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Abstract—Many-core chip architectures integrate tens to hun-
dreds of processor cores on a single chip. Recent development
of photonic interconnects has made Optical Networks-on-Chips
(ONoCs) an attractive technology to overcome the drawbacks
of electrical networks-on-chips. With ultra-high bandwidth, low
latency, and great energy efficiency, ONoCs enable the designer
to build scalable systems. However, photonic devices are sensitive
to temperature fluctuations, and hence, require proactive manage-
ment. This paper first calculates the thermal distribution from cell
distribution using an approximated Green’s function and proposes
a post-placement algorithm to reduce the number of photonic
devices in the hotspots. The paper then improves the routing
algorithm considering bending loss and temperature variations.
Experimental results also verify the efficiency and effectiveness of
our algorithm.

I. INTRODUCTION

As the number of cores on Networks-on-Chips (NoCs) continues

to climb, the performance of electrical interconnects decreases

both on communication bandwidth and power consumption.

Photonic technology has been proposed to overcome the draw-

backs of electrical links with high bandwidth and low latency.

Usually the photonic devices need to operate at a specific

temperature, since the wavelength that an individual microring

responds to is highly sensitive to temperature variations [1]. For

example, Fig. 1 shows a Photonic Switching Element (PSE) with

resonant wavelength λ1. A signal with wavelength λ1 is coupled

into the ring, intensified by resonation processes and decoupled

into another waveguide. However, with increase in temperature,

the resonant wavelength shifts to λ1+Δλ and the signal will fail

to be coupled. In a typical many-core system, it is common to

observe that on-chip temperature reaches 90◦C due to increasing

power densities [2] . Such high operating temperatures also

influence the propagation performance of waveguides, since

the refractive index of silicon is very sensitive to temperature

fluctuations [1].

In this paper, we propose PROTON+T, a thermal-aware post-

placement and routing algorithm for 3D ONoCs. The architec-

ture is composed of two layers: electronic layer and photonic

layer, which are connected by arrays of Through-Silicon-Vias

(TSVs), as shown in Fig. 2. The processor cores are organized

into clusters on the electronic layer. Each cluster contains an

electronic router for intra-cluster communication. Signals of

inter-cluster communication will be guided to the optical layer
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Fig. 1: Impact of temperature increase in Photonic Switching

Element (PSE).

Fig. 2: Target architecture [6].

via the TSV array. The optical layer consists of memory con-

trollers and hubs, which are responsible for the communication

between off-chip memory and clusters. An 8 × 8 Wavelength

Routed Optical NoC (WRONoC) is used to connect the memory

controllers and hubs. Fig. 3 shows the logic scheme of the

8×8 λ-Router. However, power consumption varies significantly

between different possible layout implementations for this logic

scheme. Hence, there is significant potential to minimize the

power consumption by optimizing the layout. Note that although

there are some previous works [3], [4] on 2D optical interconnect

synthesis, none of them considers the temperature issue for 3D

ONoCs at network level. Our work is an extension of PROTON

[5], [6] and PLATON [7] with thermal-aware post-placement and

improved routing algorithm.

With the force-directed method, we place the optical devices

on the chip, avoiding overheated areas. More specifically, our

algorithm first calculates the thermal distribution from cell

distribution using an approximated Green’s function and then

separates the force into 4 components with the generated heat

flux. For the routing algorithm, we improved the algorithm of

[6] by taking the bending loss into consideration. Additionally,

we propose an approach to route waveguides while avoiding the
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Fig. 3: Logic scheme of the 8 × 8 λ-Router [8].

hotspots.

The rest of this paper is organized as follows: Section II

describes the details of placement algorithm. Section III gives

the routing algorithm. The experimental results is presented in

Section IV and conclusion is provided in Section V.

II. POST-PLACEMENT

As mentioned above, PLATON [7] is the first force-directed

placement algorithm for 3D optical NoCs. PROTON+T is based

on the PLATON placement result and works in the post-

placement stage. Similar to other quadratic force-directed placers

[9], we place the PSEs with a virtual force in each iteration.

In this paper, we separate the force into the following four

components: a net force, a move force, a hold force and a

thermal force. The thermal force moves the PSEs away from

high-temperature regions to diminish effects of thermal variation

on performance.

Since the heat is caused mainly by the electrical layer, we

calculate the thermal distribution based on the distribution of

the cores on the electrical layer, using Green’s Function. Then

we take the obtained thermal distribution as the thermal profile

of the placement on the photonic layer. The heat flux vector is

generated by taking the derivatives of the thermal profile. After

that, a thermal move force based on heat flux spreads PSEs over

the optical layer.

A. Thermal Distribution

Since the PSEs obviously cannot be moved outside of the die,

we define the heat flux at the die boundaries to be zero. Hence,

the thermal equation can be written as the following form [10]:

∇2T (x, y) +
p(x, y)

k
= ρcp∂

T (x, y, t)

∂t
, (1)

∂T (x, y)

∂x
=0, x = 0, x = w,

∂T (x, y)

∂y
=0, y = 0, y = h,

(2)

where T (x, y) denotes the temperature at position (x, y), p(x, y)
denotes the power density, k denotes thermal conductivity. cp
denotes the specific heat, ρ denotes heat capacity and w, h
represent the dimensions of die. The heat flux vector can be

computed from the thermal distribution directly.

The steady state of Equation (1) is given in the form of the

well-known Poisson’s equation. This problem can be solved with

Green’s function, which satisfies:

∇2G(x, y, x0, y0) = δ(x− x0, y − y0). (3)

Then, the temperature distribution can be written as:

T (x, y) =

∫ h

0

dy0

∫ w

0

G(x, y, x0, y0)
g(x0, y0)

k(x0, y0)
dx0. (4)

The expression (4) implies that T (x, y) can be obtained by

Green’s function G.

B. Thermal Force
The thermal force moves modules from high-temperature areas

to low-temperature areas. Thus, the heat flux vector T
′
x can be

computed by taking the derivatives of T (x, y):

T
′
x =

∂

∂x
T (x, y). (5)

Then the thermal force FT
x,i is given as FT

x,i = −θiT
′
x,i, where

T
′
x,i is the thermal flux of module i. θi are positive weights,

which ensure the direction of thermal force is negative. The

total thermal force vector can be written as:

FT
x = (FT

x,1, . . . , F
T
x,M ) = θT

′
x, (6)

where the weights are collected in the diagonal matrix θ =
diag(θi).

C. Other Forces
Similar to PLATON [7], the net force, the move force and the

hold force can be written as the following forms:

Fnet
x =∇xΓx = Cxx+ dx, (7)

Fmove
x =QC̊netm,x(Xnetm − X̊netm)

=
1

2
QC̊netm,xQ

T (x− x
′
) +QC̊netm,xΦnetm,x, (8)

Fhold
x =− (Cxx

′
+ dx). (9)

Due to space limitations, the reader is referred to [7] for a

detailed explanations of all symbols. Finally, we set the sum of

these four forces to zero:

Fnet
x + FT

x + Fmove
x + Fhold

x = 0. (10)

(Cx +
1

2
QC̊netm,xQ

T )(Δx) = θT
′
x −QC̊netm,xΦnetm,x. (11)

We solve the linear equation system (11) to determine the dis-

placement of x and repeat the procedure for a predefined number

of iterations. The process of post-placement is summarized in

Algorithm 1.

III. ROUTING

For simplicity, we only allow horizontal and vertical routing of

waveguides. The objective of routing is to reduce the maximum

insertion loss of waveguides. There are three major types of

waveguide-loss: propagation loss, crossing loss and 90◦ bending

loss. In [6], the authors only considered the first two types.

However, from TABLE I, we can see that the 90◦ bending loss

is more than crossing loss in the worst case.

In this paper, we use a modified version of A∗-search routing.

On one hand, we balance the propagation loss, crossing loss and

bending loss by enabling, but penalizing, waveguide crossing
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Algorithm 1 Post-Placement

Require: positions of fixed modules, position of PSEs, module

dimensions.

Ensure: positions of PSEs after post-placement.

1: Calculate T (x, y) from distribution of cores on electrical

layer;

2: Calculate T
′
x;

3: iter ← 0;

4: while (iter < num) do
5: Calculate θi,Cx, C̊netm,x,Q and Φnetm,x;

6: Solve linear equation system (11);

7: Update x
′

with Δx;

8: iter ← iter + 1;

9: end while

TABLE I: Optical loss parameters published in [1]
Parameters Minimum Mode Maximum

Propagation loss 0.1dB/cm 1dB/cm 3.6dB/cm
Crossing loss 0.05dB 0.05dB 0.2dB
Bending loss 0.00215dB - 0.5dB
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Fig. 4: A∗-search routing example: (a)without penalty; (b) with

penalty term 5.

and bending. On the other hand, we adapt the routing algorithm

to avoid hotspots by increasing the penalty value of high-

temperature areas.

A. A∗-Search Routing for ONoCs
A∗-Search algorithm is one of the most popular methods to find

the shortest path between two locations. The estimated distance

from the starting point to the destination passing by vertex n is:

f(n) = g(n) + h(n), (12)

where g(n) represents the exact cost of the path from the starting

point to any vertex n, and h(n) represents the heuristic estimated

cost from vertex n to the destination.

In this paper, the chip is split into a grid of 900×900 bins with

a bin size of 10μm×10μm. PSEs, hubs and memory controllers

are marked as obstacles. As shown in Fig. 4(a), our algorithm

calculates the g(n) and h(n) of bins until finding the path to the

destination. The top value and bottom value in a bin is g(n) and

h(n), respectively. In this paper, Manhattan distance is used for

h(n).

To minimize crossing loss, we mark the used bins and set a

penalty term to increase the cost of further usage. Fig. 4(b) is

an example of penalizing an already used bin with a penalty

term 5. The top value, center value and bottom value in a grid

TABLE II: Results of thermal-aware post-placement
Benchmark ilmax(dB) total #C #CPU (s)

case1 28.2 105 243.1
case2 19.4 76 232.3
case3 21.8 74 221.8
case4 17.9 72 231.2
case5 17.5 71 215.3

are g(n), h(n) and penalty term p(n), respectively. Similar to

PROTON [6], we use a dynamic penalty term p(n, k):

p(n, k) =

{
5, k ≤ max(0,#net− 10),

p(n, k − 1) + 5k, k > max(0,#net− 10),
(13)

where k represents the number of the current net to be routed,

#net means the number of nets.

For each net to be routed, we add the penalty term p(n, k) to

the evaluated distances f(n):

f(n) = g(n) + h(n) + p(n, k) (14)

and search the path from the starting point to the destination.

To minimize bending loss, we penalize the cost of bending

waveguides. When we explore the adjacent bins of bin n, if the

next bin’s direction is different from the prior bin, we mark the

bin as bended bin. Since the bending of nets are all independent,

the penalty term can be set as constant c. The best value of c
depends on the optical loss parameters.

B. Thermal-aware A∗-Search Routing
To consider thermal effects during routing, we sample the

temperature profile into a 900× 900 grid T (n), and then define

a temperature penalty term p(n):

p(n) = γ
T (n)

max(T (x, y))
, (15)

where γ is a positive weight. Our algorithm can avoid the

hotspots when searching for the shortest path by adding the

penalty term to the evaluated distance of each bin.

IV. EXPERIMENTAL RESULTS

The post-placement algorithm of PROTON+T is implemented

in matlab and the routing algorithm is implemented in C++. We

obtain the placement result from PLATON [7], and re-implement

the routing algorithms of PROTON [6]. We test all the algorithms

on a computer with Intel Xeon 2.4GHz CPU and 8GB physical

memory. The bending loss, the propagation loss and the crossing

loss are set to 0.15dB, 1.5dB/cm and 0.15dB. The drop loss

is set to 0 (i.e., it is not considered in the experiment).

For the rest of this section, ilmax denotes the maximum

insertion loss in dB, #C is the number of crossings, #B is

the number of bending corners, and #CPU is the runtime.

TABLE II shows the results of the proposed thermal-aware

post-placement algorithm. The post-placement and routing result

of case5 is given in Fig. 5. Its temperature profile is shown in

Fig. 5(c) and the result with and without temperature profile is

shown in Fig. 5(b) and Fig. 5(a) respectively. We can see that

our approach spreads the PSEs away from hotspots.

TABLE III compares two different routing algorithms, where

we can see that although PROTON+T consumes more runtime,
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(a) (b) (c)

Fig. 5: Results of post-placement and routing algorithm: (a) Post-placement result without temperature profile; (b) PROTON+T

post-placement result; (c) The temperature profile of case5.

TABLE III: Experimental results of PROTON router and our A∗-Search routing algorithm

Benchmark
average #B average #C ilmax #CPU (s)

PROTON PROTON+T PROTON PROTON+T PROTON PROTON+T PROTON PROTON+T

case1 39.02 26.95 28.80 28.84 15.69 13.31 43.11 378.21
case2 37.07 23.32 26.77 25.57 16.16 12.02 38.77 397.70
case3 35.07 22.18 23.91 21.34 15.59 11.06 36.57 338.89
case4 39.07 24.14 27.60 25.68 15.94 11.89 38.85 284.28
case5 37.55 23.52 20.09 20.34 15.41 10.95 37.20 277.75

(a) (b) (c)

Fig. 6: Results of thermal-aware routing algorithm: (a) Routing result without temperature profile; (b) PROTON+T routing result;

(c) The temperature profile.

TABLE IV: Results of thermal-aware routing algorithm
Benchmark ilmax1 ilmax2

case1 13.310 15.251
case2 12.02 13.488
case3 11.058 12.874
case4 11.886 13.06
case5 10.955 10.95

it achieves better performance than PROTON: the maximum

insertion loss and the number of crossings can be reduced

slightly, while the number of bending corners is reduced by 35%.
For the thermal-aware routing algorithm, we compare the

maximum insertion loss of the routing algorithm with and

without temperature profile. The results are listed in TABLE IV,

where “ilmax1” denotes the result without temperature profile

and “ilmax2” denotes the result with temperature profile. We

can see that the maximum insertion loss increases slightly. Fig. 6

shows the result of case5. Comparing Fig. 6(a) with Fig. 6(b),

it shows that PROTON+T can effectively adjust the waveguide

path to avoid the hotspots in Fig. 6(c).

V. CONCLUSION

We proposed PROTON+T, a thermal-aware placement and rout-

ing algorithm for 3D ONoCs. The algorithm calculates the

temperature profile using Green’s function and places the PSEs

away from hotspots with a force-directed approach. In addition,

we improve the routing algorithm by considering bending loss

and temperature variation.
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