.

4 Conclusion

In this article, multi-wavelength resonant micro-
ring resonators are used to design multi-stage switching
optical interconnection networks to enable non-blocking
parallel access to cluster memory of multiple processing
elements. At present, with the popularity of large-scale
circuits, the performance requirements of the entire
circuit for inter-processor communication are becoming
stricter. The optical interconnect network designed in
this paper can realize large-scale circuit non-blocking
communication, and the number of micro-ring resona-
tors is much smaller compared with the state of the art
optical network structure. The results show that com-
pared with \-route, GWOR, Crossbar and new topolo-
gy structure, the number of micro-ring resonators of
MSONoC is reduced by 95.5% , 95.5% , 87.5% and
60% , respectively, and the minimum link insertion
loss is47.9% and 47.5% lower than the new topology
and mesh structure. Therefore, compared with new to-
pology and mesh structure, MSONoC structure has a
certain advantage.
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