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1 Introduction

Silicon photonics is a very promising technology, because of the inherent advantages of light such as high band-
width due to wavelength division multiplexing (WDM), high speed (7ps/mm) and the favorable power-performance
tradeoffs while building optical networks [4,7,16,38,43,46]. Because of these advantages various photonic on-chip
networks (PNOC) have been proposed in the literature [5, 6, 18,45,70,73,95]. Most of these proposals try to solve
a major shortcoming of PNOCs — static power consumption.

PShaRe is a PNOC, which incorporates several novel ideas to decrease static power consumption by nearly 4.7X
as compared to other state of the art designs. In addition, it has several performance improving features as well. In
this technical report we provide some details that could not be added to the main paper because of a lack of space.

The organization of this report is as follows:

Section Contents

Section 2 | Detailed background, feasibility of silicon photonics, and the de-
sign of common optical devices, and the overall feasibility of
PShaRe.

Section 3 | Related work.

Section 4 | The design of the artificial neural network (ANN) used in laser
modulation.

Section 5 | The area and power analysis of PShaRe.

Section 6 | Representative server details.

Section 7 | Thermal tunning, Tuning controller and detailed thermal analysis.

2 Background and Feasibility of Silicon Photonics

2.1 Basic Optical Communication

Figure 1 shows the basic optical communication architecture inside the chip. The light from the off-chip laser source
is coupled into the chip using special tapered couplers in order to reduce the coupling loss. The laser power (light at
1550nm) then passes through power or backbone waveguides to reach all the optical stations.

Let us suppose station A (optical receiver + transmitter) wants to send data to station B. It diverts a fraction of
the transmitted optical power from the backbone waveguide, uses a comb splitter [53] to generate signals at 32-64
equispaced wavelengths, and modulates each wavelength separately using an electrically controlled modulator. It
subsequently inserts the modulated signals into the data waveguide. At the receiving end we have an array of filters
that individually filter each of the multiplexed wavelengths and pass them to photodetectors. These photodetectors
detect the presence of an optical signal at the specified wavelength. We can thus use this mechanism to encode,
transmit and subsequently decode digital messages.
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Figure 1: On-chip optical communication

2.2 Feasibility
2.2.1 Feasibility of Silicon Photonics

The device physics and computer architecture communities have been working in the broad silicon photonics area
for the last 15 years. There are hundreds of highly cited papers published in this area and these are well accepted in
these communities [8,9,22,34,47-49, 51,64, 69, 88,92].

Secondly, as of today many commercial companies have started medium scale manufacturing of systems based
on silicon photonics. In 2012, IBM fabricated a 1Tbps parallel interconnect using VCSELs and photodetectors at
90nm technology [3]. In 2015, they designed and tested a fully functional integrated wavelength-multiplexed silicon
photonics chip. Moreover, they have a dedicated group working on silicon photonic devices [40]. On similar lines,
a silicon photonic startup ’Sicoya’ in 2016 developed a fully integrated silicon photonics transceiver chip that is
designed for server interconnects [83]. Likewise, HP labs has manufactured robust high speed ring resonators [89],
and these are now considered to be mature prototypes.

Some other companies such as Luxtera [60], Mellanox [62] and Acacia communications [1] have started man-
ufacturing silicon photonics devices for on-chip networks. Even in academia, researchers at UC Berkeley have
fabricated a 2 core chip with 850 optical components, including ring resonators [67]. All of these are fully func-
tional and robust devices.

2.2.2 Feasibility of Optical Devices

The photonic device parameters that we have used in our architecture are standard parameters. These parameters
have been validated in the literature using multiple methods: direct measurements on fabricated chips, device sim-
ulations, and theoretical predictions [13,23,30,33,77,81,99]. In addition, multiple groups all over the world have
come to the same conclusions regarding the values of the parameters and the resultant performance figures of the
fabricated optical devices. In addition, we have done our own experiments while designing and characterizing our
device library. All the optical devices such as ring resonators, bends, y-junctions, waveguides and splitters have been
rigorously validated by performing simulations on Synopsys RSoft [87] and Lumerical [59, 84].

Lasers PShaRe uses a combination of on-chip and off-chip lasers in order to have a power efficient optical
on-chip network. Other prior works have also used such combination of lasers [21,95] to achieve their objectives.

For off-chip lasers we use commercially available directly modulated lasers (DML) (examples: Fitel FOL15DDBA,
Finisar DM 80). These lasers have even been fabricated by many researchers and provide very high modulation rates
(@ GHz speed) [11,27-29,41]. The main issue in using such lasers is their thermal stability. However, it has been
addressed to a large extent by Fukamachi et al. [31] . They demonstrated a thermally stable and a much efficient
DML laser, showing a stable operation upto 100° with a modulation speed of 25Gbps. Moreover, an array of DML
lasers can be used to create a tunable laser with different power layers [74].

For on-chip lasers, we can use any wavelength division multiplexing compatible laser with fast switching time.



Such lasers are mainly built using III-V compound semiconductors, including the Ge and InP lasers [12, 15,24, 25,
44,50,58,71,78,80,86,86,100]. Both InP and Ge based lasers have been fabricated [12,25,50,71] and can be easily
integrated on the chip. Moreover, it has been shown that these lasers can easily operate at room temperature and are
DWDM compatible [12,58]. Thus, such lasers are the best candidates for on-chip laser sources and we have assumed
same lasers in our design. Besides InP and Ge lasers, VCSEL lasers can also be used as on-chip lasers [63,75,96]
because of their very low turn-on time (less than 100ps [75]). However, due to some disadvantages such as emitting
significant heat inside the chip [63,75], we have not considered such lasers in our work.

Waveguides

Waveguides are the optical links which acts as a channel for the optical information to propagate from one
location to another. The three major types of waveguides used in on-chip optical communication are shown in
Figure 2. However, among these rib waveguide is the most commonly used because it results in less power loss as
compared to other waveguides [93], and a s a result PShaRe has used same waveguides in its design.
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Figure 2: Optical waveguides

Waveguide Bend We require a waveguide bend in op-chip networks in order to implement a bend in the com-
munication channels. We simulated a 90° bend using Synopsys RSoft tool. The full wave simulation is given in
Figure 3. The bends are associated with high optical losses and the amount of loss is dependent upton the bend
parameters such as rib width, inner and outer radius, and etch depth.
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Figure 3: RSoft simulation of a waveguide bend

Y-Junction Y-juntion is an optical component which is used in on-chip networks in order to split or combine
the light. Y-junction can be used in symmetrical or assymmetrical mode. In symmetrical mode it divides the light
into equal parts wheres in assymmetrical behaviour it splits the light into unequal parts. The RSoft simulation of a
Y-junction is given in Figure 4.

Ring Resonators A ring resonator is one main component in the on-chip optical networks. It is used both at the
transmitter side and at the receiver sie. At the transmitter side it acts as a modulator and inserts the light into the data
waveguide, whereas at the receiver end it acts as a filter. It filters out a specific wavelength form the data waveguide
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Figure 4: RSoft simulation of a Y junction

and guides it to the photodetector. Figure 5 shows the design of a ring resonator and the Figure 6 gives the RSoft
simulation results of a ring resonator.

Many research prototypes have been proposed for ring resonators [26,52,57,99]. Even the researchers at HP
have demonstrated and fabricated the ring resonator based transmitter achieving 9Gb/s data rate [54]. In our design,
We have used a popular microring resonator proposed by Xu et al. [99], which is area efficient and can modulate

data at a rate of up to 10 GHz.
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Figure 5: Ring resonator

2.2.3 Feasibility of the System

Let us compare PShaRe to similar proposals: Coldbus [74] and Probe [104]. PShaRe requires additional area to
accommodate the photonic heaters, on-chip lasers, representative servers and ANN hardware. The additional area is
roughly 3mm? (< 1.5% area overhead in a typical 260 mm? die). However, it has resulted in reduction in number of
ring resonators, and hence we have saved some space by decreasing the counts of optical components (see Table 1).
For example, for a 20 node chip, Corona [92] requires 280K ring resonators; however, PShaRe requires only 47K
ring resonators.
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Figure 6: Microring RSoft simulation
|| Topology | # of waveguides | # of ring resonators ||
Token-Ring 130 130K
Flexishare [69] 60 70K
ColdBus [74] 56 48K
Corona [92] 132 280K
PShaRe 181 47K

Table 1: Comparison of the number of optical components

To summarize, all the devices and technologies that we use have already been created and have been shown
to work for all process corners. We are thus confident about the feasibility of our design. In addition, photonic
architectures have already earned a lot of credibility with dozens of commercial optical devices, and hundreds of
research prototypes.

3 Related Work

The quintessential method of reducing static power consumption is by turning off the laser (or by reducing its
intensity) during periods of inactivity. An easy method is to use on-chip lasers as has been done by Xiaowen et
al. [98]. Here, we can place small laser sources near each station and activate them on-demand.

However, on-chip lasers have their shortcomings. They have low wall plug efficiencies and thus all the energy
that they draw from the supplies will get dissipated within the chip. This will cause severe thermal and reliability
problems. Hence, large scale integration of on-chip lasers is not desirable.

As a result, using off-chip lasers for a bulk of the communication is more common and advisable [69, 70, 74,
92,104]. The issues here are that we need to predict the laser usage in the future, and then modulate the laser
accordingly. Note that it takes time to collate predictions, and to send it to the laser. Hence, we need a method to
predict network activity in the future.

3.1 Prediction

We divide time into fixed size durations called epochs. At every epoch, we try to predict the laser power requirement
for the next few epochs. This information is collected, processed, and transmitted to the laser.

Different proposals use different parameters to predict the amount of laser power that is required. Probe [104]
predicts the power requirement based on the link and buffer utilization, whereas ColdBus [74] predicts based on



the PC addresses of memory instructions. The basic insight that the authors of ColdBus use is that certain memory
instructions (identified by their PCs) have a high likelihood of missing in the cache. Their occurrence in the pipeline
thus indicates that we might have some network activity resulting out of a cache miss. ESPN [56] divides the network
into various sub-networks and uses an independent laser for each sub-network. These lasers are turned on and off
independently based on the runtime bandwidth estimate. Similarly, Pulse [65] uses information about cache-line
sharers to estimate the amount and nature of network traffic. Most recent work in this area uses a linear regression
model to predict the number of packets injected into the network and then accordingly scales the laser power [95].

Almost all such predictors try to capture the linear behaviour of the traffic patterns in the network. However, the
traffic patterns in an on-chip network exhibit non-linear relationships, which can be captured easily with the help of
non-linear predictors. Thus, we use a very different kind of predictor that uses an artificial neural network to capture
the irregularities in the network traffic in order to predict the network activity, and its enhanced accuracy gives us
both performance and power benefits.

3.2 Sharing

The other method to decrease the static power consumption is to allow the stations to share the network resources
such as waveguides. This decreases the number of waveguides, ring resonators, and consequently the trimming
power. For example, Flexishare [69] allows stations to share the available bandwidth and laser power by creating
a MWMR network. This results in a decrease in the number of optical channels and at the same time it increases
the utilization of laser power. On the same lines, Arslan et al. [105] propose a wavelength stealing method in
which a station is allowed to use waveguides belonging to some other station. However, there are chances of
collisions. To handle such collisions, it uses erasure coding techniques to recover the messages affected due to
collisions. XShare [20] also works on similar lines, where it combines multiple small packets from different stations
to form a larger packet, and sends the large packet on the waveguides. The method of sharing requires an arbitration
mechanism to provide mutual exclusion. The most commonly used method is the token based arbitration [69]
scheme. However, this scheme results in high static power consumption because the tokens are continuously flowing
through the token waveguide.

In our design, we allow stations to share the power and data waveguides using a distributed arbitration scheme.
Our scheme reduces the static power consumption as compared to the token based scheme because there is no
continuous flow of tokens in our design. Finally, to the best of our knowledge, there is no research proposal that has
looked at recycling wasted optical power, which is our novel contribution.

4 ANN Based Predictor

The main aim of any laser power predictor cum modulator is to scale the off-chip laser power in on-chip optical
networks by determining the amount of laser power required in the near future and then modulating the laser accord-
ingly. The standard approach is to divide the execution time into fixed size durations, called epochs. The predictor
predicts the laser power requirement for the next epoch and modulates the laser power at the beginning of the next
epoch. This will decrease the static power consumption to a large extent. However, in order to accurately predict
the laser power requirement, it is necessary to find the relation of the network related parameters with the network
traffic. The predictors try to learn this relationship, and determine the laser power requirement based on the set of
network related parameters.

4.1 Motivation

All previous proposals have used a set of runtime features, which are assumed to be linearly separable. The predictors
used in ColdBus [74] and Probe [104] use the sequence of PC addresses or past network activity to predict the future
network activity respectively.

Similarly, machine learning based predictors use a set of architectural parameters such as L2 requests, core
requests, core responses, L1 up and down requests and many more to determine the number of packets injected into
the network [95]. These ML predictors try to learn a linear relationship.

However, after analyzing the behavior of benchmarks, we concluded that there is a significant degree of non-
linearity. Thus, linear predictors will not be able to learn such non-linear relationships, and thus will result in less



accurate predictors.

Moreover, a predictor should use a mix of architectural and network related parameters in order to have a higher
prediction accuracy. Such a predictor has hitherto not been designed. As a result we believe that an ANN (artificial
neural network) based predictor can easily learn the non-linear relationship for a set of network and architectural
parameters and will provide better prediction results.

4.2 Feature Selection

The features selected are used as inputs to the predictor and the predictor predicts whether any laser power is required
in the next epoch or not. The main characteristics of the features are: they should be ready available at every optical
station, and they should have minimal hardware requirements (if generated). The initial feature set selected for our
predictor includes both architectural (AP) and network parameters (NP) as shown in Table 2. The number of features
used greatly affects the power and area of the overall system. However, having a large number of features increases
the prediction accuracy. Thus, there is a tradeoff between the accuracy and the area/power overheads of the predictor.

. L1 up requests - L1 to core (AP).
. L1 down requests - L1 to L2 (AP).
. Private cache evictions (AP).
. L2 up requests - L2 to L1(AP).
. L2 down requests - L2 to lower memory (AP).
. Requests from a core to the optical station (AP).
. Packets sent to a core (AP).
. Packets sent to other optical stations (NP).
. Requests from other optical stations (NP).
10. Average waiting time (NP).
11. Link utilization (NP).
12. Buffer utilization (NP).
13. Pending requests at the queue (NP).
14. Network history in previous epochs (AP + NP).

O 00 1Nk W

Table 2: Inputs to the ANN predictor

By carrying out initial simulations and after analyzing the results, we tried to eliminate the features that barely
affect the prediction accuracy. The main aim was to decrease the area and power overheads of the predictor without
affecting the prediction accuracy. We tried to eliminate as many features as possible and the most effective set
consists of the parameters shown in Table 3. We found these three sets of parameters to be enough.

1. Private Cache Evictions in the current epoch.
2. Pending Events at an optical station.
3. Network traffic injected in the last five epochs.

Table 3: Final feature list

4.3 Evaluation Setup

In order to create an ANN based predictor, we require three datasets: training, validation and testing datasets. The
training dataset is used to learn the non-linear relationships across the set of parameters and to fine tune the weights.
The validation data set is used tune the various parameters of the predictor. In our case we have used the validation
dataset to determine the optimal number of neurons that should be used in the hidden layer. Finally, the testing
dataset is used to test the prediction accuracy of our final design.



We used the benchmarks from the Splash 2 [97] and Parsec [10] benchmark suites, and the Tejas [82] simulator
to collect the data and create the different datasets. In our simulator, we used various counters to store the value of
different parameters in the current epoch. Most of the counters (other than the ones to store the history of the last 5
epochs) are reset at the end of every epoch.

We have a total of 13 benchmarks from the two benchmark suites. These include a combination of memory
intensive and compute intensive benchmarks. In order to create a training set, we choose 3 benchmarks from the
Parsec and 2 from the Splash suites respectively. These benchmarks are combined to create 6 benchmark pairs.
These pairs are run simultaneously in order to train the predictor. For validation, we use 2 benchmarks from each
suite to create 4 benchmark pairs. In order to test the final predictor, we ran each benchmark separately. The
final results show that the prediction accuracy of our predictor is close to 95%, which is significantly more than
other predictors. Thus, it is clear that the ANN based predictor is best choice for predicting the network traffic and
consequently scaling the off-chip laser power.

5 Area and Power Estimation

5.1 Area Estimation

Parameter Value Parameter Value
Cores 32 Technology 14nm
Frequency 2.5GHz
Processor Core
‘ pipeline ‘ Four-issue out-of-order H IW size ‘ 54 ‘
| iTLB | 128 entry | dTLB | 128 entry |
Private L1 i-cache, d-cache
Write-mode Write-back Block size 64 bytes
Associativity 4 Size 64 kB
Latency 2 cycles MSHRs 32
Shared L2
Write-mode Write-back Block size 64 bytes
Associativity 4 # banks 32
Latency (per bank) 8 cycles Bank size 512 KB
‘ Main Memory ‘
H Latency ‘ 150 cycles H Mem. controllers ‘ 4 H
Queue Sizes |

\
H Optical Station Queue ‘

16

Electrical NoC

Topology

Flit size

Routing delay
(w/wo bypassing)

Flattened Butterfly
16 bytes
2/3 cycles

Routing Alg.
Hop-latency
# Virt. channels
Buffers/port

X-Y

1 cycle
4

8

Auxiliary structures (size in number of entries)

RCB
MQ

128
16

H VB

i

Table 4: Simulation parameters (also see [51])

In this section we estimate the area occupied by various electrical and optical components on the chip. Electrical
components refer to the components that are present in the chip irrespective of what kind of on-chip network is
used, whereas optical components include all those components that are required for the working of a PNOC. The
main electrical components are the cores, caches, and memory controllers. The optical components include ring
resonators, photonic heaters, on-chip lasers, waveguides, representative servers, and the ANN predictor.

Table 4 gives the architectural parameters of our design and the parameters of an electrical NoC. Table 5 gives
the counts of various optical components used in our chip and Table 6 shows the area of each component. The total
area occupied by electrical and optical components is shown in Table 7.

H Optical system ‘ # of waveguides ‘ # of ring resonators H

Power Delivery 64 ~2K
Data Network 64 ~41K
Arbitration 20 ~2K
Prediction 1 ~100
Tuning 32 ~1K

[ Total \ 181 \ ~4TK |

Table 5: Number of optical components



H Structures H Area per structure
‘ ‘ Prediction

|
[ Gates for multiplications and additions || 146m? per neuron [2,91] I
|
|

H Lookup table for sigmoid H 780nm? per neuron [61]
H Sharing
Ring resonator 113um? [57]
Optical waveguide 0.3mm? [79]
On-chip lasers 7.68 x 103 mm? [95]

Waveguide Reservation Table (WRT) 8 Bytes (calculated using Cacti 6.0 [66])
H Power Reuse H

Optical Heaters (OH) ~ 768um” [37]
Near Field Transducers (NFT) ~ 10000nm? [14]
Tuning Controller ~ 4000um>

Table 6: Area of each component

Component ‘ ‘ Area
Electrical components
Cores including private caches 128mm?
L2 cache 60mm?>
[ Optical components [
Microring resonators 18.2mm?
Optical waveguides S4mm?
On-chip lasers 1.5mm?
Representative Servers 0.7mm?
Sigmoid lookup table 0.11um?
Neuron Gates 0.022mm?
Photonic heaters 0.42mm?
Near Field Transducers 0.52um?
Tuning Controller ~ 4000um?>

Table 7: Overall area distribution

Let us briefly analyse the area of each component by taking the ARM cortex A15 processor as a reference design.
We assume similar cores in our chip with some minor changes. Using the popularly used scaling factors provided by
Stan et al. [85], we compute the size of the core to be less than 4mm? at 14nm technology. With such a small core, it
is possible to have 32 cores occupying 128mm?. We can also integrate 32 cache banks of capacity 16MB with an area
less than 60mm? (calculated using Cacti 6.0 [66] and scaled using [85]). For optical components, we calculated the
area of each component and all the components occupy less than 60mm? area on the die. If we budget an additional
20% (results from Intels SCC processor) of area for memory controllers, and other additional structures, our total
chip area comes to 260mm? , which is the size of a standard die for high end processors. Note that our approach is
not specific to the reference design.

It should be noted that we are using a 2.5D integration technique. In this integration, we have a separate op-
tical network layer over a logical layer. The communication and power distribution across the layers is provided
with the help of vertical interconnects. In our design, we are using the popular silicon through-vias as vertical
interconnects [35,72,90,101,102].

5.2 PShaRe Power Model

In this section we will discuss the power model used in PShaRe. We calculated the power consumption using this
standard model and then compared the power consumption of PShaRe with some of the state of the art PNOC:s.

The power consumed in any PNOC has two major components — electrical power and photonic power. Electrical
power includes the power consumed by electrical components of the network such as drivers, routers, electrical
links, and receivers, and the power consumed for electrical to optical and optical to electrical conversions (E/O and
O/E). Photonic power includes the power consumed in sending the messages in the network and the power required
to tune the microring resonators. Thus, we can say that the total power is the sum of electrical and optical power as
given by Equation 1.



Optical parameters
Wavelength (1) 1.55um
Width of waveguide (W) 3um
Slab height 1um
Rib height 3um
Refractive Index of SiO;(n,) 1.46
Refractive Index of Si (n.) 3.45
Input Driver Power 76 uW
Insertion Coupling Loss 50%
Photodetector quantum efficiency 0.8 A/'W
Photodetector minimum power 36 uW
Combined transmitter and receiver delay | 180-270 ps
Optical propagation delay 7 ps/mm
Electrical propagation delay 35 ps/mm
Bending Loss 1dB
Waveguide Loss 1dB
Coupler Loss 1dB
Photodetector 0.1dB
Wall Plug Efficiency 30 %
Splitter Loss 0.36 dB
Ring Modulation luw/°Cc
Input Photonic heater power ImW /°C
Input Electrical heater power 34.2uw /°C

Table 8: Optical parameters [19,26,65,79]

Tpower = Epower + Ppower (1)

Here Ty denotes the total power, E ., is the electrical power, and Py, is the optical (photonic) power.

5.2.1 Electric power model

The electric power includes the power consumed by the electrical links (Ej;), electric routers (Ejpurer) , drivers
(Edriver) » receivers (Ereceiver), ANN predictor (Epeqicior), and power consumed in E/O/E (E,,.) conversion as shown
in Equation 2.

Epower = Ejink + Erouter + Edriver + Ereceiver + Epredictor + Eeoe (2)

In PShaRe Egrivers Epredicior» and Ereceiver are the main components of electric power consumption. However,
in electric NoCs Ejy and Ejoyzer are the major components. E,,, contributes in a big way to E),y., in the case of
hierarchical PNOC:s. This is not the case here. In PShaRe, E/O/E conversions do not occur frequently and hence do
not contribute measurably to the overall power consumption.

For an ENoC considered in our main paper, we have assumed state of the art electrical links between two routers,
consuming 13pJ [7,42,70] of energy per link at 14nm and the energy required by a 128-bit flit to traverse the crossbar
of a 5 x 5 electric switch is 16pJ [42,70]. Thus, a 128-bit flit requires 29pJ /hop/ flit.

In PShaRe, one major component in the electric power consumption is the power consumed by the ANN. In
each neuron of the hidden layer we perform 7 additions and 7 multiplications and the output layer neuron performs
6 additions and 6 multiplications, making a total of 48 multiplications and 48 additions in 2 ns [95]. This consumes
21pJ [39] of energy. Thus for an epoch of hundred cycles we require at most 150uWatts of power (including both
the training and the prediction phases). The E/O conversions in PShaRe occur at the sender and O/E conversion
at the receiver. At the sender, it is done with the help of electric drivers and ring resonators and at the receiver
photodetectors perform the O/E conversion. The energy consumed by each such conversion (E/O/E) is 50 fJ / bit [55].

5.2.2 Photonic Power Model

The two main contributors to the photonic power consumption in PNOCs are the laser power (P,y.,) and the tuning
power (Puning)- Thus, we can write:

Ppower = Plager + Ptuning (3)

10



Laser Power: The laser power includes the optical power consumed in sending the messages across different
nodes in an on-chip network. It includes the insertion losses (/},,,) that occur during the propagation of messages
through the optical waveguides. The insertion loss is the sum of various optical losses such as propagation loss
through a waveguide (P,;), splitter loss (S;,s5), bending loss (By,s,), photodetecor loss (Pdj,s), ring resonator loss
(Ry0ss)- Please note that the ring insertion and through loss are almost equal and as a result we have included both of
these in a single term.

Let us now describe the standard method that we have used in our paper to compute the laser power consumption.
We first consider the optical power required by the farthest receiver to detect the message (let this be Pj). After this
we calculate the minimum power required at the modulator (P,,s) by calculating backwards from the receiver to
the sender. We factor in all the losses by taking the values from Table 8 . The final laser power is calculated using
Equation 4.

Pmod = Pth x T X WGloss X Rlloss X Otherloss- (4)

Here,
P,;, is the minimum power required by the photodetector to detect a message and is equal to 36 uW.

T. is the clock cycle time.

W Giogs = 10Fwe>Floss/10 jg the waveguide propagation loss. L,y is the length of the waveguide and W), is the
propagation loss in dB/cm.

Rl},5s = 10Nrns*Rioss is the optical power loss during the insertion and passing of light through the ring resonators.
Nying 1s the number of ring resonators attached to a waveguide and Ry, is the ring through loss (dB/ring).

Otherygs = 100810+ BlosstPdioss) /10 \which incorporates all the other losses that occur during the message’s propa-
gation through the on-chip optical network.

The Equation 4 can be re-written as:
Pmod — Pﬂ’l X TC X long ><Ploss/10 X loNring X Rypss X 1O(Sloxs+Bl(7.rx+Pdloxs)/10_ (5)

Using the values from Table 8 in Equation 5, we calculated the average energy required to send a single bit in
PShaRe. It is equal to 1pJ (similar values given in [17,76]).

Tuning Power: In any PNOC, ring resonators are the major building blocks [8, 32, 52]. They are used for
different purposes such as modulators, filters and even power splitters [33]. However, ring resonators have one
major drawback — temperature dependent resonant wavelength. As a result whenever there is a change in the chip
temperature, it results in a change in the resonant wavelength of the ring resonator, which may result in errors.
However, thermal tuning is one of the solutions to tune the ring resonators. Here, we set the temperature of ring
resonators to a pre-specified temperature. This is done using micro-heaters.

The power required to tune the ring resonators is called the tuning power and it is one of the major components
in the total power consumption. In our simulations, we have assumed 1uW per ring per °C [36,68-70,94]. Thus,
considering a 20K temperature window, the maximum tuning power required is 20uW per ring. However, in PShaRe
we reuse unused optical power, and as a result we decreased the temperature window by nearly 7.6K. This led to
overall power savings.

6 Representative Server Details

To control the sharing of optical waveguides between the optical stations , we propose to use a single representative
server (RS) for a group of 5 optical stations. The RSs are physically placed at the center of the chip. This cluster
containing RSs is called Representative cluster. The representative cluster is associated with a separate optical
station, called Server Station. This optical station is required to facilitate the communication of representative
servers with the remaining optical stations in the optical network. The Server Station is connected to the other
optical stations using separate waveguides called reservation waveguides. In order to avoid waveguide crossings,
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the reservation waveguides are assumed running parallel to the data and power waveguides in the serpentine shaped
layout as shown in Figure 7.

Opical Station Server Station

Power Waveguide

Data Waveguide Reservation Waveguide

Figure 7: Layout of a serpentine shaped topology with data, power, and reservation waveguides

6.1 Communication framework between the representative server and an optical station

In our scheme, we propose that in order to send data through a data waveguide, the optical station first requests its
respective representative server for the data waveguide. When it receives acknowledgement from its representative
server then only it transfers data on the allotted data waveguide. The optical stations communicate with their respec-
tive representative servers through the reservation waveguides. Each optical station and its respective representative
server is allotted some specific wavelengths in the reservation waveguide in order to communicate with each other.
This set of wavelengths allotted to this pair is called its reservation channel. Each such pair in the network is allotted
a separate reservation channel, thus, resulting in a logical point to point links between the optical stations and their
respective representative servers. Whenever an optical station is required to communicate with its representative
server, it writes its data on the respective reservation channel. The Server Station reads the data from the channel
and accordingly forwards the data to the respective representative server. In our network, we require a maximum
of 20 such reservation channels with each channel composed of 7 wavelengths. Thus, considering 64 wavelength
waveguides, we require three such waveguides.

Each optical station and the Server Station have a set of in-situ on-chip Ge based lasers. These lasers are used to
generate optical power whenever they want to communicate for reservation purpose. Moreover, we propose that the
RSs are connected to each other through an electrical network. The main reasons behind using electrical network:
close proximity of RSs and small size of messages.
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| Actions | Time Slots ||

Send request to RS 1
RSs make a decision 6
Parallel Activity

Acknowledgement to the sender

Reservation message to the receiver
New Activity

Data Transmission(64 bytes)
Total 16

|| 1 Cycle =2 Time slots

Table 9: Operations for message transmission

6.2 Arbitration Messages

Whenever a station wants to send data, it first sends a message to its Representative Server (RS) at the center of
the die. The station waits for the response from its RS before using any power or data waveguide. Table 9 shows
the various operations and the number of cycles required by the optical station to send a full cache line (64 bytes).
It should be noted that PShaRe uses a double pumping strategy like Corona [92] in which a station is allowed to
transfer data at both the edges of the clock. The ability to send two messages in a single cycle is possible due to the
use of ring resonators, which can potentially switch at a very high speed (>10GHz).

6.3 Representative Server Implementation

Each representative server is equivalent to a two port router connected to the representative cluster optical station
using through silicon vias (TSV). In addition, the router uses an additional memory to store waveguide reservation
table. Using the scaling rules proposed in [85], each such server acquires less than 0.7mm? area (with 0.01mm?
required to store the waveguide reservation table).

7 Thermal tuning, Tuning Controller and Thermal Analysis

7.1 Thermal Tuning and Power Reuse

In photonic on-chip networks, microring resonators are the basic building blocks [4, 74]. They are used to insert
and divert modulated wavelengths from the optical waveguides. Each microring resonator is sensitive to a partic-
ular wavelength, called resonant wavelength. Each resonator is designed to divert that particular wavelength only.
However, the microring resonators are highly sensitive to temperature variations. Variation in the ring temperature
results in the drift in the resonant wavelength (0.09nm/°C) [4, 68]. Thus, large temperature fluctuations inside the
chip can make the ring resonator to read a different wavelength, resulting in either the erroneous transmissions or in
worst case the complete breakdown of the system. The standard approach used in prior work is to design all the ring
resonators to operate at some maximum temperature T and during the operational mode bring all the ring resonators
to this maximum temperature. The temperature 7 is chosen to be the maximum possible temperature that the chip
may achieve.

To achieve this objective, the microring resonators are equipped with micro-heaters. These heaters are used to
raise the temperature of the ring resonators to this maximum temperature 7 so that they can work normally. This
entire process of stabilizing the microring resonators under temperature variations is called tuning and the amount
of power required is called tuning power.

In our scheme, we have tried to reduce the tuning power by reusing the unused optical power. However, it should
be noted that we are not replacing the traditional approach of using the microring heaters. We are using both the
schemes. Initially, we start to tune the ring resonators using the heat generated by photonic heaters by absorbing the
unused optical power. However, if the heat generated is not enough to raise the temperature of the ring resonators
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to the operating temperature 7, we take the help of microring heaters and generate the remaining heat. Thus, both
the photonic heaters and micro-heaters are used to tune the ring resonators. Moreover, unlike traditional scheme
of using a single micro-heater for a single ring resonator, we propose to use a single photonic heater for a group
of co-located ring resonators. It is because our thermal simulation results showed that the co-located rings have a
similar thermal profile and hence drift by the same amount. The same insight has also been derived in [68].

We want to mention here that to overcome the optical non-linearity in silicon waveguides, we are not using a
single power or tuning waveguide to carry the entire power inside the chip. Instead the optical power generated by
off-chip lasers is divided among 16 power waveguides, and at the end the unused power from these power waveguides
is coupled into a set of tuning waveguides. Figure 8 shows such coupling.

SC Station Controller
WG Waveguide
IHW Intra Heating Waveguide

@ Comb wavelength splitter
O Ring resonator

0 Near Field Transducer
[ Tunable splitter

P Temperature sensor

0J]0 10
©

o : ............ . Power WGs
Data WG
= " @B o000 3

. R AR E LR Photonic heater

/ .................. N
----------- Tttt “‘.-‘-

Cascaded Y Junctions IHW W

coupling unused power

from power waveguides /]
to tuning waveguides Tuning WGs

-----

Figure 8: Power Reuse Scheme

7.2 Tuning Controller

Proportional-integral-derivative (PID) controllers are extremely popular and very well studied. They have been
widely used in real world problems. A PID controller is made up of three controllers: 1) Proportional controller
which gives an output proportional to the error (e(z)), 2) Integral controller which reduces the steady-state error
and a 3) Derivative controller that improves the transient response. The standard equation of a PID controller in
the parallel sum form is given in Equation 6.

de(t)
dr ’
where u(t) is the control signal, e(r) is the control error (e = signal under observation — reference point), K, is the

proportional gain, K; is the integral gain and K} is the derivative gain. In the discrete domain Equation 6 changes to
Equation 7.

u(t) = Kpe(t) +K; /Ote(r)d’L'—I—Kd (6)

K; _
U(z):KpE(Z)+1_7271+Kd(1—Z DE(2) (7
In the difference form Equation 7 can be written as:
K
un)=u(n—1)+K,(e(n) —e(n—1))+KTye(n) + Td(e(n) —2e(n—1)4e(n—2)), (8)

N
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Figure 9: Temperatures in the silicon and optical layers

where T is the sampling period and 7 is the index. To model the thermal response of the chip, we made a model
in COMSOLS5.3a (CFD solver) and extracted the equation for the transient response, which is given by Equation 9
for a 1W circular source of radius 100tm.

AT =19.5—2.186¢9:103 — 13.26¢515:10°5 9)

We use this model as the plant to tune the parameters of the PID controller in Simulink. The parameters obtained
form Simulink are shown in Table 10.

K, 877.79
K; | 36540418.36
Ks| -0.01146

Table 10: PID controller parameters

We implemented Equation 8 in VHDL and synthesized it using the Cadence RTL compiler for the 14 nm tech-
nology node. The area and frequency obtained were ~ 4000um? and 1.35GH?z respectively. Figure 9 shows the
silicon and optical circuits’ temperature. The temperature remains roughly constant (error of 0.1°C).

7.3 Thermal Analysis

To model the thermal variations inside the chip, we use the thermal simulator, HotSpot [103]. It takes the floorplan
of the chip and the power consumption (power trace) of all the blocks (functional units, cores, and caches) inside the
chip as input and yields the temperature profile.

The floorplan of our chip used for thermal modelling in HotSpot is shown in Figure 10. These are the basic
blocks inside the chip:

1. CPU cores
2. Cache banks
3. Optical stations

4. Memory controllers
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To simulate the power and energy consumption in our network, we use the Tejas simulator, which is bundled with
the Orion and McPAT tools. Tejas provides the laser activity and based on this activity we analytically calculated
the power consumption as described in Section 5.2.2.

We collect the power values from the Tejas simulator for each benchmark. These values and the floorplan of the
chip are provided as inputs to HotSpot [103] that calculates the temperature variations over the chip. The temperature
variations change the leakage power in the chip. As a result, the procedure is repeated iteratively until the system
reaches a stable state.

PShaRe has a photonic layer underneath the logic layer. The photonic layer carries the optical signals and is
associated with optical power losses. The chip temperature depends on the amount of power consumed by cores,
cache banks and other logic layer components, and the optical power consumption. Tejas provides all of these power
values — both electrical and optical.

Table 11 shows the temperature variations across the chip for different benchmarks and the amount of optical
power that remains unused inside the chip. We observe that on an average we have 2.9W of optical power that
remains unused inside the chip and hence can be used to heat the ring resonators.

Reduction in
Temperature Unused L.
Benchmark Range(°C) Power (W) Trimming
power (%)
barnes 45-71 3.6 43
blackscholes 45-65 2.6 34
bodytrack 45-63 2.7 37
canneal 45-61 3.1 38
cholesky 45-73 39 49
dedup 45-56 2.3 33
ferret 45-60 2.45 34
fft 45-76 3.7 44
fluidanimate 45-70 2.6 38
fmm 45-72 3.8 45
ocean_ncp 45-75 33 41
radiosity 45-70 2.3 29
streamcluster 45-60 2.34 32
Mean 45-68 29 38.2

Table 11: Thermal simulations and unused power
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